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Global impacts of extractive and industrial 
development projects on Indigenous Peoples’ lifeways, 
lands, and rights 
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To what extent do extractive and industrial development pressures affect Indigenous Peoples’ lifeways, lands, 
and rights globally? We analyze 3081 environmental conflicts over development projects to quantify Indigenous 
Peoples’ exposure to 11 reported social-environmental impacts jeopardizing the United Nations Declaration on 
the Rights of Indigenous Peoples. Indigenous Peoples are affected in at least 34% of all documented environ-
mental conflicts worldwide. More than three-fourths of these conflicts are caused by mining, fossil fuels, dam 
projects, and the agriculture, forestry, fisheries, and livestock (AFFL) sector. Landscape loss (56% of cases), live-
lihood loss (52%), and land dispossession (50%) are reported to occur globally most often and are significantly 
more frequent in the AFFL sector. The resulting burdens jeopardize Indigenous rights and impede the realiza-
tion of global environmental justice. 

Copyright © 2023 The 

Authors, some  

rights reserved;  

exclusive licensee  

American Association  

for the Advancement  

of Science. No claim to  

original U.S. Government  

Works. Distributed  

under a Creative  

Commons Attribution  

NonCommercial  

License 4.0 (CC BY-NC).   

INTRODUCTION 
Indigenous leaders, scholars, and knowledge holders have long 
highlighted how their stewardship practices offer key solutions to 
maintain biodiversity, mitigate climate change, and engender posi-
tive social change more broadly (1–3). One of the ways in which In-
digenous Peoples achieve these stewardship roles is by protecting 
their territories from extractive and industrial development pres-
sures (3–6). 

Although Indigenous Peoples have contested land encroach-
ment and oppression from the advent of colonialism to the 
present (7–9), many continue to be severely affected by develop-
ment projects causing environmental conflicts worldwide (10– 
13). Such social conflicts over extractive and industrial projects 
and their adverse social-environmental burdens occur despite nu-
merous efforts to recognize and enforce Indigenous rights, includ-
ing through national legislations and global policy instruments like 
the International Labor Organization’s (ILO) Convention 169 and 
the United Nations Declaration on the Rights of Indigenous Peoples 
(UNDRIP) (14, 15). 

In environmental conflicts, Indigenous Peoples face severe 
impacts, such as livelihood loss and land dispossession (16), 

environmental pollution (17, 18), threats to their knowledge 
systems (19), racial- and gender-based violence (20–23), as well as 
intimidations and assassinations (12, 24). Global reports about In-
digenous rights violations have provided extensive qualitative evi-
dence about such impacts, for instance, by compiling local 
testimonies, oral histories, and in-depth narratives from diverse 
case studies (25). Except for recent analyses on direct violence 
and killings affecting Indigenous Peoples in environmental conflicts 
(10, 26), such global studies have left unanswered questions about 
the frequency of occurrence of the social-environmental impacts 
that conflictive development projects put on Indigenous Peoples’ 
lifeways, lands, and rights worldwide. 

To address this knowledge gap, we present here the largest quan-
titative analysis of reported social-environmental burdens that In-
digenous Peoples bear in environmental conflicts worldwide. We 
quantify the extent to which Indigenous groups are affected by con-
flictive extractive and industrial development projects and provide 
extensive data on their exposure to a range of associated social-en-
vironmental impacts. Our results provide large-scale evidence of the 
magnitude of environmental burdens faced by numerous Indige-
nous Peoples worldwide and bring into focus the Indigenous 
rights violations associated with these burdens. 

Methodologically, we build upon comparative and statistical ap-
proaches in political ecology aiming to reveal trends and patterns of 
environmental conflict characteristics in a more systematic way (10, 
27). Theoretically, our analysis is grounded in scholarship ap-
proaching environmental justice from the perspectives of Indige-
nous communities (28, 29), showing that global environmental 
injustice is a structural undercurrent for many of the challenges 
faced by contemporary Indigenous Peoples (29–32). We share the 
views from Indigenous intellectual traditions where knowledge is 
understood as being fundamentally interwoven with practice and 
ethics (1, 33–35). Largely drawing from these perspectives and fol-
lowing calls for the use of quantitative research approaches to 
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inform policy concerned with Indigenous issues (36, 37), we discuss 
the implications of our results for upholding Indigenous Peoples’ 
rights and enhancing environmental justice, broadly understood 
here as the advancement toward the eradication of adverse social- 
environmental burdens compromising peoples’ lifeways, lands, 
and rights. 

Our analysis draws on the most comprehensive dataset available: 
3081 environmental conflict cases, documented through the global 
Environmental Justice Atlas (EJAtlas) (data S1), which we collected 
through a crowdsourced and collaborative data collection process 
(38). Scholars have previously used selected EJAtlas data for 
diverse thematic, sectoral, and country-wide analyses of environ-
mental conflicts [e.g., (21, 38, 39)] and for global characterizations 
of environmental conflicts and determinants of the occurrence of 
direct violence (10, 27). This study examines the global EJAtlas 

dataset thoroughly from the lens of Indigeneity and through the 
consideration of a wide range of social-ecological impacts beyond 
direct violence. For this purpose, we identify through an extensive 
review process the names of the specific Indigenous groups involved 
in conflicts (see Supplementary Text) and combine the EJAtlas 
dataset with data on the spatial extent of Indigenous Peoples’ 
lands (40) and data on the status of the languages spoken by the af-
fected Indigenous groups (41, 42). On this basis, we show the global 
overlap of conflictive extractive and industrial development projects 
with Indigenous Peoples’ lands, describe the specific Indigenous 
groups most frequently affected in our dataset, and identify 
threats to Indigenous language use. 

We assess the reported frequency of 11 adverse impacts globally 
and across six sectors and discuss their implications for environ-
mental justice and Indigenous rights as recognized in UNDRIP. 

Fig. 1. Map of environmental conflicts involving Indigenous Peoples and other groups (n = 3081), ILO C169 signatory countries, and Indigenous Peoples’ lands. 
The resolution is by necessity imprecise, as boundaries between Indigenous and other lands are often under dispute. Unmapped areas do not necessarily indicate an 
absence of Indigenous Peoples or an absence of conflicts, but areas for which an Indigenous connection cannot be inferred on the basis of publicly available geospatial 
data or no conflict data are available (40). A total of 95% of the environmental conflicts involving Indigenous Peoples began during or after the 1970s, while more than 
50% of cases began between 2007 and 2020. Note that social-environmental impacts occurring in environmental conflicts have long-term effects that compromise 
Indigenous Peoples’ lifeways well beyond the year when the conflict started. ILO C169 signatory countries are provided in table S3. UNDRIP was adopted in 2007 in 
the General Assembly by a majority of 144 states (table S4).  
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The assessed impacts include (i) livelihood loss, (ii) land disposses-
sion, (iii) displacement, (iv) traditional knowledge loss, (v) land-
scape loss, (vi) militarization, (vii) impacts on women, (viii) 
deforestation, (ix) biodiversity loss, (x) water degradation, and 
(xi) soil degradation. The assessed sectors include (i) mining; (ii) 
fossil fuels; (iii) dams; (iv) the agriculture, forestry, fisheries, and 
livestock (AFFL) sector; (v) industries and other infrastructures, 
and (vi) other sectors (see Materials and Methods and tables S1 
and S2 for definitions). 

We acknowledge that the range of impacts analyzed here is nec-
essarily incomplete and that crowdsourced convenience samples, 
such as the one analyzed here, have inherent data limitations 
arising from potential sample selection and reporting biases (see 
Materials and Methods for a detailed discussion). However, for 
global social-ecological phenomena for which the total population 
of cases is unknown and where access to information is constrained, 
the use of such datasets is often the only available alternative to 
advance our understanding of their patterns of occurrence. In this 
context, our study provides the largest global quantitative assess-
ment of reported adverse social-environmental impacts to which 
Indigenous Peoples have been exposed in conflictive development 
projects. The findings are relevant to enhance current knowledge 
about the extent to which extractive and industrial development 
pressures affect Indigenous Peoples’ lifeways, lands, and rights glob-
ally and can inform current policy efforts to uphold Indigenous 
Peoples’ rights enshrined in UNDRIP. 

RESULTS 
Indigenous Peoples comprise about 6.2% of the world’s population 
(43) and steward about a quarter of the world’s terrestrial surface 
(Fig. 1) (40). According to our dataset, they are involved in at 
least 34% of documented environmental conflicts over extractive 
and industrial development projects (Fig. 2). This finding converges 
with evidence derived from other datasets, which shows that Indig-
enous Peoples often find themselves on the frontlines of industrial- 
extractive expansion (11, 26). Most countries where conflicts occur 
endorse UNDRIP (table S4). However, only 24 countries have rat-
ified the legally binding ILO C169 convention (Fig. 1 and table S3). 

In the 1044 environmental conflicts involving Indigenous 
Peoples (data S2), we find at least 740 distinct Indigenous groups 
affected, representing at least 15% of the approximately 5000 Indig-
enous groups known worldwide. The Quechua (51 conflicts), 
Mapuche (31), Gond (30), Aymara (20), Nahua (20), Ijaw (20), 
Munda (19), Kichwa (19), Guaraní (18), and Karen (18) are the 
10 Indigenous groups more frequently featured in the EJAtlas 
dataset. Substantial data gaps remain, particularly for Central 
Asia, Russia, and the Pacific (data S3). The actual number of affected 
Indigenous groups is expected to be much higher, particularly when 
considering that some regions have limited data coverage. Further-
more, an additional 7% of conflict cases involve other non-Indige-
nous place-based communities with long-term connections to their 
lands, including most prominently Quilombolas (35 conflicts) and 
other Afrodescendant communities (29). 

The social-environmental impacts faced by many Indigenous 
Peoples in conflictive extractive and industrial development pro-
jects, as well as their long-term effects on livelihoods, lands and 
well-being, undermine the fulfillment of UNDRIP. Our results 
show the frequency of reported impacts at the global level and 

across sectors (Fig. 3; see Materials and Methods for a discussion 
of data limitations). Loss of landscape is reported most often in 
our dataset, with a global frequency of 56% of all cases, jeopardizing 
specifically UNDRIP article 25 on the right to maintain Indigenous 
spiritual relations with their traditionally used territories. Liveli-
hood loss and land dispossession are reported globally in 52 and 
50% of all cases, respectively. These impacts raise concerns over 
the fulfillment of UNDRIP articles 20 and 21, both addressing the 
rights to maintain, secure, and improve their economic and social 
systems and conditions, as well as article 26 on the right to exercise 
control over their lands, territories, and resources. 

Other frequently reported impacts include deforestation (43%), 
biodiversity loss (43%), water degradation (40%), and soil degrada-
tion (31%), which severely compromise UNDRIP article 29 on the 
right to the protection and conservation of their environment and 
the productive capacities of their territories. In addition, displace-
ment (43%) threatens article 10 protecting Indigenous Peoples from 
relocation without free, prior, and informed consent. Knowledge 
loss (43%) jeopardizes their right to maintain and protect their tra-
ditional knowledge (article 31); militarization (32%) provokes social 
and political concerns over the unrightful presence of armed forces 
in Indigenous territories (article 30); while specific impacts on 
women (20%) compromise the fulfillment of their special needs en-
shrined in UNDRIP article 22. 

Extractive and industrial development also threatens Indigenous 
linguistic diversity (44). While environmental injustice puts stress-
ors on all Indigenous languages, groups with smaller speaker pop-
ulations are often less resilient to external pressures (44, 45). A total 
of 45.7% of the Indigenous groups affected by environmental con-
flicts over development projects speak languages that are critically 
pressured (Fig. 2; see Materials and Methods for data sources and 
limitations). Threats to Indigenous language use and the different 
contexts of language awakening are generally concomitant to 
broader cultural pressures that undermine UNDRIP article 13. 

According to our dataset, four sectors account for more than 
three-quarters of all environmental conflicts involving Indigenous 
Peoples: mining (24.7%), fossil fuels (20.8%), the AFFL sector 
(17.5%), and dams (15.2%) (Fig. 2). While the mining sector is im-
plicated in the highest number of conflicts involving Indigenous 
Peoples (n = 258), the AFFL sector is associated with an alarmingly 
high frequency of reported impacts (Fig. 3). Specifically, deforesta-
tion (74% of cases), land dispossession (74%), livelihood loss (69%), 
and biodiversity loss (69%) are reported to occur significantly more 
frequently in the AFFL sector, compared to other sectors and the 
global average (table S5). 

These impacts produce severe social-environmental burdens on 
Indigenous communities across all inhabited continents (Fig. 1) 
and pose a major barrier to advancing environmental justice and 
Indigenous rights globally. Our results highlight that efforts 
toward achieving zero tolerance of Indigenous rights violations 
(46) are urgently needed. 

DISCUSSION 
Our findings provide quantitative evidence of the breadth and 
depth of environmental injustices that many Indigenous Peoples 
face globally. Indigenous Peoples’ lands intersect some of the 
world’s most unexploited natural areas (40, 47, 48), which have 
been a target for extractive and industrial development and a  
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breeding ground for environmental conflicts from colonialism to 
the present (7, 11–13). By showing that Indigenous Peoples’ life-
ways, lands, and rights continue to be substantially disrupted by 
the resource demands of the world economy’s metabolism (49), 
this study complements previous Indigenous scholarship highlight-
ing the colonial-economic drivers of environmental injustices (29, 
30). The resulting burdens are concomitant with multidimensional 
patterns of violence (39) and exacerbate legacies of intergeneration-
al trauma and land dispossession (50). 

Because of methodological limitations in gathering data on en-
vironmental conflicts globally, we note that our dataset cannot be 
considered complete and that potential reporting biases remain. 
The results should therefore be interpreted with caution, particular-
ly regarding the number of Indigenous groups affected and the 
limited number of reported impacts discussed here. Furthermore, 
our data do not include information about how reported impacts 
are distributed within Indigenous communities and the possible 
differences in opinions among community members regarding 
the desirability of extractive and industrial development projects 
(51, 52). 

Nevertheless, the findings demonstrate the sheer size of Indige-
nous rights violations associated to industrial ways of life. Interna-
tional instruments like the ILO C169 convention and UNDRIP can 

play an important role for advancing Indigenous rights. Our results 
show that current levels of ratification, implementation, and mon-
itoring are insufficient to ensure respect for such rights. The ILO 
C169 convention is now the only legally binding global instrument 
that safeguards the application of the principle of free, prior, and 
informed consent, yet most countries with lands under Indigenous 
stewardship and with environmental conflicts affecting Indigenous 
Peoples have not ratified it (Fig. 1). 

While most countries endorse UNDRIP, results suggest that sig-
natory nations are not upholding their commitments to protect In-
digenous rights (Fig. 3). UNDRIP rights violations occur across all 
sectors addressed in this study, whereas land dispossession, liveli-
hood loss, and environmental degradation are significantly more re-
ported in the AFFL sector. These issues can be addressed by 
strengthening the protection of Indigenous rights over their lands 
(53, 54). Furthermore, due diligence of corporations within the 
AFFL sector may be enacted if shareholders and consumers 
demand additional scrutiny, accountability, and action. Last, 
efforts to advance UNDRIP will require further attention to indus-
tries and corporations, causing environmental harm and violating 
environmental rights, which now remain insufficiently addressed in 
the declaration (55). 

Fig. 2. Overview of environmental conflicts involving Indigenous Peoples. (Top) Left: Environmental conflicts involving Indigenous Peoples compared to the share of 
the Indigenous population of the world population. Right: Most reported Indigenous groups affected by environmental conflicts and their linguistic situation. (Bottom) 
Sectors causing environmental conflicts with Indigenous Peoples globally. Sectoral definitions and examples are provided in table S1. Population estimates refer to 
2019 (43).  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  

Scheidel et al., Sci. Adv. 9, eade9557 (2023) 7 June 2023                                                                                                                                                          4 of 9 



Current initiatives aimed at upholding Indigenous rights, and 
advancing environmental justice may leverage the quantitative evi-
dence provided in this study. Such initiatives include, for example, 
governmental efforts to develop corporate due diligence policies 
and trade agreements conditional upon upholding UNDRIP re-
sponsibilities, as well as civil society and Indigenous divestment 
campaigns targeting corporations involved in rights violations. 
The case data presented here on an aggregate level are openly avail-
able through the EJAtlas (data S2) and include comprehensive and 
case-specific data on the specific sectors and entities involved in en-
vironmental conflicts with Indigenous Peoples. These data can be 
used accordingly to inform due diligence policies, accountability 
initiatives, and divestment campaigns, thereby supporting the 
transformation of the global economy toward one that respects en-
vironmental justice and Indigenous Peoples’ rights. 

MATERIALS AND METHODS 
Environmental conflict data 
Environmental conflicts generally describe a diverse range of con-
tentious mobilizations related to environmental issues (56). Here, 
we specifically address those types of environmental conflicts that 
are documented in the global EJAtlas, an online database that 
gathers information on conflict cases through a large network of 
contributors. In the EJAtlas, an environmental conflict case refers 
to the contentious mobilizations of civil society actors in which ex-
plicit social-environmental claims are made against a specific 
project or economic activity that is pursued by state, corporate, 
and, sometimes, also illicit actors (e.g., illegal loggers). Only cases 
that are verifiable through secondary sources previously published 
elsewhere are included in the EJAtlas. These sources include schol-
arly papers, civil society reports, lawsuits, formal complaints, news 

Fig. 3. Heatmap of reported social-environmental impacts and UNDRIP rights (in parentheses) jeopardized across sectors, causing environmental conflicts 
with Indigenous Peoples (n = 1044). Confidence intervals (95%) of reported frequencies are shown in bold italics in the figure and in detail in table S5. Additional 
uncertainty in reported frequencies may result from potential data reporting biases (see Materials and Methods for discussion on data limitations). Impact categories are 
not mutually exclusive; percentages do not add up to 100% (table S1).  
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articles, and others. The use of multiple sources enables to cross- 
check and triangulate information, thereby helping to reduce, to 
some extent, reporting biases produced by using only a single 
type of source (e.g., media sources and civil society reports) (57). 
The completeness and quality of all information about conflict 
cases are checked by a permanent team of moderators who are co-
authors of this article. Detailed information regarding the origin, 
conceptual background, methodology, and general characteristics 
of the EJAtlas database can be found in (10), (38), and (58). 
Sample characteristics 
The sample analyzed in this study includes 3081 environmental 
conflicts, of which 1044 cases involve Indigenous Peoples (see 
data S1 and S2). This sample only includes extractive and industrial 
development projects that resulted in environmental conflicts, but 
not cases of industrial extraction in general. One conflict case in-
cludes multiple conflict events and repeated mobilizations over 
the same project causing the conflict. Each case entry details these 
events through coded fields accompanied by qualitative descrip-
tions. The sample covers conflicts occurring predominantly 
during the last decades: 95% of the conflicts began during or after 
the 1970s, while more than 50% of the cases occurred between 2007 
and 2020. We chose this large temporal coverage to include the 
widest information available on how often specific social-environ-
mental impacts are reported across conflicts involving Indigenous 
Peoples. Furthermore, the discussed social-environmental impacts 
(e.g., deforestation, land dispossession, and livelihood loss) ramify 
through complex pathways and generate legacies that compromise 
Indigenous Peoples’ lifeways well beyond the year when the conflict 
began. The consideration of long-lasting impacts is therefore pro-
foundly relevant to understand the challenges faced by contempo-
rary Indigenous Peoples. For a detailed documentation of the case 
selection procedure used here, see Supplementary Text. 

The analyzed EJAtlas sample is a large convenience sample of 
documented environmental conflicts over a diverse range of extrac-
tive and industrial projects, whereas the total number of environ-
mental conflicts worldwide is unknown. The use of this type of 
sample has become common in environmental conflict research 
(10, 26, 27) and is often the only available option to enhance our 
understanding of global social-environmental phenomena with an 
unknown population and constrained data access (10, 38). For 
example, quantitative studies of large-scale land acquisitions and 
their social-ecological implications commonly rely on crowd-
sourced databases such as the Land Matrix (59–61). Another data-
base that offers crowdsourced data on environmental conflict events 
globally are Global Witness’ annual statistics of killings of environ-
mental defenders (46), used, for example, in analyses of environ-
mental conflicts involving Indigenous Peoples (26, 27). However, 
this dataset does not provide information on the social-environ-
mental impacts of the projects provoking the conflicts. The 
EJAtlas database offers the largest global coverage of reported 
social-environmental impacts affecting Indigenous Peoples in envi-
ronmental conflicts. It enables us to improve our understanding of 
the reported frequency of these, at a scale that has not been possible 
so far. 
Sample limitations 
Because of the inherent characteristics of crowdsourced conve-
nience samples, important limitations for data interpretation 
apply. First, the data used here are only a sample and not a complete 
inventory of environmental conflicts, which is not possible to 

obtain at the global level. Thus, the number of groups of Indigenous 
Peoples identified here represents a conservative lower boundary of 
the minimum of Indigenous Peoples affected by conflictive resource 
use projects worldwide but does not indicate the actual number of 
affected groups that is unknown. At the country level and for 
regions with adequate media coverage, independent academia, 
and strong civil society, we encourage to contrast our results with 
further systematic research, such as systematic screenings (62). 
Second, data gaps on environmental conflicts remain for specific 
geographic regions, i.e., Russia and Mongolia, Central Asia, and 
the Pacific. This is because of several reasons, including a lack of 
collaborators, or censorship, among other factors (10). Environ-
mental conflicts involving Indigenous groups from these areas are 
therefore underrepresented in the sample. Third, information re-
trieved from secondary data sources, such as formal lawsuits, schol-
arly papers, or newspaper reports may, in some cases, dismiss the 
involvement of specific Indigenous groups despite their presence, 
for example, because of a lack of legal recognition of specific 
groups or lack of focus on Indigenous issues, among other 
reasons. Thus, the identified percentage of conflicts involving In-
digenous Peoples (Fig. 2) represents a conservative and geographi-
cally biased estimate, while the actual number is possibly higher and 
more ubiquitous. 
Analysis of reported impacts 
The EJAtlas provides information on a range of reported social-en-
vironmental impacts, caused by a conflictive project. Information 
about these impacts is retrieved from the same secondary sources 
used to create and verify conflict entries, i.e., scholarly papers, 
civil society reports, lawsuits, formal complaints, and newspaper ar-
ticles. The use of such nonacademic knowledge sources (e.g., news-
paper accounts) has become commonplace in the study of protest 
events (63), and local reports about social-ecological impacts have 
become important data sources to complement other scientific 
impact assessments, particularly in the context of limited data avail-
ability (64, 65). Furthermore, reported and perceived impacts are 
important to consider, because they partake in creating people’s re-
alities and affected communities often act in response to them 
(17, 66). 

The reported impacts assessed in this study include (i) livelihood 
loss, (ii) land dispossession, (iii) displacement, (iv) traditional 
knowledge loss, (v) landscape loss, (vi) militarization, (vii) 
impacts on women, (viii) deforestation, (ix) biodiversity loss, (x) 
water degradation, and (xi) soil degradation. These impacts were se-
lected on the basis of the criteria of data availability and relevance 
for the UNDRIP. Furthermore, given the cross-sectoral and global 
scope of our analysis, we selected only impacts that apply to a wide 
range of projects, while we did not assess more specific impacts 
linked to specific project types or sectors (e.g., EJAtlas impact var-
iables “oil spills” or “mine tailings”). All impacts are mutually not 
exclusive, i.e., they can occur simultaneously in the same conflict. 
Table S2 provides definitions of all the impact variables used in 
this study. 

We note that these impacts represent only a selection of impacts 
to which Indigenous Peoples may be exposed in conflictive extrac-
tive and industrial development projects. Furthermore, reported 
data (e.g., newspaper sources) may be subject to various forms of 
biases, including selection biases (e.g., impacts considered as 
worthy of media coverage), description biases (e.g., accuracy of 
impact description and framing of the event), and diverging  
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understanding of their specific causes (63, 67). As a case in point, 
“impacts on women” appear in our dataset less frequently than 
other impacts, which our team has attributed to the fact that 
gender aspects are not considered equally important across all 
regions (68), thus generating a selection bias. Moreover, while we 
report impacts on women as an important aspect of gendered 
impacts, data availability and reporting bias limits the assessment 
of other important gendered impacts, such as impacts on people 
who self-identify as lesbian, gay, bisexual, transgender, queer and 
questioning, and two-spirit (LGBTQ2S), among others. More gen-
erally, we note that extractive and industrial development projects 
may provoke other human rights violations beyond the UNDRIP 
concerns discussed here (69, 70). In addition, our dataset does 
not include information on intracommunity dynamics vis-à-vis 
conflictive projects, although there is evidence that the burdens 
and benefits of such projects are frequently unevenly distributed 
within communities and that different community members may 
have different opinions regarding their desirability (51, 52). 

We acknowledge these data limitations and the restricted scope 
of our analysis and note that the absence of data on these and other 
issues in our analysis does not imply their absence in environmental 
conflicts over extractive and industrial development projects. While 
potential reporting biases introduce some degree of uncertainty 
over the global frequencies of reported impacts, in addition to the 
confidence intervals (table S5), we believe that our results are, nev-
ertheless, of high scholarly relevance as they push the boundaries of 
the knowledge frontier of Indigenous Peoples’ realities vis-à-vis ex-
tractive and industrial development pressures. Our dataset provides 
a contextually rich yet globally relevant evidence basis to inform 
current efforts toward achieving zero tolerance of Indigenous 
rights violations (46). 
Sectoral analysis 
We classified environmental conflicts into six mutually exclusive 
categories according to the main sectors that provoked the conflicts: 
(i) AFFL, (ii) dams, (iii) mining, (iv) fossil fuels, (v) industries and 
other infrastructures, and (vi) other conflicts. To arrive at this clas-
sification, all environmental conflict cases involving Indigenous 
Peoples were manually screened to identify the main sector 
causing the conflict. In cases where several sectors were involved 
in environmental conflicts, the sector highlighted by the case con-
tributor as the main sector, causing the conflict was chosen to clas-
sify the case. Table S1 provides definitions and examples of the 
sectoral categories used in this study. 

Data on Indigenous Peoples’ lands and languages 
The definition of Indigeneity adopted here largely aligns with those 
of the ILO Indigenous and Tribal Peoples Convention 1989 (no. 
169) article 1 [(14); see Supplementary Text for details]. We used 
the boundaries of Indigenous lands mapped in (40), who identified 
Indigenous lands across 87 countries or politically distinct areas. 
This dataset represents the most comprehensive assessment of ter-
restrial lands where Indigenous Peoples have customary ownership, 
management, or governance arrangements in place, regardless of 
legal recognition (47, 48). It is based on 127 publicly available 
sources, including cadastral records, participatory maps, and 
census data. We acknowledge that voids in these maps do not nec-
essarily imply an absence of Indigenous Peoples or their lands but 
rather areas for which an Indigenous connection cannot be deter-
mined from publicly available geospatial resources. Given that some 

of the boundaries of Indigenous Peoples’ lands are fiercely disputed, 
we present information only as a percentage of land in 100-km2 grid 
cells. We also note that, while data by Garnett et al. (40) report on 
Indigenous Peoples’ lands, the EJAtlas data report on Indigenous 
actors involved in environmental conflicts. However, they may 
have moved to places where no Indigenous stewardship arrange-
ments are in place. These characteristics and differences of the 
two datasets explain why some conflicts appearing in Fig. 1 are in 
areas where no Indigenous Peoples’ lands are identified in (40). In 
addition, we gathered data on the linguistic status of the languages 
spoken by the Indigenous groups in our database, from the 
UNESCO’s Atlas of the World’s Languages in Danger (41), and 
the Ethnologue (42). See data S3 and Supplementary Text for 
details, as well as limitations about these datasets. 

Statistical analysis 
We used descriptive statistics to quantify and characterize the expo-
sure of Indigenous Peoples to reported social-environmental 
impacts and to assess their frequency of occurrence across extractive 
and industrial sectors. To understand the uncertainty in our obser-
vations of reported conflicts involving Indigenous Peoples com-
pared to reported conflicts not involving Indigenous Peoples, we 
conducted a bootstrap analysis, in which we sampled and summa-
rized, with replacement, 1044 new observations from the original 
dataset. This step was repeated for 1000 iterations to approximate 
the distribution of the statistics of conflicts involving Indigenous 
Peoples. The bootstrap results showed a normal distribution, with 
a proportion of conflicts involving Indigenous Peoples at 33.8%, 
with a 95% confidence interval of 32.3 to 35.45%. Confidence inter-
vals were then calculated for all assessed impacts (table S5). We used 
Pearson’s chi-square tests of independence to examine the associa-
tions between sectors and impacts affecting Indigenous Peoples 
(table S5). Reported P values are two-tailed. The significance level 
was set at 5%. 

Research positionality 
We are an epistemically, culturally, and disciplinarily diverse group 
of authors, concerned with global environmental injustices. Each of 
us brought distinct perspectives to this research, on the basis of our 
personal and professional experiences, including our numerous en-
gagements with civil society groups, Indigenous Peoples, grassroots 
organizations, and local communities working within the epistemic 
community of environmental justice. This positionality inevitably 
affects our analysis and interpretation. Four coauthors (A.H.B., 
D.M.D.-C., I.G., and K.P.W.) self-identify as Indigenous and 
bring perspectives from their cultural contexts and communities 
to this work (i.e., Oraon, Arawak Taíno, Karai-Karai, and Potawa-
tomi communities, respectively). Although our overall framework is 
heavily influenced by Western epistemic traditions, we strive to 
address environmental justice from Indigenous perspectives, as in-
formed by Indigenous intellectual and scholarly traditions (28–35). 
We are aware that Indigenous Peoples are not a homogenous and 
generalized group of people but sovereign and unique nations of 
peoples and communities with different values and aspirations. 
We understand the collective rights of Indigenous Peoples as a fun-
damental human right, and we respect and acknowledge the efforts 
associated with the development and implementation of 
UNDRIP (15).  
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Supplementary Text 
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Other Supplementary Material for this  
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CD4+ T cells aggravate hemorrhagic brain injury
Samuel X. Shi1†, Yuwen Xiu1,2,3†, Yan Li2†, Meng Yuan2, Kaibin Shi2, Qiang Liu3, Xiaoying Wang1*,
Wei-Na Jin2*

Leukocyte infiltration accelerates brain injury following intracerebral hemorrhage (ICH). Yet, the involvement of
T lymphocytes in this process has not been fully elucidated. Here, we report that CD4+ T cells accumulate in the
perihematomal regions in the brains of patients with ICH and ICH mouse models. T cells activation in the ICH
brain is concurrent with the course of perihematomal edema (PHE) development, and depletion of CD4+ T cells
reduced PHE volumes and improved neurological deficits in ICH mice. Single-cell transcriptomic analysis re-
vealed that brain-infiltrating T cells exhibited enhanced proinflammatory and proapoptotic signatures. Conse-
quently, CD4+ T cells disrupt the blood-brain barrier integrity and promote PHE progression through
interleukin-17 release; furthermore, the TRAIL-expressing CD4+ T cells engage DR5 to trigger endothelial
death. Recognition of T cell contribution to ICH-induced neural injury is instrumental for designing immuno-
modulatory therapies for this dreadful disease.
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INTRODUCTION
The prognosis of intracerebral hemorrhage (ICH) is devastating (1).
Evidence from preclinical and clinical studies suggests the detri-
mental role of lymphocyte-driven inflammatory response in ICH
pathophysiology (2–4). These orchestrated pathways of neuroin-
flammation are thought to contribute toward the evolution of
brain edema and secondary injury following ICH, which deterio-
rates patient neurological outcomes (3, 5). However, the detailed
mechanisms involving lymphocyte-driven neuroinflammatory pro-
cesses remain only partially understood, and no targeted treatment
for post-ICH brain inflammation is currently available in clinical
practice.

Blood components exuded from the hematoma and damage-as-
sociated molecular patterns released by injured neural cells activates
an acute immune response following ICH (5, 6). Besides activated
intrinsic brain cells such as microglia and astrocytes, lymphocytes
assemble in the regions proximal to the hematoma in the acute and
post-acute phase of ICH. Lymphocyte subsets—CD4+ T, CD8+ T, B,
and natural killer cells—are observed within a day after ictus and
peak around 3 days after (7–9).

T cells, which represent a major lymphocyte population, are
among the brain-infiltrating immune cells observed in the acute
stage of experimental ICH; however, their actions are comparatively
less known compared to innate immune cells (7, 8). In their adap-
tive modality, CD4+ T cells are generally activated by T cell receptor
recognition of cognate antigens presented by major histocompati-
bility complex II of antigen-presenting cells in the presence of cos-
timulatory signals. Upon activation, CD4+ T cells proliferate and
produce a variety of cytokines/chemokines (10, 11). Alternatively,
in the absence of antigen recognition, T cells can respond to
danger signals and produce cytokines (12–15), suggesting their

potential involvement in the genesis or progression of the neuroin-
flammatory cascade in the acute stage of ICH. To dissect the roles of
T cells in acute ICH brain injury, we used brain tissue sections of
ICH patients and mouse models to query the potential mechanisms
underlying T cell actions in ICH injury. Our study findings provide
a rationale for further investigations toward the development of im-
munotherapies targeting T lymphocytes to modulate the develop-
ment and progression of secondary brain tissue damage in ICH.

RESULTS
CD4+ T cells accumulate in perihematomal regions in ICH
patients and mouse models
To uncover the role of T cells in the pathophysiology of ICH, we first
identified T cells presence in brain tissue obtained from the perihe-
matomal region from patients with ICH within 72-hour onset who
underwent craniectomy to remove hematoma. Brain tissues were
stained for cell type markers (CD4, CD8, and CD19) and phenotyp-
ic markers [CD69 and interleukin-17 (IL-17)]. An increased average
count of lymphocytes was detected in ICH tissues compared to the
location-matched control brain tissues (Fig. 1, A and B). In ICH
tissues, average CD4+ counts outnumbered CD8+ and B cells;
CD4+ cells were observed as early as 24 hours after ICH in individ-
ual brain samples (Fig. 1, A and B). In addition, T cells in the ICH
group displayed a marked expression of CD69 and IL-17 compared
to cells in the control group (Fig. 1, C and D), indicating a proin-
flammatory state of the CD4+ T cell in patient-derived tissue. The
accumulation of CD4+ T cells in perihematomal regions suggests
active CD4+ T cell participation in the early immune response to
ICH (Fig. 1, A to D).

An established animal model induced by autologous blood in-
jection was used to experimentally confirm the observations in
ICH patient-derived brain tissue. Infiltrating lymphocytes were
counted in the perihematomal region of murine brains at 24 and
72 hours after ICH induction. Correspondingly, an increased accu-
mulation of CD4+ T cells in the regions surrounding the hematoma
at both 24 and 72 hours after ICH induction was observed (Fig. 1, E
to G). We further noted the close proximity of these infiltrating
CD4+ T cells with CD31+ endothelial cells, indicating their
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perivascular accumulation (fig. S1). Furthermore, CD4+ T cells in-
creasingly expressed CD69 and IL-17 in a time-dependent manner,
detected as early as 24 hours following experimental ICH (Fig. 1, H
to J, and fig. S2). To ensure that observed CD4+ T cells were not
derived from the injected autologous blood, blood from ubiquitin
C promoter–green fluorescent protein (UBC-GFP) mice (universal
cellular GFP expression) was injected into wild-type mice. Detec-
tion of GFP signal following ICH induction showed that less than
10% of CD4+ T cells in the perihematomal area were GFP+, indicat-
ing that most of these cells were actively recruited from the circula-
tion (fig. S3).

CD4+ T cells are significantly activated in the ICH brain
To characterize the temporal and spatial trends of T cell activation
following ICH (16), we leveraged a fluorescence resonance energy
transfer (FRET)–based genetically encoded calcium indicator, TN-
XXL, to visualize T cell activation (Fig. 2A) (17, 18); we tested the
compartment-specific T cell activation modalities in ICH mice
(Fig. 2B). TN-XXL is composed of calcium-sensitive double C-ter-
minal lobe of troponin C (TnC)–linked dual parts: cyan fluorescent
protein (CFP) and cpCitrine. Upon cell activation, increased cyto-
plasm free calcium binds to the TnC, which then undergoes a re-
versible conformational change and transfers energy from the
CFP to the cpCitrine, resulting in a signature drop in CFP fluores-
cence and concurrent increase in cpCitrine fluorescence (FRET+).
The ratiometric change in fluorescent intensities reflects the cellular

Fig. 1. CD4+ T cells accumulate in perihematomal areas following ICH. Perihematomal tissues were obtained from brain basal ganglia of patients with ICH within 72-
hour onset who underwent urgent evacuation of hematoma. Brain tissues for control cases were obtained from individuals that passed from non-neurologic diseases and
werewithout history of neurological or neuropsychiatric conditions, and selected tissue sections were region-matchedwith ICH tissues. (A andB) Immunostaining (A) and
quantification (B) of lymphocyte subsets (T and B cells) in brain sections from patients with ICH in the perihematomal area after ICH and control subjects without neu-
rological disorders. (C and D) Immunostaining (C) and quantification (D) shows brain-infiltrating CD4+ T cells expression of the activation marker CD69 and IL-17 in
perihematomal edema (PHE) after ICH. Scale bars, 40 μm and (inset) 20 μm. Quantification was averaged as positive cells per mm2. In (B) and (D), patients with ICH:
n = 7; controls: n = 6. Mann-Whitney test. Means ± SD, *P < 0.05 and **P < 0.01. (E to J) ICH was induced by injection of autologous blood in C57BL/6mice. Brain tissuewas
harvested at 24 or 72 hours after ICH. (E) Immunostaining of ICH brain slices show infiltrating CD4+ T cells. White dashed lines outline the hematoma area. (F and G)
Quantification of lymphocyte subsets in the perihematomal region of ICH brain 24 hours (F) and 72 hours (G) after ICH induction. Scale bars, 40 μm and (inset) 20 μm.
Quantification was averaged as positive cells per mm2. n = 11 mice per group. Two-tailed unpaired Student’s t test. (H to J) Flow cytometry plots and quantification show
CD4+ T cell counts and the expression of CD69 and IL-17 in brain-infiltrating CD4+ T cells from days 0 to 3 after ICH. n = 9mice per group. In (I) and (J), one-way analysis of
variance (ANOVA) followed by Tukey post hoc test. Means ± SD, *P < 0.05 and **P < 0.01. DAPI, 4′, 6-diamidino-2-phenylindole.
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activation status. CD4+ T cells isolated from wild-type mice were
retrovirally transduced with TN-XXL and intravenously transferred
into Rag2−/− mice, followed by autologous blood ICH induction.
Notably, FRET+CD4+ T cells were primarily observed in the
injured brain and detected as early as 12 hours after ICH (Fig. 2,
C and D). FRET+CD4+ T cells in the brain were increasingly acti-
vated in a time-dependent manner compared to cells in peripheral
compartments including the spleen, cervical lymph nodes (CLNs),
and blood (Fig. 2D). We also observed an increase of activated CD4+

T cells in the CLNs, but not as prominently as in the brain after ICH
(Fig. 2D). These results show that CD4+ T cells are significantly ac-
tivated in the hemorrhagic brain and in a time-dependent manner
following ICH.

ICH induces distinguishing transcriptomic features of T
cells in the brain versus periphery
To further depict the landscape of the composition and functional
states of brain-infiltrating immune cells following ICH, single-cell
RNA sequencing (scRNA-seq) was performed to identify the mo-
lecular characteristics of CD45+ cells in the brain versus those in pe-
ripheral compartments of ICH mice (Fig. 3). CD45+ cells were
sorted from mouse splenocytes or brain at day 3 after ICH or
sham procedures and were subjected to unbiased scRNA-seq.
Besides, the CD45hi cells were also isolated from sham brain
(Sham brain_ CD45hi) to obtain enough T cells for subclustering
and data processing. After stringent quality control, a total of

41,385 individual cells, with an average of 2372 genes per cell,
were obtained (Fig. 3, A and B, and fig. S4). Thirteen cell clusters
were defined on the basis of their distinct molecular features (Fig. 3,
C to E). In the ICH brain, the T cell subset exhibited a higher acti-
vation score compared to the activation of other CD45+ clusters
(Fig. 3F). Moreover, the T cell cluster in ICH brain exhibited a
notable higher activation score compared to sham brain and
spleen groups (Fig. 3G). The distinct difference in activation
scores alludes to the conspicuous activation state of the T cells
within the ICH brain.

To visualize the intrinsic structure and uncover the potential
functional subtypes of the overall T cell population within the
context of ICH, unsupervised clustering and uniform manifold ap-
proximation and projection (UMAP) were performed for reclus-
tered CD3+ cells from CD45+ (sham spleen, ICH spleen, and ICH
brain) or CD45hi (sham brain) populations. Nine distinct T cell sub-
clusters emerged from the sham spleen, sham brain, ICH spleen,
and ICH brain, defined as naïve CD4+ T, naïve CD8+ T, activated
CD4+ T, activated CD8+ T cell clusters, etc. (Fig. 4, A and B, and fig.
S5). Within the ICH brain, activated CD4+ T cells were significantly
increased as compared to sham brain (Fig. 4C). Compared with
sham brain, ICH-brain CD4+ T cells included up-regulated genes
related to inflammation (Jun, Fosb, Ifngr1, and Spp1), chemotaxis
(Ccl3 and Ccl4), metabolism (ApoE and Ttr), and apoptotic-trigger-
ing death ligands (Fasl and Tnf ) (Fig. 4D). Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment analysis of

Fig. 2. CD4+ T cells are significantly and time-dependently activated in the brain after ICH. CD4+ T cells were fluorescence-activated cell sorter (FACS) sorted from
C57BL/6 mice and retrovirally transduced with TN-XXL plasmid. A total of 1 × 107 TN-XXL–expressing CD4+ T cells were then injected into Rag2−/− mice 24 hours before
ICH. Twenty-four hours after ICH, FRET of TN-XXL–expressing CD4+ T cells in the brain, spleen, CLNs, and blood was detected using flow cytometry. (A) Schematic rep-
resentation of the calcium indicator TN-XXL, containing donor fluorophore CFP, cpCitrine acceptor, and calcium-sensitive domain TnC, before and after binding of
calcium. (B) After binding to free calcium, TnC undergoes a conformational change that leads to energy transfer from the donor to the acceptor fluorophore, resulting
in a drop in CFP fluorescence and an increase in cpCitrine fluorescence with CD4+ T cells activation after ICH injury. Flow cytometry gating strategy showing negative
control (mock transduced), sham operation, and ICH surgery groups in the spleen and brain separately. Bar graphs shows the FACS-based FRETmeasurements in TN-XXL–
expressing CD4+ T cells within the spleen and brain at 24 hours after ICH. n = 15 per group. Two-tailed unpaired Student’s t test. (C andD) Flow cytometry histogram and
measurements of FRET level in TN-XXL–expressing CD4+ T cells within indicated organs from 0 to 72 hours after ICH. n = 15 per group. Two-way ANOVA followed by Tukey
post hoc test. Mean ± SD. *P < 0.05 and **P < 0.01.
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Fig. 3. Single-cell analysis of CD45+ cells isolated from the brain and spleen of ICHmice. CD45+ cells were isolated from splenocytes or brain tissues of C57BL/6 mice
72 hours after autologous blood injection induced ICH using FACS. CD45+ cells splenic (Sham spleen) or brain (Sham brain_CD45+) cells from sham-operated mice were
used as controls for unbiasedly single-cell RNA mapping. The optimized FACS sorting was performed on CD45hi cell population to obtain enough CD4+ T cells in sham
brains for subclustering and data processing (Sham brain_ CD45hi). scRNA-seq was performed using the 10X Genomics Chromium platform. (A and B) Uniform manifold
approximation and projection (UMAP) plot along components 1 and 2 for all high-quality single cells from sham brain_CD45+ (n = 10487 cells), sham brain_CD45hi (n =
5589 cells), sham spleen (n = 8747 cells), ICH brain (n = 10,487 cells), and ICH spleen (n = 9147 cells), colored by group and cell type. (C) Stacked bar chart showing the
constitution of 13 cell clusters in sham spleen, sham brain_CD45+, sham brain_CD45hi, ICH spleen, and ICH brain. (D) UMAP plots show selected marker genes for de-
termining cell identity. (E) Dot plots show average (dot color) and percentage (dot size) expression of top five marker genes for each cluster. (F) UMAP plot illustrating
activation feature scores (Ms4a4b,Ms4a6b, Cxcl10, Itk, Prkcq, Ccnd1, Ccnd2, Ccnd3, Hmox1, Ccl5, Dusp1, Klf4, Jun, and Junb) calculated using AddModuleScore function in
Seurat (left). Violin plot with box plot inside showing the comparison of activation scores between T cells and other CD3−CD45+ clusters in ICH Brain (right). (G) Violin plot
with box plot inside illustrating the comparison of T cell activation scores between indicated groups. In (A) to (G), data were pooled from 15 mice in each group.
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Fig. 4. Brain CD4+ T cells bear unique molecular signatures versus peripheral T cells after ICH. CD3+ T cells were reclustered from CD45+ cell populations isolated
from the spleen or brain tissues of C57BL/6 mice at 72 hours after ICH induced by autologous blood injection, based on the scRNA-seq data. (A) UMAP plot showing T cell
subtypes of CD45+ cells from sham spleen, sham brain (CD45hi), ICH spleen, and ICH brain. (B) UMAP displaying expression of maker genes for T cell subtype identity. (C)
Proportion of activated CD4+ T cells within total CD4+ T cells from sham spleen, sham brain (CD45hi), ICH spleen, and ICH brain. P = 0.000343 by Fisher’s exact test. (D)
Heatmap showing relative average expression of differentially expressed genes in activated CD4+ T cells across ICH brain, ICH spleen, sham brain, and sham spleen group.
(E) Selected significantly enriched Kyoto Encyclopedia of Genes and Genomes pathways by gene set enrichment analysis between activated CD4+ T cells from ICH brain
and those from sham brain. In (A) to (E), data were pooled from 15 mice in each group.
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activated CD4+ T cells identified a pronounced up-regulation of
antigen processing and presentation, apoptosis, leukocyte transen-
dothelial migration, and IL-17 signaling pathways within the
injured brain (Fig. 4E). From these high-resolution sequencing
data, we can extrapolate possible targets relevant to their actions
in secondary ICH injury. Yet, the salient results here find that T
cells are activated in the ICH brain and display distinct signatures
from peripheral T cells at day 3 after ICH.

Brain-infiltrating CD4+ T cells promotes focal inflammation
through IL-17
Upon uncovering the brain-specific signatures of post-ICH CD4+ T
cells where the IL-17 signaling pathway was highly enriched, A Pro-
teome Profiler Mouse XL Cytokine Array of brain-sorted CD4+ T
cells, 24 and 72 hours after ICH, validated the protein expression of
the enriched pathways. Compared to CD4+ T cells isolated from the
sham brain, CD4+ T cells of the ICH brain registered a greater pro-
duction in an array of proinflammatory cytokines, with IL-17 re-
maining the most expressed (Fig. 5, A and B). IL-17 has known
proinflammatory functions, which initiate and drive inflammation
in a tissue-dependent manner in response to injury or infection
(19–21). This prompted us to interrogate the specific effects of in-
creased IL-17 production from brain-infiltrated CD4+ cells in acute
ICH injury. To this end, CD4+ T cells from IL-17−/− mice were iso-
lated, and the IL-17−/−CD4+ T cells were intravenously transferred

to Rag2−/− mice, which are devoid of mature lymphocytes. Com-
pared to Rag2−/− mice receiving IL-17+/+ CD4+ cells, Rag2−/−

mice receiving IL-17−/− CD4+ cells exhibited reduced perihemato-
mal edema (PHE) volumes (Fig. 5, C and D), improved endothelial
survival, and preservation of blood-brain barrier (BBB) integrity
(fig. S6) at 1 and 3 days after ICH induction. The increased expres-
sion of inflammatory cytokines reinforces the activated status of
CD4+ T cells in the ICH brain, and their increased production of
IL-17 appears to be a primary cytokine-mediated method fueling
perihematomal inflammation injury and worsening secondary
ICH injury.

CD4+ T cells induced brain endothelial cell apoptosis
involving the TRAIL-DR5 pathway
As revealed by single-cell sequencing, another potential pathway,
which may underlie CD4+ T cell contribution to ICH injury, is
through death ligand–mediated cell apoptosis (Fig. 4, D and E).
To specifically investigate the apoptosis panel in CD4+ T subsets,
RT2 Profiler PCR Array of CD4+ T lymphocytes corroborated the
transcriptomic findings and identified the expression of a variety of
apoptotic-related genes. At day 1 after ICH, brain-infiltrating CD4+

T cells overexpressed a variety of antiapoptotic genes (Naip1, Nol3,
and Tnfrsf11b), a transcription factor for apoptotic regulation
(Atf5), and the immune stimulatory factor (Cd70) (Fig. 6, A and
B). Critically, brain-infiltrating CD4+ T cells were also found to

Fig. 5. Detrimental effects of brain-infiltrating CD4+ T cells in ICH involves IL-17. (A and B) CD4+ T cells were isolated from brain of C57BL/6 mice 24 hours and 3 days
after ICH induced by autologous blood injection or sham control, and cells were then lysed for Proteome Profiler Mouse XL Cytokine Array analysis. (A) Heatmap shows
relative changes of cytokine and chemokine profiles in lysates of CD4+ T cells from ICH brain versus sham mice. Results were based on clustering of immunoassay mea-
surements of the listed proteins. Purple shades represent fold change of up-regulated proteins, and yellow shades demark fold change of decreased proteins. (B) Bar
graph shows highly up-regulated expression of selected cytokines/chemokines. n = 3 duplicates from 15mice. One-way ANOVA followed by Tukey post hoc test. (C andD)
CD4+ T cells were isolated from the spleen of IL-17−/− mice or their IL17+/+ littermates. IL-17−/− versus IL17+/+ CD4+ T cells were adoptively transferred into Rag2−/− mice
to evaluate the role of CD4+ T cell–derived IL-17 in ICH injury. Quantification of lesion volume and PHE volume was calculated in the indicated groups of collagenase
induced ICH. n = 7 mice per group. One-way ANOVA followed by Tukey post hoc test. Means ± SD. *P < 0.05 and **P < 0.01. BAFF, B cell–activating factor; FGF, fibroblast
growth factor; MMP9, matrix metalloproteinase 9.
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up-regulate the death receptor ligands Tnfsf10, Tnfsf12, and Fasl
(Fig. 6C). Immunostaining of murine ICH brain slices visualizes a
notable increase in the expression of tumor necrosis factor–related
apoptosis-inducing ligand (TRAIL), encoded by the Tnfsf10 gene,
on CD4+ T cells (Fig. 6D). After gating for brain intrinsic cells ex-
pressing the TRAIL cognate receptor DR5, flow cytometry analysis
revealed that DR5 was expressed by multiple brain intrinsic cell
types; however, ICH robustly increased DR5 expression on brain
endothelial cells (Fig. 6E). Considering that BBB disruption is a

key pathophysiological hallmark of the ICH injury and driver of sec-
ondary injury and that endothelial cells are a critical cellular com-
ponent of the neurovascular unit and participant in the evolution of
brain edema, we postulate that CD4+ T cells may exert direct endo-
thelial cell injury via TRAIL-DR5 interaction, resulting in increased
BBB disruption and brain edema. We tested this notion using a
TRAIL-specific antibody to neutralize the interaction. Anti-DR5
monoclonal antibody (mAb) treatment effectively blocked CD31+

endothelial cell death (Fig. 6F) and brain injury after ICH (fig.

Fig. 6. CD4+ T cells induce apoptosis of endothelial cells through death receptor signaling. CD4+ T cells were isolated from splenocytes or brain of mice 24 hours
after autologous blood injection induced ICH or sham control. FACS-sorted CD4+ T cells were used for RT2 Profiler PCR Array analysis of 87 apoptosis related genes. (A)
Heatmap shows relative changes of expression of cell apoptotic-related genes in CD4+ T cells from the brain or spleen of ICHmice versus shammice. (B) Quantification of
top 15 up-regulated apoptosis associated genes. (C) Bar graph shows genes of death receptor ligands in CD4+ T cells of ICH or shammice. In (B) and (C), n = 3 duplicates
from 15 mice. One-way ANOVA followed by Tukey post hoc test. (D) Immunostaining of death receptor ligand TRAIL in brain CD4+ T cells of ICH or sham mice. Quantifi-
cation was averaged as percentage of death receptor ligand–positive cells in CD4+ T cells. Scale bars, 40 μm and (inset) 20 μm. n = 6 mice per group. Mann-Whitney test.
(E) Flow cytometry plots and bar graph show expression of TRAIL receptor (DR5) in different brain cell types of sham and ICH mice, including microglia (CD45intCD11b+),
astrocytes [glial fibrillary acidic protein positive (GFAP+)], neuron (NeuN+), and endothelial cells (CD31+). FMO, fluorescence minus one. n = 6 mice per group. One-way
ANOVA followed by Tukey post hoc test. (F) CD31+ endothelial cell apoptosis was analyzed by TUNEL staining in sham mice and ICH mice with anti-DR5 monoclonal
antibody (mAb) or IgG group. Scale bars, 40 μm and (inset) 20 μm. Quantification was averaged as positive cells per mm2 in the perihematomal region. n = 6 mice per
group. Mann-Whitney test. Means ± SD. *P < 0.05 and **P < 0.01.
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S7). These results highlight how brain-homing CD4+ T cells induce
apoptosis of brain intrinsic cells through antigen-independent
mechanisms, partly involving the TRAIL-DR5 pathway in
ICH mice.

Depletion CD4+ T cells reduced secondary ICH injury
To ascertain their contribution to secondary brain injury in ICH,
CD4+ T cells were depleted with an anti-CD4 mAb before ICH in-
duction in mice. Flow cytometry quantification verified the efficacy
of CD4+ T cell depletion, without influencing other cell populations
in peripheral blood of control mice (fig. S8). Ablation of CD4+ T
cells in both autologous blood and collagenase models of hemor-
rhagic stroke demonstrated T cell participation in the processes of
secondary brain injury. CD4+ depleted animals recorded reductions
in PHE volume and improvement of functional outcomes at days 1,
3, and 7, compared to mice receiving IgG control, in both ICH
models (Fig. 7). Depletion of CD4+ cells before model induction
ameliorated parameters of secondary injury, functionally support-
ing the detrimental capacity of CD4+ T cells in acute ICH injury.

BBB permeability and neuroinflammation are key contributors
toward PHE expansion. To further elucidate their roles, we looked
into CD4+ T cell influence on BBB integrity and local inflammation
following ICH. CD4+ depletion before ICH preserved the expres-
sion of major tight junction proteins, claudin-5 and ZO-1, at 3
days after ICH (Fig. 8A). In addition, CD4+ T cell depletion
reduced matrix metalloproteinase 9 (MMP9) protein in the ICH
brain at day 3 (Fig. 8A); MMP9 is an immunemodulatory molecule
that damages the matrices of the BBB following stroke and is con-
sidered a surrogate marker of BBB disruption (22, 23). In CD4+ T
cell–depleted animals, we observed reduced leakage of Evans blue
(EB) into the brain parenchyma (Fig. 8B) and a reduction brain
CD31+ endothelial cell death (Fig. 8, C and D). Last, we evaluated
whether brain-infiltrated CD4+ T lymphocytes affect the focal in-
flammatory milieu by quantifying leukocyte trafficking into the
ICH brain of CD4+ T cell–depleted mice. Compared to immuno-
globulin G (IgG)–treated control mice, counts of brain-infiltrating
neutrophils and monocytes were notably reduced in CD4+ T cell–
depleted mice at day 3 after ICH induction (Fig. 8, E and F, and fig.
S9). These findings inform how infiltrating CD4+ T cells engage in
critical processes known to drive secondary injury following cere-
bral hemorrhage; considering CD4+ ablation in ICH preserved BBB
integrity, attenuated local inflammation, reduced lesion volume,
and improved sensorimotor function in animal models. These
broad responses may point to the multifaceted involvement of
CD4+ T cells in secondary ICH injury. Together, these results
suggest that CD4+ T cells are acutely recruited to the ICH brain
where they exacerbate BBB disruption and focal inflammation to
contribute to the secondary brain injury.

DISCUSSION
This study provides the first thorough evidence that CD4+ T cells
accelerate PHE development in ICH. As documented here, activated
CD4+ T cells accumulate in the perihematomal region and drive
local inflammation via the production of IL-17 and engagement
of endothelial cell death receptors, resulting in diminishing BBB in-
tegrity and augmented brain edema (fig. S10). Monoclonal antibody
depletion of CD4+ T cells before ICH induction limits PHE and
lesion volume, attenuates local brain inflammation, maintains key

tight junction proteins, and improves functional outcomes
through the acute time points after ICH. The varied responses elic-
ited by the absence of CD4+ in ICH pathophysiology not only indi-
cates their expansive effector functions but may also illustrate the
complex interaction and possible redundant pathways encompassed
in the pathophysiology of ICH secondary injury.

PHE is a cause of progressive tissue injury after ICH, and the
extent of brain edema surrounding the hematoma directly corre-
lates with poor outcomes in patients with ICH (24). PHE represents
an attractive therapeutic target in part because of the extended time
window during which it occurs; however, it has thus far not been
successfully therapeutically modulated with available drugs, as
shown by clinical trials. For example, in MISTIE III trial (Minimally
Invasive Surgery Plus Alteplase for Intracerebral Hemorrhage Evac-
uation), Shah et al. reported that a minimally invasive procedure for
hematoma clearance failed to show superiority to standard medical
care (25). Inflammation contributes to the development and pro-
gression of PHE and thus subsequent neurological deterioration
(26, 27). In targeting ICH-induced neuroinflammation, numerous
studies have explored the potential of multiple sclerosis disease-
modifying drugs in the setting of stroke (28). Two clinical trials in-
volving natalizumab showed that it does not confer any benefits, but
four human studies with fingolimod have showcased its potential in
improving recovery prospects (29, 30). Therefore, there is an unmet
need for the development of alternative immune-modulatory ap-
proaches in alleviating ICH injury.

After brain injury, peripheral immune cells are activated and in-
filtrated the injured brain where they propagate acute neuroinflam-
mation and contribute to secondary brain injury (8, 31, 32). CD4+ T
cells have been suggested to be the predominant infiltrating leuko-
cyte populations in the acute stage in experimental ICH (8). Emerg-
ing literatures support a role for meningeal vessels as a route for
immune cell migration and post-stroke inflammation, as well (33,
34). Studies, depleting lymphocyte infiltration to the brain or lim-
iting their influx, show that T cells absence generally alleviates acute
neuroinflammation and injury after ICH (35). Given their broad ef-
fector actions, several studies detailed T cell action in ICH related to
inflammation (36), BBB injury (37), neurotoxicity (38), and edema
formulation (39). Despite these reported studies, the fine kinetics
and specific T cell activation in ICH brain were previously
unknown. In this study, we detail their activation status by leverag-
ing the TN-XXL approach, which tracks their differential activation
in vivo. This approach revealed CD4+ T cells to be substantially and
time-dependently activated in the hemorrhagic brain, suggesting
that the microenvironment of the ICH brain primes the infiltrating
T cells.

scRNA-seq of CD4+ T cell identified specific proinflammatory
and proapoptotic signatures unique to the ICH brain versus their
profiles in peripheral compartments. Of inflammatory genes
altered in brain CD4+ T cells following ICH, the IL-17 pathway
stood out in its degree of enrichment. One recent study by Yang
et al. (40) showed prominent accumulation of T helper 1 (TH1)
and TH17 cell subsets of CD4+ T cells at 14 days after ICH and sug-
gested that modulating CD4+ T cell differentiation may alleviate
post-ICH outcomes. Our data show an early increase in CD4+ T
cells and the IL-17+CD4+ T cell (TH17) subset in patients with
ICH, which is consistent and enhances the results from the afore-
mentioned study. From this present data, we deduce that CD4+ T
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Fig. 7. Depletion of CD4+ T cells ameliorates neurodeficits and ICH injury in mice. C57BL/6 mice received intraperitoneal injection of 50 μg of anti-CD4 mAb or lgG
control 24 hours before ICH induction with injection of autologous blood or collagenase. (A) Behavioral tests including modified neurological scale score (mNSS) and
corner turning test were performed in indicated groups of autologous blood–induced ICH mice. (B) Multimodal 7-T magnetic resonance imaging (MRI) was used to
visualize lesion (T2) and hematoma (SWI) in autologous blood–induced ICH mice. PHE volume was calculated by subtracting the hematoma volume from lesion
volume. Representative MRI for hematoma and PHE in mice receiving anti-CD4 mAb or lgG following ICH induction for 24 hours. (C) Quantification of lesion volume,
hematoma, and PHE volume in the indicated groups of autologous blood–induced ICHmice. (D) Behavioral tests in indicated groups of collagenase induced ICHmice. (E)
Representative MRI for hematoma and PHE in mice receiving anti-CD4 mAb or lgG following ICH induction for 24 hours. Yellow shadows represent hematoma, and red
lines delineate the lesion area. (F) Quantification of lesion volume and PHE volume in the indicated groups of collagenase-induced ICH mice. In (A) to (F), n = 7 mice per
group. Two-way ANOVA followed by Tukey post hoc test. Means ± SD. *P < 0.05 and **P < 0.01.
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cells augment acute local inflammation in the ICH brain and
worsen secondary injury primarily through IL-17 production.

We further demonstrate that CD4+ T cells can induce apoptosis
of intrinsic brain cells by expressing death receptor ligands, and
their interaction with cells bearing cognate death receptors was re-
stricted after receptor blockade. We highlight a series of apoptotic-
related genes and death ligands up-regulated in brain CD4+ T cells
following ICH, particularly their surface expression of TRAIL. The
unique role of TRAIL in the nervous system is revealed by the wide-
spread expression of its receptor DR5 on various brain cell types,
including neurons, astrocytes, and endothelial cells. Notably, DR5
was found to be significantly up-regulated in endothelial cells fol-
lowing ICH. The detrimental role of TRAIL-DR5 pathway in BBB
injury was attributed with reduced endothelial cell apoptosis in the
ICH brain by DR5 mAb pretreatment. These findings expose an in-
novative mechanism by which cells in the ICH brain can be
damaged by invading T cells through the engagement of cell
death receptors.

This study has several limitations. First, restricted by the source
of control samples, we adopted postmortem tissue sections for

control, as previously published (9). Second, female mice were
not used. In addition, several treatments such as T cell depletion
and antibody neutralization were given before ICH. The effect of
treatment after injury is warranted in future preclinical studies.
On the basis of single-cell sequencing data, the impact of other ac-
tivated T cell subsets on ICH brain injury warrants study. Moreover,
our data demonstrates that CD4+ T cells are also activated in the
CLN after ICH, supplementing a recent study that brain-to-CLN
pathway may be involved in acute brain injury (41). Further
studies could determine the dynamic activation of T cells within
the ICH brain and CLN, as well as their specific features in the re-
spective two compartments.

As a major cellular component of the adaptive immune system,
T cells are usually activated by specific antigens presented on the
surface of antigen-presentng cells (42), a process elapsing from
days to weeks until maturity. Yet, the early T cells activation we
observe in acute ICH injury indicates the involvement of antigen-
independent mechanisms. This study identifies how T lymphocytes
respond and participate in ICH pathology. Together, our results
broaden the understanding of T lymphocyte–mediated

Fig. 8. Depletion of CD4+ T cells reduces BBB permeability and leucocyte infiltration in ICH mice. C57BL/6 mice received intraperitoneal injection of 50 μg of
anti-CD4 mAb or lgG control 24 hours before ICH induction with injection of autologous blood. (A) Brain tissue was collected at day 3 after ICH. Western blot shows
tight junction protein level (claudin-5 and ZO-1) and MMP9 expression in ICH mice receiving anti-CD4 mAb or lgG control. Right: Quantification of ZO-1, claudin-5,
and MMP9 in brain homogenates of ICH mice. n = 6 mice per group. Mann-Whitney test. (B) Concentrations of evans blue were measured at day 3 after ICH, with anti-
CD4 mAb or IgG injection. n = 14 per group. Two-tailed unpaired Student’s t test. (C and D) Immunostaining (C) and quantification (D) of TUNEL in CD31+ endothelial
cells of ICH mice received IgG control or anti-CD4 mAb separately. White dashed lines outline the hematoma area. Scale bars, 40 μm and (inset) 20 μm. n = 12 mice
per group. Two-tailed unpaired Student’s t test. (E and F) Single-cell suspensions from brain tissue were collected at day 3 after ICH. (E) Gating strategy of brain-
infiltrating neutrophils (CD11b+CD45hiLy6G+), monocytes/macrophages (CD11b+CD45hiF4/80+), CD4+ T cells (CD45hiCD3+CD4+), and CD8+ T cells (CD45hiCD3+CD8+)
was shown. (F) Counts of the immune cell populations in ICH brains from mice receiving anti-CD4 mAb or IgG. n = 12 mice per group. Two-tailed unpaired Student’s t
test. Means ± SD. *P < 0.05 and **P < 0.01.
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neuroinflammation in relation to PHE expansion after ICH, provid-
ing insights toward targeted intervention for ICH.

MATERIALS AND METHODS
Human brain tissues
Collection of human samples was performed according to protocols
approved by the Institutional Review Boards of Tianjin Medical
University General Hospital (Tianjin, China) and Beijing Tiantan
Hospital (Beijing, China). For immunostaining of human brain
tissues, six cases of control postmortem and seven ICH human
brain sections were included. All seven patients had primary ICH
at the basal ganglia. Fresh brain tissues of perihematomal regions
were collected from patients with ICH undergoing hematoma evac-
uation within 72 hours after onset. Brain tissues for control cases
were obtained from deceased individuals with non-neurologic dis-
eases and without history of neurological or neuropsychiatric con-
ditions. The selected tissue sections were region-matched with ICH
tissues. Lymphocytes populations were counted at 12 different view
fields for each brain slide and then quantified by averaging positive
cells per mm2. Image analysis was performed using ImageJ software
(National Institutes of Health, MD, USA). Quantification was per-
formed in a double-blinded manner. The average age between ICH
and control subjects did not differ significantly [ICH: 54.7 ± 9.52
years old (y/o); control: 56.5 ± 8.55 y/o; means ± SEM; P > 0.05;
unpaired t test].

Mice
All animal experiments were performed in accordance with
the ARRIVE (Animal Research: Reporting In Vivo Experiments)
guidelines and obtained approved protocols from respective
Institutional Animal Care and Use Committee (IACUC). All
studies were performed with adult 3- to 4-month-old male
mice. C57BL/6 (RRID: MGI:2159769), Rag2−/− (RRID:
NSRRC_0035), UCB-GFP (RRID:IMSR_JAX:004353), and
IL-17−/− mice (RRID:IMSR_JAX:034140) and IL17+/+ littermates
were purchased from the Jackson Laboratory (Bar Harbor,
Maine). All mutant mice were backcrossed to the C57BL/6 back-
ground for 12 generations. Animals were housed under pathogen-
free conditions, with maximum of five animals per cage, standard-
ized light-dark cycle conditions, and free access to food and water.

Induction of murine ICH model
ICH in mice was induced by intra-striatal injection of autologous
blood or bacterial collagenase as previously described (4, 43).
Briefly, mice were anesthetized with ketamine/xylazine mixture by
intraperitoneal injection and positioned prone in a stereotactic head
frame. A ~1-mm-diameter hole was drilled on the right side of the
skull (2.3 mm lateral to midline, 0.5 mm anterior to bregma). In the
autologous blood model, 30 μl of nonheparinized blood was with-
drawn from angular vein and infused via infusion pump to the co-
ordinates; 5 μl was initially injected at a rate of 1 μl/min at a depth of
3.0 mm, and the remaining 25 μl was injected at an identical rate at
3.7 mm depth. The needle was left for 15 min to prevent backflow
and then gently withdrawn. In the collagenase model, 0.0375 U of
bacterial collagenase (type IV, Sigma-Aldrich, St. Louis, MO) in 0.5
μl of saline was administered at the same coordinates at rate of 0.5
μl/min. An identical surgical procedure with equal volume of sterile
saline injection for sham-operated groups. Cranial burr hole was

sealed with bone wax, and incision was sutured. Body temperature
was maintained at 37.0° ± 0.5°C throughout the procedures. The
total mortality rate of mice subjected to ICH was ~4.8%.

Evaluation of neurological deficit
Neurological outcome of ICH mice was evaluated by modified neu-
rological scale score (mNSS) and corner test as reported previously
(4, 44). The mNSS consisted of motor, sensory, reflex, and balance
assessments with the highest possible score being 18. The rating
scale was as follows: A score of 13 to 18 indicates severe injury, 7
to 12 indicates moderate injury, and 1 to 6 indicates mild injury.
Following surgery, each mouse was assessed on a scale from 0 to
18 after recovery from the ICH surgical procedure. Mice with a
score of <6 or above a score of 13 at 24 hours after ICH (before treat-
ment) were not included in the study.

Magnetic resonance imaging
Brain lesion size and PHE in ICH mice were evaluated with 7-T
small animal magnetic resonance imaging scanner (Bruker, Biller-
ica, MA). T2-weighted images of the brain were acquired with fat-
suppressed rapid acquisition with relaxation enhancement se-
quence (repetition time, 4000 ms; echo time, 60 ms; slice thickness,
0.5 mm) to visualize lesion volume. Susceptibility-weighted images
(SWIs; repetition time, 21.0 ms; echo time, 8.0 ms; 0.3-mm thick-
ness) visualized hematoma volume. T2 and SWI images were man-
ually traced and calculated by summing the volume by the distance
between sections via ImageJ (National Institutes of Health), PHE
volume was calculated as difference of lesion and hematoma
volumes (44). Magnetic resonance imaging data were analyzed by
two experimenters blinded to experimental conditions.

Administration of monoclonal antibodies
Ultra-LEAF–purified anti-CD4 mAb (100470, GK1.5, BioLegend,
San Diego, CA) was intraperitoneally injected to deplete CD4+ T
cells, with a dose of 50 μg at 24 hours before ICH induction and
every 5 days until the end of experiments. IgG antibody (Rat
IgG2b, 400671, BioLegend) was used as control for anti-CD4
mAb. Anti-DR5 mAb (119909, MD5-1, BioLegend) was adminis-
tered intraperitoneally at a dosage of 100 μg at 24 hours before
ICH induction. Purified hamster IgG isotype antibody (400902,
HTK888, BioLegend) was used as a control for anti-DR5 mAb.

Immunostaining
Immunostaining procedure of brain slices was conducted as previ-
ously described (4). Primary antibodies were incubated at 4°C over-
night at vendor concentration. After washing with cold PBS, slices
were incubated with fluorescence-conjugated secondary antibodies
at room temperature for 1 hour. Slides were washed and mounted
with a mounting medium containing 4′, 6-diamidino-2-phenylin-
dole (DAPI; ab104139, Abcam, Cambridge, UK). Primary antibod-
ies used were as follows: anti-human CD4 (EPR6855, ab133616,
Abcam), anti-human CD8a (D8A8Y, 85336, Cell Signaling Tech-
nology), anti-human CD69 (EPR21814, ab233396, Abcam), anti-
human IL-17 (4K5F6, ab189377, Abcam), anti-human IL-4 (PA5-
25165, Invitrogen), anti-human interferon-γ (IFN-γ) (15365-1-AP,
Proteintech), anti-human Foxp3 (12632, Cell Signaling Technolo-
gy), anti-mouse CD4 (GK1.5, MAB554-100, R&D Systems), anti-
mouse CD8 (EPR20305, ab209775, Abcam), anti-human/mouse
CD19 (6OMP31, 14-0194-82, eBioscience), anti-human/mouse
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TRAIL-R2 (DR5, PA5-19895, Invitrogen), and anti-mouse CD31
(D8V9E, 77699, Cell Signaling Technology). Secondary antibodies
used were as follows: Alexa Fluor 594 anti-rat IgG (ab150160,
Abcam), Alexa Fluor 594 anti-rabbit IgG (ab150080, Abcam),
Alexa Fluor 488 anti-rabbit IgG (ab150077, Abcam), Alexa Fluor
488 anti-mouse IgG (ab150113, Abcam), and Alexa Fluor 488
Anti-rat IgG (ab150157, Abcam). TUNEL (terminal deoxynucleo-
tidyl transferase–mediated deoxyuridine triphosphate nick end la-
beling) staining used the in situ 5-bromo-2´-deoxyuridine–Red
DNA Fragmentation (TUNEL) Assay Kit (ab66110, Abcam). All
Images were acquired on a fluorescent microscope (Olympus,
model BX-61, Center Valley, PA, USA). Image analysis was per-
formed using ImageJ software (National Institutes of Health,
MD, USA).

Cell isolation and passive transfer of CD4+ T cells
CD4+ T cells were sorted from pooled splenocytes of wild type, IL-
17−/− mouse strains, or IL17+/+ littermates. Spleen tissues were sep-
arated and placed on a premoistened 70-μm cell strainer and then
gently homogenized with the end of a 1-ml syringe plunger. The
strainer was washed with 10 ml of erythrocyte lysis buffer
(349202, BD FACS, San Jose, CA, USA), and the eluted cells were
incubated for 5 min at room temperature and washed with 40 ml of
phosphate-buffered saline (PBS). Cell suspensions were simultane-
ously incubated for 30 min with alloohycocyanin (APC)-conjugated
anti-CD4 (RM4-4, 116013), and phycoerythrin (PE)–conjugated
anti-CD3 (17A2, 100205). Then, CD4+ T cells were purified via
two rounds of cell sorting selection (CD4+CD3+) with the high-
speed sort of FACS Aria III flow cytometer. Purity of sorted
CD4+ T cells was verified by flow cytometry before transfer.
Highly purified (>99%) CD4+ T cells (1 × 107) were injected into
tail vein of Rag2−/− recipient mice.

Cytokine array
Cytokine secretion profile of ICH brain CD4+ T cells was evaluated
by Proteome Profiler Mouse XL Cytokine Array. CD4+ cells were
sorted from the whole brain of ICH or sham mice. Cytokine
levels in these samples were detected using the Mouse XL Cytokines
Array Kit (R&D Systems Inc. Minneapolis, MN) according to the
manufacturer’s instructions.

Flow cytometry
Preparation of single-cell suspensions for flow cytometry from the
spleen, brain, CLNs, and blood were prepared as previously report-
ed (4, 45). Briefly, mice were euthanized by lethal anesthesia via iso-
flurane, and then the brain and spleen were removed. Brain tissues
were minced and incubated with collagenase IV and deoxyribonu-
clease at 37°C for 30 min. After removing the myelin debris by cen-
trifugation in 30% Percoll, single cells were suspended in 1% bovine
serum albumin. Spleen tissues were minced and strained through a
70-μm cell strainer; red blood cells were removed using a lysis
buffer. For CLN tissue, the ventral neck area of mice was dissected,
and bilateral CLNs were removed before or after ICH. The lymph
node tissues were minced and strained through a 70-μm cell
strainer. Thereafter, single-cell suspensions were placed in conical
centrifuge tubes (106 cells per tube) and stained with fluorescently
conjugated antibodies. For intracellular staining, cells were fixed in
fixation buffer for 20 min after surface marker staining. After
washing twice in permeabilization buffer, cells were incubated

with antibodies in the staining buffer for 45 min. All flow cytometry
antibodies were sourced from BioLegend, unless otherwise indicat-
ed. Antibodies used were as follows: CD45-APC-Cy7 (30-F11,
103116), CD4-APC (RM4-4, 116013), CD4-PE (GK1.5, 100408),
CD3–fluorescein isothiocyanate (FITC) (17A2, 100204), CD3-PE
(17A2, 100205), CD8a-BV421 (53-6.7, 100737), CD69-BV421
(H1.2F3, 104527), IL-17A–PE-Cy7 (TC11-18H10.1, 506921), F4/
80-FITC (BM8, 123017), Ly6G-APC (1A8, 127613), CD11b-PE-
Cy7 (17A2, 101216), TRAIL-R2-FITC (MD5-1, A15750, Invitro-
gen), NeuN-AF647 (EPR12763, ab190565, Abcam), CD31-BV421
(390, 102423), glial fibrillary acidic protein–PE (1B4, 561483, BD
Bioscience), IL-4–APC (11B11, 504106), IFN-γ–BV605 (XMG1.2,
505839), CD25-BV421 (PC61, 102034), and Foxp3-PE (MF-14,
126404). Samples were run on FACSAria (BD Biosciences) and an-
alyzed using FACS Diva and FlowJo X software (Informer Technol-
ogies, Ashland, OR).

Single-cell RNA sequencing
CD45+ single cells were sorted by flow cytometry for sequencing.
The optimized fluorescence-activated cell sorter (FACS) sorting
were performed on CD45hi cell population to obtain enough
CD4+ T cells in sham brains for subclustering and data processing
(Sham brain_2 in Fig. 3A).10X Genomics platform of Tulane Uni-
versity Single Cell Sequencing Core and Huada Gene (Shenzhen,
PRC) prepared the barcode libraries with the Single Cell 3′
Reagent Kit v2 (10X Genomics) along the manufacturer’s instruc-
tions. RNA-seq performed at a sequencing depth of approximately
50,000 reads per cell.

scRNA-seq data processing
Raw files (FASTQ format) were processed with Cell Ranger software
(v5.0.1), which performed mapping to the mm10 transcriptome, fil-
tering, barcode counting, and unique molecular identifier (UMI)
counting and lastly generated feature-by-barcode UMI matrix.
Scrublet (46) software was used to remove potential doublets for in-
dividual samples. Seurat (v3.1.5) was used for downstream analysis.
Low-quality cells, <500 genes expressed or with <2500 UMIs, were
excluded at the initial quality control step. Cells >15% mitochondri-
al UMIs were removed. Library-size normalization was performed
on the UMI-collapsed gene expression values for each cell barcode
by scaling the total number of transcripts and multiplying by
10,000. Data were then log-transformed for further downstream
analysis.

Two thousand genes with highest variance were initially identi-
fied using the FindVariableGenes function. Batch effects were cor-
rected by using the fastMNN function of batchelor R package (47), a
fast version of the mutual nearest neighbors (MNNs) method, and
the first 20 components of MNN was considered to reduce the di-
mensionality. Cells were clustered with Seurat’s FindClusters func-
tion. For visualization, we applied run UMAP to cluster cells on
scatter plots. Marker genes were defined as genes with an adjusted
P value < 0.05 tested with a nonparametric Wilcoxon rank-sum test
(table S1). KEGG pathway enrichment analysis was performed by
gene set enrichment analysis function in clusterProfiler (v3.14.3)
(48). Activation feature scores were calculated by using AddModu-
leScore function in Seurat with an array of cell activated feature
genes based on published literatures (Ms4a4b, Ms4a6b, Cxcl10,
Itk, Prkcq, Ccnd1, Ccnd2, Ccnd3, Hmox1, Ccl5, Dusp1, Klf4, Jun,
and Junb) (49–57).
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Apoptosis-related gene evaluation
Apoptosis-related genes in FACS-sorted CD4+ T cells from the
spleen or brain of ICH or sham mice were evaluated by the 87
gene RT2 Profiler PCR Array Kit (330231, QIAGEN). mRNAs
were extracted from isolated cells with TRIzol reagent (Invitrogen).
The expression of apoptosis-related genes was determined accord-
ing to the manufacturer’s protocol.

In vivo detection and T cell activation via TN-XXL
TN-XXL pcDNA3 was a gift from Oliver Griesbeck (Addgene
plasmid # 45797; http://n2t.net/addgene:45797; RRID:Addg-
ene_45797). FACS-isolated CD4+ T cells from wild-type mice
spleen were transfected with TN-XXL as reported (18, 58).
Briefly, isolated cells were suspended in retrovirus supernatant sup-
plemented with polybrene (8 μg/ml; Sigma-Aldrich) and IL-2 (10
ng/ml). Transfection was achieved by centrifuge at 450 relative cen-
trifugal force for 90 min at room temperature. Cells were washed
and then intravenously transferred to recipient mice. Mock trans-
duced (vector without TN-XXL) CD4+ T cells were used as a
control. TN-XXL–expressing or mock-transduced CD4+ T cells
were then injected into Rag2−/− mice. The FRET of TN-XXL–ex-
pressing CD4+ T cells in the brain and peripheral tissues was detect-
ed using flow cytometry. TN-XXL consists of CFP as FRET donor
and cpCitrine as FRET acceptor. These proteins are linked by the
calcium-sensitive double C-terminal lobe of TnC. After binding
to free calcium, TnC undergoes a conformational change that
leads to energy transfer from the donor to the acceptor fluorophore,
resulting in a drop in CFP fluorescence and an increase in cpCitrine
fluorescence. FACSCanto system was used for intracellular calcium
measurements, with a 405-nm laser for excitation of CFP and 465/
30 nm and 530/30 nm bandpass filters for CFP and FRET emission,
respectively, along with a 488-nm laser with a 530/30-nm bandpass
filter for excitation and emission of cpCitrine.

Western blot
Mice treated with anti-CD4 mAb or IgG control were euthanized
days 1 and 3 after ICH. After pericardiac perfusion with cold
PBS, ipsilateral brain were harvested and homogenized in radioim-
munoprecipitation assay lysis buffer (Thermo Fisher Scientific,
Waltham, MA) with 1 mM phenyl-methanesulfonyl fluoride
(Thermo Fisher Scientific, Waltham, MA) and phosphatase inhib-
itor cocktail (sc-45065, Santa Cruz Biotechnology, Dallas, TX). The
supernatant from centrifugation-collected total proteins was sepa-
rated by 10% SDS–polyacrylamide gel electrophoresis and trans-
ferred onto a nitrocellulose membrane (Amersham Biosciences,
Piscataway, NJ). Immunoblot analysis for primary antibody incuba-
tion of ZO-1 (a0659, ABclonal), claudin 5 (29767-1-AP, Protein-
tech), and MMP9 (RM1020, ab283575, Abcam) at 4°C overnight.
β-Actin (3700, Cell Signaling Technology) was internal control.
Membrane was incubated with horseradish peroxidase–conjugated
anti-rabbit or anti-mouse secondary antibody (Thermo Fisher Sci-
entific, Waltham, MA) for 1 hour at room temperature. Chemilu-
minescent intensity was measured with ImageQuant LAS 4000 (GE
Healthcare Life Sciences, Uppsala, Sweden).

EB analysis
To determine BBB permeability, EB dye (Sigma-Aldrich, St. Louis,
MO) was used for each group of mice. Mice were intravenously in-
jected with EB dye (2% in saline, 4 ml/kg) 4 hours before

euthanization. The ipsilateral hemisphere was weighed and then ho-
mogenized into a tube with 2 ml of formamide (Sigma-Aldrich,
St. Louis, MO). After incubation in water bath at 60°C for 72
hours, supernatants were collected and the optical density at 600
nm was measured by a microplate reader (Thermo Fisher Scientific,
Varioskan Flash, USA). The concentration of EB was calculated
with the following formula: EB content in brain tissue (μg/g wet
brain) = EB concentration × formamide (ml)/wet weight (g).

Statistical analysis
Animals were randomly assigned to treatment conditions. Random-
ization was based on the random number generator function in Mi-
crosoft Excel software. All results were analyzed by investigators
blinded to the treatment. The exclusion criteria are described in
the individual method sections. No power analysis predetermined
sample sizes were applied; however, the sample sizes were similar to
those reported in our prior publications (59, 60). Data are presented
as the means ± SD. Statistical significance was determined by two-
tailed unpaired Student’s t test for parametric data in univariate
analysis, Mann-Whitney test for nonparametric data, one-way anal-
ysis of variance (ANOVA) followed by Tukey post hoc test for three
or more groups, and two-way ANOVA to assess the entire time
course variation, accompanied by Tukey post hoc test for multiple
comparisons. Fisher’s exact test was used to determine differentially
expressed genes in scRNA-seq between indicated groups. P < 0.05
was considered statistically significant. All statistical analyses were
performed using Prism 8.0 software (GraphPad, San Diego,
CA, USA).

Supplementary Materials
This PDF file includes:
Figs. S1 to S10
Table S1

View/request a protocol for this paper from Bio-protocol.
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PSYCHOLOG ICAL SC I ENCE

Randomized evaluation of a school-based, trauma-
informed group intervention for young women
in Chicago
Monica P. Bhatt1*, Jonathan Guryan2, Harold A. Pollack3,4, Juan C. Castrejon1†, Molly Clark1†,
Lucia Delgado-Sanchez1‡, Phoebe Lin1†, Max Lubell1†, Cristobal Pinto Poehls1‡, Ben Shaver1‡,
Makenzi Sumners1†

This study explores whether a school-based group counseling program for adolescent girls, implemented at
scale, can mitigate trauma-related mental health harms. In a randomized trial involving 3749 Chicago public
high school girls, we find that participating in the program for 4 months induces a 22% reduction in posttrau-
matic stress disorder symptoms and find significant decreases in anxiety and depression. Results surpass widely
accepted cost-effectiveness thresholds, with estimated cost-utility well below $150,000 per quality adjusted life
year. We find suggestive evidence that effects persist and may even increase over time. Our results provide the
first efficacy trial of such a program specifically designed for girls, conducted in America’s third largest city.
These findings suggest the promise of school-based programs to mitigate trauma-related harms.
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INTRODUCTION
Decades of psychology research establish the developmental mental
health harms of trauma exposure, particularly during adolescence.
The coronavirus disease 2019 (COVID-19) global pandemic has
sharply increased these mental health challenges: the proportion
of mental health–related emergency department visits for children
aged 5 to 11 and 12 to 17 years increased approximately 24 and 31%,
respectively, in 2020 compared to previous years (1). While these
experiences are not unique to young women, their burdens are
often disproportionately borne by girls, particularly Black and
Latinx girls. These burdens include effects on mental health, devel-
opment, and schooling attainment (2). Young women who have
been exposed to a traumatic event such as violence are more
likely to report symptoms of posttraumatic stress disorder (PTSD)
than their male peers (3); depressive disorders are more common
among women (4); and women are more likely than men to
develop an anxiety disorder over their life spans (5–7). Exposure
to trauma, through its effect on mental health, also influences aca-
demic performance and increases the likelihood of high school
dropout (8). In Chicago, for example, students’ exposure to local
homicides is associated with notable reductions in academic perfor-
mance and scores on standardized tests (9).
Despite the marked increase in trauma exposure for adolescent

girls and accompanying mental health challenges, there is a dearth
of evidence regarding what works to address these challenges. Upon
beginning this study, the influential Blueprints for Healthy Youth
Development identified only six promising or model programs to
address anxiety, depression, and PTSD in adolescents; none
focused on girls specifically [see, e.g., (10)].

Existing data also suggest that investing in programming for
young women may provide benefits beyond the individuals
served. For example, research suggests that programs that help
males tend to primarily benefit participating individuals, whereas
programs that help females yield greater benefits for families and
communities (11).
Here, we provide evidence that it is possible to reduce PTSD,

anxiety, and depression among adolescent girls through a school-
based, group counseling program informed by cognitive behavioral
therapy (CBT), acceptance and commitment therapy (ACT), and
narrative therapy. The program that we study includes a curriculum
that intentionally helps student participants to develop self-aware-
ness, build self-esteem and self-efficacy, and enhance their own in-
dividual competencies to make positive and healthy decisions.
Students randomized to treatment received programming

through Youth Guidance’s Working on Womanhood (WOW)
program. WOW is a school-based, trauma-informed, relation-
ship-centered, group counseling and mentoring program designed
specifically by and for Black and Latinx women to disrupt the cycle
of intergenerational trauma.
WOW’s 39-lesson curriculum is designed around five core

themes: self-awareness, emotional intelligence, healthy relation-
ships, visionary goal setting, and leadership. The program is deliv-
ered by master-level social workers and counselors. Each of these
staff members works with 50 to 55 girls across four to five groups
in a school. Groups meet once per week, during the school day. For
needs that cannot be addressed in a group setting,WOWcounselors
provide individual counseling and referrals to other services. The
positive network created by WOW is posited to improve peer rela-
tionships and social supports while strengthening girls’ ties with im-
portant adults, such as parents, teachers, and counselors. The
program model and curriculum were refined and revised following
a formal formative evaluation in 2018 (12).
WOW is rooted in CBT, ACT, and narrative therapy as well as

key learnings from other school-based mentoring programs. CBT
helps individuals recognize and understand connections among
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thoughts, feelings, and behavior as well as the context within which
those thoughts, feelings, and behaviors are developed. Previous re-
search has found that CBT is effective in providing symptomatic
relief for specific psychiatric disorders, including depression (13–
17), PTSD (18), and anxiety disorders (19–21). CBT has also been
found to be effective when adapted to a school-based setting for
youth exposed to trauma in urban settings (21). There is evidence
that school-based CBT can improve school grades (22, 23) and
reduce negative behavioral outcomes such as violent crime
arrests (24).
ACT is used primarily to strengthen psychological flexibility,

consisting of six primary components: diffusion, acceptance, self
as context, contact with the present moment, values, and committed
action. Psychological flexibility promotes behavior change in the
service of chosen values by connecting the present moment with
what the situation affords. Narrative therapy is a psychotherapeutic
approach based on the notion that people construct narratives to
define themselves and give meaning to their daily experiences and
life events; by supporting narrating their life experiences in richer
and more gratifying ways, the individual becomes empowered to
consider life alternatives not previously considered. The narrative
therapy process has seven core components: collaboration, external-
izing the problem, identifying empowerment, identifying values,
linking past story to new narrative, inviting witness to new narrative,
and documenting gains (25, 26). These therapies and treatments
have been used to treat depression and anxiety, with no discernible
differences documented to date on individual outcomes. TheWOW
program draws from each therapeutic tradition to form the founda-
tion of the program curriculum (27).

METHODS
Research design
To scrutinize the causal impact of WOW on mental health out-
comes, we conducted a cluster-randomized controlled trial in
which we randomized girls to receive an offer of the WOW
program or business as usual electives and services within nonran-
domly preselected neighborhood high schools. Our research team
and Youth Guidance together selected 10 study site Chicago Public
Schools (CPS) high schools to be invited to participate in a random-
ized control trial during academic year 2017–2018 and 2018–2019.
Each school had sufficient enrollment to provide the necessary
number of treatment and control students, could accommodate
WOW, and is located in an underserved community on Chicago’s
south or west side that has experienced high rates of violent crime
(see Fig. 1).
All schools had excess demand and eligibility for the WOW

program, allowing for program slots to be offered via a fair lottery
given program constraints (approximately 50 girls could be served
per school). In accordance to the human subject protocol approved
by the University of Chicago Institutional Review Board, consent
was waived for randomization into the treatment and control as-
signed conditions; subsequently, students were consented to partic-
ipate in the program as well as for participation in baseline and
follow-up surveys.
Girls who were randomized to be offered the WOW program

were contacted by Youth Guidance counselors and consented
into program participation. Girls who participated joined group-
based counseling sessions once per week during an elective

period during schools in which WOW counselors administered
the WOW curriculum and built rapport with WOW groups. Girls
who were not randomized to receive an offer from WOW were el-
igible to receive all other status quo services and elective offerings in
the building.

Sample eligibility
During the first week of academic year 2017–18, we received lists of
all 9th to 11th grade girls from schools participating in the study. In
practice, many of these lists came with extra information—e.g., in-
cluding additional grades and/or male students—and had to be
cleaned before the randomization stage. We used CPS administra-
tive data to randomize 3749 young women who met Youth Guid-
ance’s guidelines for participating in WOW, which included: (i) at
least 75% overall school attendance during 2016–2017 academic
year; (ii) no specific diagnosis of significant intellectual disability,
per CPS records by the end of academic year 2016–2017; and (iii)
no signs of proactive aggression, self-harm, or active suicidal idea-
tion. A student is considered to have a significant intellectual dis-
ability if they were listed in any of the following six disability
categories: autistic; emotional and behavior disorder; educable
mental handicap; intellectual disability – profound; severe/pro-
found handicap; trainable mental handicap. These guidelines
were intended to ensure that the eligible students had a reasonable
chance of engaging with and benefiting from WOW by attending a
sufficient number of sessions and by being able to productively par-
ticipate in and understand group activities.
The combined roster lists contained 3875 potential candidates

ready to enter the randomization stage; of those, 126 individuals
(about 3.25%) were excluded from the randomization because of
not meeting WOW’s requirements for participation. On the basis
of these requirements, we randomized >95% of all 9th to 11th
grade girls in schools participating in the study.

Randomization
We randomly assigned 3749 eligible 9th, 10th, and 11th grade girls
to either a treatment group or control group. Because WOW pro-
gramming capacity varied by school and sometimes by grade, we
carried out a random assignment conditional on school-by-grade
“randomization blocks” and varied the probability of assignment
to the treatment condition across randomization blocks. Within
each randomization block, students were randomly selected for
either the treatment group, which was offered the chance to partic-
ipate in WOW, or for the control group, for whom all business as
usual services and electives were available. A total of 1232 young
women in the study were assigned to the treatment group; 2517
women were assigned to the control group in fall 2017.
Two additional randomization phases followed the one de-

scribed above. First, we randomly selected a sample of 626 students
(of the 3749 students in the study) for recruitment for a baseline
survey, conducted before the beginning of WOW programming;
this sample was created in a way such that the number of students
assigned to the treatment group was as similar as possible to the
number assigned to the control group. The final number of partic-
ipants within each group has a random component to it. We can
only define ex ante the desired sampling probabilities within each
randomization block. When creating a random sample for the base-
line survey, we used sampling probabilities such that within each
block, we expected an equal number of participants landing in
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the treatment versus control group. It just happened to be the case
that we ended up with an equal number of 313 participants on each
group for this case. For the follow-up survey sample, the methodol-
ogy used was the same as the one used for the baseline survey
sample, only that now targeting a larger sample size (~2000). The
final number of participants assigned to the treatment group was
that of 1008; with 1003 being assigned to the control group. From
626 randomly selected students, we had 346 responses for an effec-
tive response rate of 55%.
Second, we randomly selected a sample of 2011 students (of the

3749 students in the study) to be recruited for a follow-up survey,
conducted toward the end of the first year of WOW programming;
this sample was also created in a way such that the number of stu-
dents in the study assigned to the treatment group was as similar as
possible to the number assigned to the control group. A total of

1487 selected students responded to the follow-up survey of the
2011 offered, with an effective response rate of 84%.
We do not see differential outcome missingness for survey re-

spondents for either survey across treatment and control groups.
In the baseline survey, of the 313 students in the study assigned to
the treatment group, 175 (~56%) were effectively surveyed; and of
the 313 students assigned to the control group, 171 (~55%) were
effectively surveyed. All other students in the study were either
unable to be located or declined to participate in the baseline
survey. In the case of the follow-up survey, of the 1008 students
in the study assigned to the treatment group, 759 (~76%) were ef-
fectively surveyed; and of the 1003 students assigned to the control
group, 728 (~73%) were effectively surveyed. Eight students as-
signed to the follow-up survey sample declined to participate in
the study before the follow-up survey began and were excluded
from the targeted sample altogether. Five of 1008 participants

Fig. 1. WOW study school communities. WOW, Working on Womanhood.
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assigned to the treatment group in the follow-up survey belong to
the group of eight that were excluded from the follow-up survey ex
ante. Within the control group, 3 of 1003 cases belong to the group
of eight that were excluded from the follow-up survey ex ante. The
consort diagram (see Fig. 2) shows the overall structure at each
point, depicting the analytic sample for administration of a baseline
survey as well as a follow-up survey (see “Data collection” section for
more details on survey administration).

Analytic samples
We include analysis from two different analytic samples assigned
based on the randomization procedures above here. The follow-
up survey student sample is a randomly selected subset of the
cohort I sample. We describe each analytic sample below, for
reference:
Cohort I sample
Our cohort I sample includes girls randomized in fall 2017 (N =
3749). Eighty-five percent of young women in our study are Black
and Hispanic/Latinx. About one-half of young women in the study
reported speaking Spanish as their primary language at home
(Table 1). The majority of students in cohort I are free and
reduced price lunch recipients. We find a slightly higher proportion
of students with limited English proficiency (LEP) in the treatment
group and a somewhat higher proportion of youth in the control
group who are flagged as having a learning disability in cohort I.
Follow-up survey sample: Selected students
The first follow-up survey sample included 2011 study youth ran-
domly sampled for survey participation. Girls selected to be part
of the follow-up survey sample were representative of girls in the
cohort I sample (Table 1). Of the 2011 youth, we found that eight

girls had declined survey participation at baseline and were exclud-
ed from the study; therefore, 1003 treatment youth and 1000 control
youth were assigned to the survey.We find that the randomly select-
ed follow-up survey sample students are similar to the cohort I
sample and are balanced across treatment and control
groups (Table 1).
Follow-up survey sample: Respondents
In addition, we find a balanced sample among follow-up survey re-
spondents as well (Table 2). A total of 2003 students in the study
were offered the opportunity to complete a follow-up survey
between June and November 2018. We received 1487 completed
surveys, with an effective response rate of 84%, with 759 treatment
youth and 728 control youth completing the survey. A total of 1487
participants responded to at least one question of either the Student
Health Survey (SHS) or Behavioral Assessment System for Children
(BASC-3) questionnaires. We received 1484 completed surveys.
Nonresponders in the follow-up were more likely to be Hispanic,
averaged an additional day of unexcused absence, and had slightly
lower grade point averages (GPAs) than respondents did. We find
balance on observed covariates within this sample, with no statisti-
cally significant differences in response rates across students as-
signed to treatment and control (Table 2).

Data collection
Survey measures
In consultation with Youth Guidance and our team’s expert mental
health researcher (K. Grant, DePaul University), we compiled a
comprehensive survey that contained several rigorous diagnostic in-
struments.We selected the nationally normed and clinically validat-
ed BASC-3 (28) to measure anxiety and depression (among several

Fig. 2. WOW study consort diagram: Cohort I.
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other mediators and secondary outcomes), enabling us to compare
our study sample to the national distribution of young women aged
15 to 18. We also elected to use the well-established Child and Ad-
olescent Trauma Screen (CATS) to measure trauma exposure and
PTSD symptomology. We relied on the BASC-3 to gather self-re-
ported data on our hypothesized mechanisms of self-esteem and
self-efficacy. The self-efficacy measurement was supplemented
using the Self-Efficacy Questionnaire for Children drawn from
Muris (29).
We drew upon a variety of validated instruments and other

survey questions to complement these instruments with a range
of additional survey items that explored physical and sexual
health, risk-taking behavior, self-image, future orientation, relation-
ships, and more. We used the Difficulties in Emotional Regulation
Scale–Short Form (30) to measure emotional regulation and the
Future Outlook Inventory (31–33) to capture future orientation.
Our surveys also included items from the National Longitudinal
Study of Adolescent to Adult Health (Add Health) (34), which pro-
vided information on reproductive health outcomes and sub-
stance use.
Baseline survey
We administered a preprogram survey in the fall of school year
2017–2018 to obtain mental and physical health outcome measures
not well captured in administrative data. We used this baseline
survey data to test for and establish balance between treatment

and control groups, improve the precision of our estimates, and
provide information on the overall mental health characteristics
of our population of interest.
Because of funding constraints, we could not conduct a baseline

survey of our entire sample to complement the administrative data
to which we had access for the full study sample. We were able to
draw a random subset of 626 students from our full sample, block-
ing on school and grade, for baseline survey. Of the 626, we success-
fully consented, assented, and surveyed 346 to achieve a response
rate of 55.3%. As shown in Tables 1 and 2 below, we achieved
good balance in our surveyed sample on demographic and other
variables, including our primary outcomes and proposed
mechanisms.
Follow-up survey
Our research team conducted a follow-up survey from May to
October 2018 to capture first-year post-program impacts on key
outcomes for our first study cohort, which received services from
fall 2017 to spring 2019. We worked with the Survey Research
Center at the University of Michigan’s Institute for Social Research
(ISR) to administer the follow-up survey to a random sample of ap-
proximately 2000 students using the survey instruments that we
used for the baseline survey. We used a two-phase sampling to
obtain responses from a representative subsample of hard-to-
locate respondents, with a goal of an effective response rate of
85%, which ISR had achieved in our previous studies of CPS

Table 1. Balance table: Cohort I and follow-up survey sample. Significance between the mean differences for the treatment versus control groups was
estimated using a linear regression with block-level fixed effects. All missing cases were imputed using block-level averages. A joint F test was performed on
demographic/academic covariates grouped together to test their joint significance. P values estimated using heteroscedasticity robust SEs. ***P < 0.001; **P <
0.01; *P < 0.05; +P < 0.1. GPA, grade point average; LEP, limited English proficiency. Obs., observations.

Cohort I Follow-up survey sample

Variable Treat mean Control mean P value Treat mean Control mean P value

Old for grade 0.149 0.122 0.135 0.151 0.127 0.118

Age as of randomization 15.15 15.12 0.256 15.16 15.13 0.19

Learning disability 0.096 0.073 0.099+ 0.091 0.081 0.393

Free/reduced lunch recipient 0.952 0.951 0.929 0.946 0.954 0.402

Black 0.393 0.328 0.705 0.402 0.407 0.871

Hispanic 0.582 0.64 0.859 0.574 0.57 0.944

Out-of-school suspensions 0.067 0.07 0.319 0.072 0.072 0.985

In-school suspensions 0.101 0.081 0.729 0.109 0.107 0.91

Unexcused absences 8.92 9.43 0.412 8.96 9.37 0.417

Excused absences 4.1 4.47 0.26 4.03 4.36 0.161

Days present at school 162.7 162.8 0.62 162.6 162.9 0.631

GPA 2.86 2.81 0.235 2.86 2.84 0.532

Disciplinary incidents 0.287 0.25 0.898 0.298 0.278 0.567

Violent disciplinary incidents 0.025 0.027 0.312 0.027 0.025 0.805

Any disciplinary incidents? 0.157 0.14 0.861 0.162 0.156 0.666

LEP indicator 0.11 0.099 0.063+ 0.102 0.097 0.703

Primary language Spanish 0.497 0.538 0.397 0.491 0.474 0.403

Obs. 3749 2003

Joint F tests
F17, 3702 = 1.044 F17, 1956 = 0.732

Prob > F = 0.406 Prob > F = 0.772
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students (24). We use the follow-up survey items in two ways: (i) to
assess program impact and (ii) to identify potential mediators of
treatment effects.
Administrative data
Master data sharing agreements with CPS and the Chicago Police
Department (CPD) provided the administrative data foundation
for our statistical analysis of education and arrest outcomes.
Because the study sample was drawn from CPS administrative
data, we had access to longitudinal student-level records for every
student in the treatment and the control groups, including

student-level school records on attendance, course grades, test
scores, graduation and college enrollment, and school disciplinary
actions. Students who switch schools or drop out are tracked and
analyzed by original group assignment. Our data suggest that 3%
of CPS 9th and 10th graders switch schools each year; 9% drop
out or leave Chicago. These data were available before the interven-
tion, throughout the intervention period, as well as after interven-
tion, even for students who changed schools as long as they
remained connected to CPS and were particularly valuable to

Table 2. Balance table: Follow-up survey respondents. Significance between themean differences for the treatment versus control groups was estimated using
a linear regression with block-level fixed effects. All missing cases were imputed using block-level averages. A joint F test was performed on demographic,
academic, and mental health covariates grouped together to test their joint significance. Obs(w) refers to the weighted sample size, i.e., the sum of the sample
weights used in the statistical tests. P values estimated using heteroscedasticity robust SEs. ***P < 0.001; **P < 0.01; *P < 0.05; +P < 0.1. PTSD, posttraumatic stress
disorder.

Variable Treat Control Est P value Obs Obs(w)

Mental health indicators

Anxiety raw score 15.893 15.969 −0.066 0.938 329 329

Anxiety per score 59.25 58.565 0.603 0.839 329 329

Anxiety at risk or clinically significant 0.208 0.267 −0.064 0.165 329 329

Depression raw score 8.754 8.553 0.337 0.677 326 326

Depression per score 61.395 60.535 1.363 0.678 326 326

Depression at risk or clinically significant 0.257 0.277 −0.016 0.745 326 326

PTSD raw score 12.641 13.38 −0.372 0.805 333 333

PTSD at risk or clinically significant 0.388 0.362 0.049 0.364 333 333
Demographic indicators

Old for grade 0.15 0.133 0.011 0.541 1487 1621.4

Age as of randomization 15.179 15.112 0.008 0.687 1487 1621.4

Learning disability 0.093 0.066 0.024+ 0.085 1487 1621.4

Free/reduced lunch recipient 0.945 0.945 −0.002 0.87 1487 1621.4

Black 0.435 0.422 0.001 0.944 1487 1621.4

Hispanic 0.55 0.561 0.001 0.941 1487 1621.4

Out-of-school suspensions 0.07 0.071 −0.004 0.84 1487 1621.4

In-school suspensions 0.119 0.116 −0.007 0.824 1487 1621.4

Unexcused absences 8.589 8.925 −0.422 0.425 1487 1621.4

Excused absences 3.935 4.108 −0.324 0.217 1487 1621.4

Days present at school 163.327 163.874 −0.146 0.867 1487 1621.4

GPA 2.883 2.883 0.02 0.587 1487 1621.4

Disciplinary incidents 0.309 0.272 0.025 0.614 1487 1621.4

Violent disciplinary incidents 0.023 0.028 −0.006 0.481 1487 1621.4

Any disciplinary incidents? 0.171 0.14 0.027 0.143 1487 1621.4

LEP indicator 0.106 0.093 0.012 0.463 1487 1621.4

Primary language Spanish 0.473 0.469 0.012 0.564 1487 1621.4

Joint F test I (mental health and demographic)

Number of obs. = 326 [Obs(w) = 326]

F25, 271 = 1.03

Prob > F = 0.428

Joint F test II (demographic only)

Number of obs. = 1487 [Obs(w) = 1621.4]

F17, 1440 = 0.918

Prob > F = 0.553
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track youth for in-person surveys, as students could have changed
schools, dropped out, or changed addresses during the study period.
Our team also has amaster data sharing agreement with the CPD

to access arrest data (35). These include data on the identity of the
offender, date and location of the crime event, and criminal charges
(for juvenile and adult offenders). We also had access to CPD vic-
timization data covering juvenile and adult arrests citywide. We
matched our study sample to these arrest records using probabilistic
matching on name and date of birth. This study was approved by
The University of Chicago Institutional Review Board, protocol
IRB17-0585.

Data analysis
Because of our randomized experimental design, our analysis plan
is straightforward. We estimate both the intent-to-treat (ITT) effect
and the treatment-on-the-treated (TOT) effect. The ITT estimate
comes from estimating Eq. 1

Yi ¼ π0 þ π1Zi þ Xiπ2 þ Bi þ ɛi ð1Þ

where Yi is an outcome for participant imeasured after random as-
signment, Zi is an indicator for having been offered WOW pro-
gramming, Bi is a full set of randomization block fixed effects, εi
is a random error term, and Xi is a set of baseline controls to
improve precision. These include age, school, and grade fixed
effects; an indicator for having a learning disability, an indicator
for having limited English proficiency, an indicator for being old
for grade, and indicators for black and Latinx; and the following ac-
ademic measures measured in the 2016–2017 baseline school year:
number of each type of grade received (A to D and F), days present,
days of out-of-school suspensions, and days of in-school suspen-
sions. We also include indicators for ever being arrested for a
violent, drug, or property related charge. Missingness of baseline
covariates is balanced across treatment and controls groups.
Missing baseline covariates were imputed using randomization
block means by treatment status. For each imputed baseline covar-
iate, we included an indicator identifying those observations that
were imputed.
To estimate the TOT effect, we use random assignment (Zi) as an

instrumental variable (IV) for participation (Di), as in Eqs. 2 and 3
(36, 37). The first-stage equation is

Di ¼ γ0 þ γ1Zi þ Xiγ2 þ Bi þ μi ð2Þ

where Di is an indicator for having participated in WOW program-
ming (defined as having participated in at least one WOW group
session), the γs are parameters to be estimated, μi is a random
error term, and all other variables are defined as above. The rela-
tionship of interest is

Yi ¼ β0 þ β1Di þ Xiβ2 þ βi þ ϑi ð3Þ

The identifying assumption here is that treatment assignment
has no effect on the outcomes of those assigned to treatment who
do not participate. The IV estimate for the parameter Bi (Eq. 3) is
essentially a ratio of two ITT estimates—the ITT effect on the
outcome of interest in the numerator and the ITT effect on partic-
ipation in the denominator.

RESULTS
Baseline descriptive statistics
We used the baseline survey to test for and establish balance
between treatment and control groups, improve the precision of
our estimates, and describe the overall mental health characteristics
of our population of interest. Of our 346 survey respondents at base-
line, we observe no statistically significant differences in our 13
baseline measures.
At baseline, young women in the study had suffered, on average,

at least two serious traumatic experiences in their lifetimes; nearly
30% had personally witnessed someone being attacked, stabbed,
shot at, hurt badly, or killed. More than 45% had someone close
die suddenly or violently. Twenty-four percent scored within the
clinical range or the at-risk range for anxiety; 27% scored within
the clinical range or the at-risk range for depression (38).
The baseline survey also helps us understand the baseline prev-

alence of depression, anxiety, and PTSDwithin this population (N =
346). Approximately 17% of girls surveyed at baseline appeared at
risk for depression and anxiety. About 10% appeared within the
clinically significant range for depression and about 7% for
anxiety. Findings on trauma exposure do not account for experienc-
es of direct physical abuse, sexual abuse, or sexual assault due to
mandatory reporting requirements and may be a conservative esti-
mate. Our baseline surveys indicate that 38% of 10th and 11th grade
young women in our study sample exhibit signs of PTSD; the ob-
served prevalence of probable PTSD among these young women is
twice that of service members returning from Iraq and Afghanistan.
Our depression and anxiety measures are drawn from the BASC-3
SRP-A. The clinically significant range is defined as 2 SDs above the
mean when scores are normalized to the appropriate national norm.
In our case, we use general female, aged 15 to 18. Almost 30% scored
within the probable PTSD range on the CATS, and on average, girls
reported 2.5 exposures to traumatic events.

Follow-up survey outcomes
We observed large and statistically significant treatment-control dif-
ferences in PTSD, depression, and anxiety scores (see Figs. 3 to 5).
We find that participation in WOW causes a 22% decrease in

PTSD symptom severity scores, which measures the frequency
and intensity of PTSD symptoms, and a 38% decrease in scores
that indicate “moderate trauma-related distress.” We also find that
WOW participation causes significant decreases in measures of
anxiety (9.77%) and depression (14.1%) (see Table 3).
We analyze academic outcomes in the administrative data for the

full sample of 3749 girls randomized to treatment and control con-
ditions. We observed no clinically or statistically significant differ-
ences between treatment and control participants in overall
attendance, GPA, or freshman on-track status. Treatment and
control participants displayed virtually identical outcomes on
these measures (see Table 4).

Economic policy analysis (cost-utility results)
Our main results suggest that WOW improved mental health out-
comes for young women participating in the program relative to
those who did not. Building on these findings, we used cost-
utility analysis to examine the economic value of such mental
health improvements relative to WOW’s associated program
costs. We focused on observed treatment effects in reducing
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depression and PTSD symptoms, converting these mental health
benefits to changes in quality adjusted life year (QALY) units
gained through the intervention. Briefly summarized, QALYs are
constructed by multiplying the length of time that a program
effect is presumed to occur by a utility weight that corresponds to
the quality of life of individual. One year in perfect health is equiv-
alent to one QALY as is 2 years in a very poor health state with the
assigned utility weight of 0.5 (1 year * 1 = 1 QALY = 2 years * 0.5).
To generate an estimate of the cost per QALY gained through

WOW, we applied utility weights for depression and PTSD,
drawn from existing research, to the responses in the follow-up
survey administered to the young women in the study. For depres-
sion, we assumed that an individual who is depression-free has a
utility weight of 1 (perfect health) and that an individual who sat-
isfies screening criteria for clinically significant depression has a
utility weight of 0.59 (39). We also assumed that an individual at
risk for clinically significant depression has a utility weight
between 0.59 and 1 proportionate to their BASC-3 depression t
score. The assignment of utility weights for PTSD followed a
similar pattern. We assumed an individual who is PTSD-free has
a utility weight of 1 and that an individual with clinically significant
PTSD has a utility weight of 0.61 (40). Those at risk for PTSD
receive a utility weight between 0.61 and 1 proportionate to their
survey CATS PTSD score.
The program cost was estimated to be $2300 per actual partici-

pant in WOW. This number was obtained from Youth Guidance,
theWOWprogram provider. That cost figure is based on a caseload
of 55 youths served per counselor. It includes the direct salary and
benefit costs of counselors and the curriculum specialists who
provide training and coaching. It also includes further expensing
of program management, other direct programming expenses,
and overhead costs for information technology, human resources,

and Youth Guidance financial and program evaluation/quality as-
surance required to operate the program.
We performed an ITT analysis to compare mental health out-

comes among all youth invited to participate in WOW with those
observed in the control group. On the basis of the program take-up
rate of 65%, we converted our program cost data to be comparable
to the ITT measure. The cost per program participant in the ITT
treatment-assigned group was thus $2300*0.6525 or $1501.
Following the medical cost-effectiveness literature, we then com-

puted the cost per QALY gained by computing an incremental cost-
effectiveness ratio (ICER) for each outcome

CostT � CostC
QALYT � QALYC

� �

¼
$1501 � $0

QALYT � QALYC

� �

where CostT refers to the average cost of implementing WOW cal-
culated within the full treatment-assigned group (e.g., $2300*0.6525
= ~$1500 for the PTSD case). For the cost-benefit analysis, we use
the average program cost across the entire treatment group; because
not everyone in the treatment group enrolls in WOW, the per-
person program cost of $2300 needs to be scaled down by the par-
ticipation rate before we can plug it into the ICER’s equation. The
percentage of study participants from the treatment group enrolled
in the WOW program is 65.3%. Note that this percentage varies
slightly across the different mental health constructs, as not every-
one responded to all questions in the survey (e.g., it is 64.92% for
depression, 65.25% for PTSD, etc.). We take an estimate of β1
from the following regression model as an estimate of QALYT −
QALYC

QALYi ¼ β0 þ β1WOW1 þ BX þ BXmissþ μi þ ɛi

where

Fig. 3. Mental health trajectory for anxiety (effect of being offered WOW). Note that control means shown in the plot are regression adjusted for both the baseline
and follow-up samples. Treatment means are calculated as the adjusted control means plus the estimated effect of being offered WOW. Confidence intervals are at the
95% significance level. BASC-3, Behavioral Assessment System for Children. N(w), weighted sample size.
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1) QALYi is an individual’s utility weight multiplied by an assumed
effect duration of 365 days. (We perform sensitivity analyses of
assumed effect duration below.)

2) WOWi is a WOW treatment binary indicator.
3) X is a vector of baseline covariates.
4) Xmiss is a dummy indicator identifying those cases where the
baseline covariates included in $X$ were imputed, using ran-
domization block-level means.

5) μi is block-level fixed effects.
6) εi is normally distributed random error term.

We compute an ICER for depression and PTSD separately,
where the cost per QALY refers to the cost per QALY gained in
terms of just that outcome.
We also compute the cost per QALY gained for the combination

of PTSD and depression. To avoid complex assumptions about the

Fig. 4. Mental health trajectory for depression (effect of being offered WOW). Note that control means shown in the plot are regression adjusted for both the
baseline and follow-up samples. Treatment means are calculated as the adjusted control means plus the estimated effect of being offered WOW. Confidence intervals
are at the 95% significance level.

Fig. 5. Mental health trajectory for PTSD (effect of being offeredWOW). Note that control means shown in the plot are regression adjusted for both the baseline and
follow-up samples. Treatment means are calculated as the adjusted control means plus the estimated effect of being offered WOW. Confidence intervals are at the 95%
significance level. The left-hand y axis indicates average posttraumatic stress disorder (PTSD) raw scores [Child and Adolescent Trauma Screen (CATS)]; the right hand one
shows the percentage with probably PTSD. The horizontal line showing the probable PTSD incidence for the veterans’ population should only be read using the right-
hand y axis; the average PTSD raw scores (CATS) scale is only valid for the WOW sample (38).
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cumulative impact of co-occurring conditions, we assigned each
student in the study a utility weight that corresponds to the
minimum utility weight that they scored across depression and
PTSD. Although anxiety is one of our primary outcomes, we do
not include it in the main CBA analysis, because we were unable
to find utility weights in the literature that mapped well onto the
anxiety questions asked in the BASC-3. Table 5 reports the cost
per QALY gained for each outcome.
The Institute for Clinical and Economic Research reports two

standard thresholds to use for economic evaluations of pharmaceu-
tical pricing as well as medical and public health interventions in the
United States: $150,000 and $100,000 per QALY (41). Comparing
the cost per QALY gained from WOW to these thresholds, WOW
appears to be highly cost-effective when evaluated solely in terms of
its impact on PTSD or on the combined PTSD/depression outcome.
It is borderline cost-effective when evaluated solely as a depression
prevention intervention.
To assess the sensitivity of these results to variance in the esti-

mates of the program effects, we performed a bootstrap analysis
to examine the variation in our computed ICER for the combined
outcome using 100,000 repetitions. We find that WOW meets the
$150,000 threshold in 92.4% of samples and the $100,000 threshold
in 81.2% of samples. Figure S8 is the cumulative distribution func-
tion of the bootstrapping results.
As a further robustness check, we conducted a bounding exercise

where we generate utility weights for a third mental health outcome,
anxiety, using the utility weights for depression and students’ re-
sponses to anxiety questions of the BASC-3. This does not change
our fundamental result. When we combine utility weights using the
minimum quality-of-life weights for an individual across their
PTSD, depression, and imputed anxiety scores and construct an
ICER, we find that the cost per QALY gained to be $67,505. Assum-
ing the quality of life for anxiety is no better than the quality of life
for depression, this ICER provides an estimate of the cost per QALY
gained across our three primary outcomes.

A second uncertainty (see Table 5) relates to the posited duration
of program effects. If the true program effect were shorter than 365
days, then we may overstate program cost-utility. Examining the
combined depression/PTSD outcome, we find that the intervention
meets the $100,000 benchmark with a posited intervention duration
of 235 days of benefit. The intervention meets the $150,000 bench-
mark with a posited benefit duration of 156 days.

Study limitations
Our analysis has several study limitations that must be considered in
evaluating our results. Within-school randomization creates some
potential for spillovers, which could have led us to understate
program effects. Spillovers occur if control students directly enroll
in WOW, if WOW staff provides informal mentoring or other sup-
ports to control-group students, or if treatment group services indi-
rectly benefit control-group students in other ways.
Our mental health outcomes were based on the BASC-3 instru-

ment rather than a diagnostic clinical interview. Our results thus
should not be taken as providing clinical diagnosis for any specific
individual. Because we could not conduct diagnostic clinical inter-
views, we adopted a conservative approach to the quality-of-life
impact of co-occurring depression and PTSD symptoms, in
which we assumed that the quality of life was equivalent to the
minimum value obtained for each condition independent of co-
morbidity. To the extent that the quality-of-life impact of co-occur-
ring symptoms is worse than the impact of either condition alone,
we may understate the harms associated with co-occurring
conditions.
Given study exigencies arising from the COVID-19 pandemic,

we could not gather data on long-term mental health outcomes
among WOW participants or controls. Our findings are thus
based on respondents’ mental health status as captured in the
follow-up survey. We were therefore not able to measure whether
WOW induced benefits that lasted beyond the study period. We
also could not observe intervention benefits that may have faded
out for some participants before the follow-up survey was adminis-
tered. WOWwas also designed to be a 2-year program.We may un-
derstate the program’s full benefits given the timing of our mental
health surveys.
Given these limitations, we conducted sensitivity analyses to

examine the duration of program benefit required for WOW to
pass the standard cost-effectiveness threshold. As noted above,
WOW’s observed mental health benefits associated with reduced
PTSD and depression symptoms would need to last approximately
157 days (roughly 5 months) for WOW to be deemed cost-effective,
based on the $150,000-per-QALY threshold.

DISCUSSION
Young women, particularly those attending school in low-income,
predominantly minority communities experience high rates of de-
pression, PTSD, and other mental health challenges. Designing and
fielding feasible and cost-effective interventions to address these
challenges remains a key challenge.
The WOW intervention induces marked and statistically signifi-

cant improvement in depression, anxiety, and PTSD symptoms
among the young women who participate in this intervention.
WOW was not designed to move academic outcomes such as

Table 5. Cost per QALY gained. Showing cost per QALY gained assuming
a 365-day benefit. We also show the number of posited benefit days
required to meet relevant cost-benefit thresholds. QALY, quality adjusted
life year.

Outcome Cost per QALY
gained

presuming a
365-

day benefit

Days of posited
benefit

required to
meet the

$150,000 per
QALY

threshold

Days of posited
benefit

required to
meet the

$100,000 per
QALY

threshold

Depression as
the only
valued
outcome

$180,522
per QALY

439 659

PTSD as the
only
valued
outcome

$64,274
per QALY

156 235

Combined
depression
and PTSD

$58,025
per QALY

141 212
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standardized test scores and grades. In addition, over the period ob-
served, WOW did not improve these outcomes.
Evaluated on the basis of its ability to ameliorate mental health

symptoms, WOWappears highly cost-effective when judged on the
basis of standard cost-utility metrics used to evaluate medical and
public health interventions. These benefits were achieved within the
challenging real-world environment of 10 Chicago public high
schools. At a per-participant cost of $2300, WOW provides one
promising model that can be replicated at scale within resource-
challenged public schools across the country.
The burden of mental health is often unseen and overlooked,

particularly for young women of color, in part because it is not
always associated with externalizing behaviors. This study marks
one of the first studies of adolescent mental health for young
women of color that documents prevalence of mental health chal-
lenges such as anxiety, depression, and PTSD in Chicago. It also
provides rigorous evidence about how to systematically reduce the
prevalence of these challenges at scale through an innovative,
group-based, in-school model of therapy.
These findings are previously unknown in part because of the

limited evidence base for existing interventions and programs in-
tended to address the high rates of trauma exposure and consequent
anxiety, depression, and PTSD found among young women in our
study. Our results suggest that group-based, in-school therapy pro-
grams like WOW can be effective in reducing these rates and high-
light the dearth of alternate services available to the young women
in our study. More attention should be directed to WOWand other
feasible, cost-effective interventions that support the mental health
of young women.
This study was conducted in 10 schools within the real-world

environment in America’s third largest city and in its third largest
school district. The study included the vast majority of young
women in these schools; approximately 95% of female students
were randomized to either the treatment or control conditions.
Given that approximately 70% of adolescents’mental health ser-

vices are received in a school-based setting, this study marks an im-
portant advancement in quantifying the efficacy of the WOW
approach of combining CBT, ACT, and narrative therapy into
group-based counseling. Despite this advancement, there were
young women who had more profound mental health challenges
and more significant needs that were not appropriate for group-
based intervention; future work should examine interventions to
support the needs of these girls.
In our analysis of costs and benefits, we applied the best cost-

utility metrics available. More analyses are needed to specifically
study young women and to provide cost-effective and outcome
measures tailored to this population. Young women experience
high mental health disease burdens but are understudied in the
literature.
It is also important to evaluate school-based, mental health in-

terventions by the same yardsticks that we use to evaluate other in-
terventions to extend life and improve health. If as a society we are
willing to cover the cost of medication to support mental health
through Medicaid and other payment sources, then we should
also finance psychosocial interventions that prove to be cost-effec-
tive when viewed through the lens of these same cost-utility metrics.

Supplementary Materials
This PDF file includes:
Figs. S1 to S12
Tables S1 to S21
Legends for data files S1 to S3

Other Supplementary Material for this
manuscript includes the following:
Data files S1 to S3
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Altered fear engram encoding underlying conditioned 
versus unconditioned stimulus–initiated memory 
updating 
Shuai-Wen Teng1, Xin-Rong Wang1, Bo-Wen Du1, Xiao-Lin Chen1, Guan-Zhou Fu1, Yun-Fei Liu1,  
Shu-Qi Xu1, Jia-Chen Shuai1, Zhe-Yu Chen1,2,3* 

It is known that post-retrieval extinction but not extinction alone could erase fear memory. However, whether 
the coding pattern of original fear engrams is remodeled or inhibited remains largely unclear. We found in-
creased reactivation of engram cells in the prelimbic cortex and basolateral amygdala during memory updating. 
Moreover, conditioned stimulus– and unconditioned stimulus–initiated memory updating depends on the 
engram cell reactivation in the prelimbic cortex and basolateral amygdala, respectively. Last, we found that 
memory updating causes increased overlapping between fear and extinction cells, and the original fear 
engram encoding was altered during memory updating. Our data provide the first evidence to show the over-
lapping ensembles between fear and extinction cells and the functional reorganization of original engrams un-
derlying conditioned stimulus– and unconditioned stimulus–initiated memory updating. 
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INTRODUCTION 
Pathological memory is harmful but difficult to treat. Clinically, ex-
posure therapy is commonly used to treat such cases, which is a 
process of fear extinction by repeatedly presenting the conditioned 
stimulus (CS) in the absence of the unconditioned stimulus (US) 
(1). However, it is not always effective as fear memory still exists 
with the phenomenon such as spontaneous recovery (SR) (2), 
which indicates that extinction normally leaves the original 
memory intact. It is reported that fear memory could be erased 
without SR by extinction training at the reconsolidation window 
(10 min to 6 hour) induced by either CS retrieval or US retrieval, 
which suggests that post-retrieval extinction treatment could 
induce fear memory updating (3, 4). In particular, specific CS re-
trieval before extinction (CS + Ext) could selectively erase the reac-
tivated CS rather than other cue-associated fear memory, while US 
retrieval before extinction (US + Ext) could prevent multiple CS– 
associated fear memory with that US (5). Although it is reported 
that reactivation of original memory engrams in the dentate gyrus 
(DG) contributes to remote contextual fear memory attenuation 
(6), little is known whether the coding pattern of memory 
engrams is altered during post-retrieval extinction–induced 
memory updating. 

Memory engram cells referred to a population of neurons that 
are activated by learning and must be reactivated for recall (7). In 
the contextual fear memory paradigm, previous studies found that 
artificial activation of engram cells could induce stored memory re-
trieval, and extinction training suppressed the reactivation of orig-
inal engram cells while activating distinct extinction engram 
ensembles in the DG (7–9). Moreover, fear and extinction cells 

were also found in basolateral amygdala (BLA), and the balance 
of activity between subpopulations of BLA projection neurons de-
termines the relative expression of fear and extinction memories 
(10, 11). It is reported that prelimbic cortex (PrL) is critical for au-
ditory fear memory expression, and the existence of fear engram 
cells in PrL is well established (12, 13). However, whether there 
exist extinction cells in PrL remains unknown. In addition, the re-
lationship between fear and extinction cells and the dynamic mod-
ification of fear engram encoding underlying memory updating are 
still unclear. In particular, whether memory erasure is mediated by 
the inhibition or updating of fear engrams has always been a 
question. 

To answer the question, by using activity-dependent neuronal- 
tagging technology, neuronal tracing technique combined with op-
togenetic manipulation and in vivo calcium imaging (7, 14, 15), we 
identified the fear and extinction cells in PrL and BLA and investi-
gated the dynamic encoding of memory engram ensembles in PrL 
and BLA during CS- versus US-initiated memory updating. 

RESULTS 
First, the mice were fear-conditioned using three tone-shock pair-
ings and were then divided into four experimental groups. Context 
only, extinction only, CS(30 min) + Ext, and CS(24 hours) + Ext 
groups were included to examine whether time window–controlled 
post-retrieval extinction paradigm could erase fear memory. Con-
sistent with previous study (3), SR, renewal, and reinstatement were 
found in the CS(24 hours) + Ext group but not in the CS(30 min) + 
Ext group (fig. S1, A to C). In addition, memory saving could be 
tested by retraining to determine whether memory was erased (3), 
and we found that the freezing levels during the memory saving test 
performed at 24 hours after retraining in the CS(24 hours) + Ext 
group were significantly higher than those in home cage and 
CS(30 min) + Ext groups. Moreover, there was no difference in 
the memory saving test between the CS(30 min) + Ext group and 
the home cage group, which suggests that there was no memory 

1Department of Anatomy and Neurobiology, Shandong Provincial Key Laboratory 
of Mental Disorders, School of Basic Medical Sciences and Qilu Hospital, Cheeloo 
College of Medicine, Shandong University, Jinan, Shandong 250012, P.R. China. 
2Institute of Brain Science, Shuguang Hospital Affiliated to Shanghai University 
of Traditional Chinese Medicine, Shanghai 201203, P.R. China. 3Institution of Tradi-
tional Chinese Medicine Innovation Research, Shandong University of Traditional 
Chinese Medicine, Jinan 250355, P.R. China. 
*Corresponding author. Email: zheyuchen@sdu.edu.cn  

S C I E N C E  A D VA N C E S | R E S E A R C H  A R T I C L E  

Teng et al., Sci. Adv. 9, eadf0284 (2023) 7 June 2023                                                                                                                                                              1 of 17 

http://crossmark.crossref.org/dialog/?doi=10.1126%2Fsciadv.adf0284&domain=pdf&date_stamp=2023-06-07


savings in the CS(30 min) + Ext group (fig. S1D). These results sug-
gested that the CS(30 min) + Ext paradigm could erase fear 
memory. While BLA, PrL, and infralimbic cortex (IL) have been re-
ported to be respectively involved in cued fear learning, retrieval, 
and extinction processes (16, 17), it remains unknown whether 
they play roles in memory erasure. Therefore, we examined the c- 
Fos expression at 90 min after the CS + Ext paradigm and found that 
PrL and BLA but not IL showed increased c-Fos–positive cell 
numbers in the CS(30 min) + Ext group compared with the 
CS(24 hours) + Ext group (fig. S1, E and F). Next, we want to 
know whether the reactivation of fear engram cells contributes to 
the increased c-Fos expression during memory erasure. We used 
double transgenic c-fos:tTA and TRE:H2B-GFP TetTag mice and 
c-Fos antibody to label and detect the memory engram cell reacti-
vation during memory erasure. By using doxycycline (Dox)–depen-
dent manner, the mice underwent auditory fear conditioning 
(AFC) training under the Dox-off condition to label the fear 
memory engram cells, and the cells activated by extinction, retrieval, 
or erasure were labeled with the c-Fos antibody, where the GFP+c- 
Fos+ cells indicate the reactivated engram cells (Fig. 1, A to C). In 
BLA and PrL, the GFP+ cell number showed no difference between 
CS(30 min) + Ext, CS(30 min) + Ctx, and CS(24 hours) + Ext 
groups (Fig. 1D). The engram cell reactivation ratio in the CS(30 
min) + Ctx group was significantly higher than that in the CS(24 
hours) + Ext group; however, the CS(30 min) + Ext group 
showed the highest engram reactivation ratio among the three 
groups (Fig. 1E). In addition, in both BLA and PrL, the engram 
cell reactivation was above chance in either the CS(24 hours) + 
Ext group, the CS(30 min) + Ctx group, or the CS(30 min) + Ext 
group, and the reactivation in the CS(30 min) + Ext group was sig-
nificantly greater than that in the CS(24 hours) + Ext or CS(30 min) 
+ Ctx group (Fig. 1F). These findings indicate the increased 
memory engram cell reactivation in BLA and PrL during memory 
erasure, which might contribute to CS-initiated memory updating. 

The activation of fear engram cells in PrL but not BLA is 
crucial for CS-initiated memory updating 
To investigate the role of BLA and PrL engram cells in CS-initiated 
memory updating, we first bilaterally targeted injections of AAV9-c- 
fos:tTA and AAV9-TRE:eNpHR3.0-EYFP into BLA or PrL of wild- 
type (WT) mice to label the fear engram cells induced by AFC train-
ing (Fig. 2, A to C). Optogenetic inhibition of BLA or PrL fear 
engram cells during retrieval could significantly decrease the freez-
ing levels in the retrieval test, while it has no effect on the following 
extinction performance (Fig. 2, D to F). Optogenetic inhibition of 
PrL but not BLA fear engram cells during retrieval led to increased 
freezing levels during the SR test, indicating fear memory recovery 
(Fig. 2, E and F). It suggests that both BLA and PrL fear engram cells 
are necessary for fear memory retrieval, while fear engram cells in 
PrL but not BLA are essential for CS-initiated memory updating. 

To further investigate whether artificially activating BLA or PrL 
fear engram cells 30 min before Ext could induce memory erasure, 
we labeled the BLA or PrL engram cells induced by AFC training by 
bilaterally targeted injections of AAV9-c-fos:tTA and AAV9- 
TRE:ChR2-mCherry (Fig. 3, A to C). Optogenetic activation of 
BLA or PrL fear engram cells in the context B without CS recall 
at 30 min before Ext could induce freezing behavior and has no 
effect on the following extinction training (Fig. 3, D to F), which 
is consistent with previous study that artificial activation of 

memory engram cells could induce memory expression (8). More-
over, there is no freezing recovery during the SR test following op-
togenetic activation of BLA or PrL fear engram cells at 30 min 
before extinction (Fig. 3, E and F). To rule out the influence of 
single CS retrieval or optogenetic activation of fear engrams on 
the subsequent memory test, we further analyzed the freezing 
levels during the first trail of Ext in different experimental groups. 
The freezing levels during the first trail of Ext exactly reflect the 
memory levels without extinction. Therefore, analyzing the freezing 
levels during the first trail of Ext in Ext only, CS(24 hours) + Ext, 
and CS(30 min) + Ext groups (data from fig. S1) could investigate 
the effect of CS retrieval only on the subsequent memory test. The 
freezing levels during the first trail of Ext in the optogenetic activa-
tion of the PrL or BLA engrams (data from Fig. 3) could reveal the 
effect of optogenetic manipulation on the subsequent memory test. 
We found that the freezing levels were no different across Ext only, 
CS(24 hours) + Ext, and CS(30 min) + Ext groups, which suggests 
that single CS exposure during the retrieval session could not affect 
the subsequent fear memory test (fig. S2A). Similarly, the freezing 
levels during the first trail of Ext showed no difference between the 
ChR2 group and the mCherry group under the PrL or BLA engram 
manipulation (fig. S2B). These results suggest that neither single CS 
exposure nor single optogenetic activation of memory engrams 
could affect the subsequent fear memory test. Together, our 
results suggest that BLA or PrL fear engram cell activation at 30 
min before extinction is sufficient for CS-initiated memory 
updating. 

To clarify the differential role of PrL and BLA fear engram cells 
in CS-initiated memory updating, we bilaterally targeted injections 
of AAV9-c-fos:tTA and AAV9-TRE:ChR2-mCherry into PrL for 
fear engram cell activation, and AAV9-c-fos:tTA and AAV9-TRE: 
eNpHR3.0-EYFP were simultaneously injected into BLA for fear 
engram cell inhibition (fig. S3A). Activation of PrL fear engram 
cells and simultaneous inhibition of BLA engram cells at 30 min 
before extinction did not induce freezing behavior in the retrieval 
test, while it could block freezing recovery during the SR test, indi-
cating erased fear memory (fig. S3B). We next inhibited the PrL fear 
engram cells and simultaneously activated BLA engram cells at 30 
min before extinction; mice freezing levels in the retrieval test were 
significantly increased compared with the control group (fig. S3, C 
and D). However, freezing levels during the SR test were increased 
compared with that during the extinction memory (EM) test, indi-
cating fear memory recovery (fig. S3D). Thus, our data suggest that 
the activation of BLA engram cells is critical for fear expression but 
not CS-initiated memory updating, whereas the activation of PrL 
fear engram cells is necessary and sufficient for CS-initiated 
memory updating. Our data also demonstrate that it is the activa-
tion of fear engram cells but not the freezing behavior that is critical 
for fear memory updating. To illustrate the mechanism that artifi-
cial activation of BLA fear engram cells could induce memory 
erasure, we further bilaterally injected AAV9-TRE:ChR2-mCherry 
into BLA in double transgenic c-fos:tTA and TRE:H2B-GFP 
TetTag mice, which could allow us to examine the PrL engram 
cell reactivation upon BLA engram cell activation (fig. S3E). BLA 
fear engram cells induced by AFC training were labeled by ChR2- 
mCherry, and optogenetic activation of BLA engram cells could 
induce increased freezing levels in the context without CS recall 
(fig. S3, F and G). Furthermore, we found that the c-Fos expression 
and the engram cell reactivation in PrL were increased upon  
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optogenetic activating BLA engram cells (fig. S3, H and I), which 
suggests the functional connection between BLA and PrL fear 
engram cells and is consistent with our conclusion that the activa-
tion of PrL engram cells is critical for CS-initiated memory 
updating. 

Identification of extinction cells in PrL 
Contextual extinction training has been reported to induce the ac-
tivation of extinction cells, which shows high reactivation and sup-
presses the reactivation of fear cell ensembles in the EM test (9). We 
hypothesized that the cross-talk between fear and extinction ensem-
bles may be critical for memory updating. As reported, fear cells and 
extinction cells have been identified in BLA, whereas PrL was re-
ported to be involved in memory expression via inputs to BLA 
but not extinction (11). A recent study described that extinction en-
sembles existed in the medial prefrontal context (mPFC), and they 

found that the extinction engram connectivity of BLA → mPFC and 
ventral hippocampus (vHPC) → mPFC is available but weakened 
during fear recovery. However, the subregion of mPFC was not clar-
ified in their study, and whether there exist extinction ensembles in 
PrL remains unclear (18). Previous studies showed that the IL plays 
an essential role in memory extinction (19–21), and IL efferent into 
PrL is required for extinction learning in traced fear conditioning 
(16, 22). Therefore, we injected the retrograde virus AAV2-hSyn- 
EGFP into BLA to label the BLA projecting PrL cells (EGFP+) 
and simultaneously injected the anterograde trans-synaptic virus 
AAV1-hSyn-Cre into IL and AAV9-DIO-mCherry into PrL to 
label the PrL cells receiving IL projections (mCherry+). Mice were 
subjected to the AFC training after 2 weeks and divided into three 
groups for context only: retrieval and extinction treatment followed 
by c-Fos immunofluorescence staining (Fig. 4, A and B). Consistent 
with our previous data (fig. S1, F and G), the c-Fos cell number in 

Fig. 1. The engram cells in BLA and PrL show increased reactivation during CS-initiated memory updating. (A) Labeling strategy of the inducible double transgenic 
TetTag mouse and the experimental design used in the CS or CS + Ext paradigm. Activated neurons upon AFC training express H2B-GFP (green), while neurons activated 
by CS or CS + Ext express endogenous c-Fos (red) and the overlapped cells were labeled (yellow). (B) Experimental schedule of engram cell labeling in CS(24 hours) + Ext, 
CS(30 min) + Ctx, and CS(30 min) + Ext groups. (C) Representative images of GFP+ (green) and c-Fos+ (red) immunofluorescence in BLA (top) and PrL (bottom) during 
CS(30 min) + Ext, CS(30 min) + Ctx, and CS(24 hours) + Ext. The white arrowheads marked colabeled GFP+c-Fos+ cells. (D) The CS(24 hours) + Ext, CS(30 min) + Ctx, and 
CS(30 min) + Ext groups showed similar GFP+ cell density, but the c-Fos+ cell density was significantly higher in the CS(30 min) + Ext group in both PrL and BLA (unpaired t 
test, ***P < 0.001; n = 8 animals per group). (E) GFP+c-Fos+/GFP+ levels were significantly higher in the CS(30 min) + Ext group than in CS(24 hours) + Ext and CS(30 min) + 
Ctx groups [one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons test, *P < 0.05, ***P < 0.001]. (F) Compared with the chance (dashed line) level, the 
overlap between GFP+ and c-Fos+ cells [GFP+c-Fos+/4′,6-diamidino-2-phenylindole (DAPI)] was greater in CS(30 min) + Ext, CS(30 min) + Ctx, and CS(24 hours) + Ext 
groups, but the overlap was higher in the CS(30 min) + Ext group than in the CS(30 min) + Ctx or CS(24 hours) + Ext group (paired t test, *P < 0.05, ***P < 0.001, ***P < 
0.001; one-way ANOVA with Tukey’s multiple comparisons test, #P < 0.05, ##P < 0.01, ###P < 0.001). Data are presented as means ± SEM.   
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the retrieval group was increased compared with those in context 
only and extinction groups (Fig. 4C). The c-Fos cell number in 
the extinction group showed an increased trend (P = 0.1821) but 
did not reach statistic difference compared with the context only 
group. Next, we analyzed the c-Fos+mCherry+ and c-Fos+EGFP+ 

colabeled cell number across groups. We found that the number 
of mCherry+ and EGFP+ cells showed no difference across 

groups, whereas the percentage of colabeled c-Fos+mCherry+ cells 
was higher in the extinction group compared with context only and 
retrieval groups (Fig. 4, C and D). Moreover, the overlap level of c- 
Fos+mCherry+ cell during extinction was significantly higher than 
that in context and retrieval (Fig. 4D). In contrast, the percentage of 
colabeled c-Fos+EGFP+ cells and the overlap level of c-Fos+EGFP+ 

cells were significantly higher in the retrieval group compared with 
context only and extinction groups (Fig. 4E). These results suggest 
that PrL cells receiving IL projections displayed increased activation 
during extinction, while PrL cells projecting to BLA were activated 
during retrieval. We next investigate the functional roles of these 
two cell populations by optogenetics. AAV1-hSyn-Cre was injected 
into IL, AAV9-DIO-eNpHR3.0-EYFP was injected into PrL, and the 
optic fiber was implanted into PrL to manipulate PrL cells receiving 
IL projections (Fig. 5, A and B). AAV9-hSyn-eNpHR3.0-EYFP was 
injected into PrL, and the optic fiber was implanted into BLA to 
manipulate the PrL-BLA projections (Fig. 5, D and E). We found 
that inhibition of PrL cells receiving IL projections has no effect 
on memory retrieval but impairs extinction performance, while in-
hibition of PrL-BLA projections impairs memory retrieval but has 
no effect on the rate of within-session extinction and EM test (Fig. 5, 
C and F). These data suggest that there were two distinct ensembles 
in PrL, where BLA projecting PrL neurons were mainly responsible 
for fear encoding, while PrL neurons receiving IL inputs were in-
volved in memory extinction. 

CS-initiated memory updating induced increased fear and 
extinction overlapping ensembles in PrL but not BLA 
To further investigate the cross-talk between fear and extinction 
cells, we monitor Ca2+ activity at the single-cell level in PrL and 
BLA of freely moving mice by using miniaturized microscope. 
We injected AAV5-hSyn-GCaMP6f into PrL or BLA of WT mice 
and implanted a graded refractive index (GRIN) lens (Fig. 6, A, B, 
and D). After enough recovery time, the mice experienced the AFC 
training followed by memory extinction or erasure paradigm 
(Fig. 6A). We functionally identified fear cells and extinction cells 
in PrL and BLA (Fig. 6, C and E). Fear cells were selectively activated 
during fear retrieval, while extinction cells were selectively activated 
during the last trial of extinction, which is according to the defini-
tion of a previous study (23). To examine the relationship between 
fear and extinction cells during memory extinction or erasure, we 
calculated the vector distance by cosine distance between fear and 
extinction cells in PrL and BLA (Fig. 6, F to I), which allowed us to 
analyze the similarity of population activity patterns between fear 
and extinction cells (24). Cosine distance is good for the analysis 
of population activity pattern structure as it is independent of activ-
ity intensity. We found that the cosine distance between fear and 
extinction cells in the CS(30 min) + Ext group was smaller than 
that in the CS(24 hours) + Ext group in PrL, while there is no dif-
ference in BLA (Fig. 6, G and I). These data suggest that population 
activity patterns between fear and extinction cells were much more 
closely related during CS-initiated memory updating compared 
with that during memory extinction in PrL but not in BLA. The dis-
crepancy in population activity similarity between fear and extinc-
tion cells in PrL and BLA during CS-initiated memory updating 
may explain the differential role of fear engrams in PrL and BLA 
in memory updating. 

With the greater similarity between fear and extinction cells in 
PrL during CS-initiated memory updating, we asked whether there 

Fig. 2. The activation of engram cells in PrL but not BLA was necessary for CS- 
initiated fear memory updating. (A) Labeling strategy of engram cells with 
eNpHR3.0-EYFP. (B) Coronal sections of BLA with eNpHR3.0-EYFP (green). (C) 
Coronal sections of PrL with eNpHR3.0-EYFP (green). (D) Schematic and experi-
mental design of the optogenetic inactivation of engram cells in BLA or PrL. (E) 
Optogenetic silencing of engram cells in BLA during retrieval (Ret) reduced the 
freezing levels (one-way ANOVA with Tukey’s multiple comparisons test, ***P < 
0.001; paired t test, ###P < 0.001; n = 10 animals per group). Freezing behavior 
during extinction showed no difference. The freezing levels during the SR test 
and EM test showed no difference. (F) Optogenetic silencing of engram cells in 
PrL during retrieval reduced the freezing levels (one-way ANOVA with Tukey’s mul-
tiple comparisons test, ***P < 0.001; n = 10 animals per group). Freezing behavior 
during extinction showed no difference. The freezing levels during the SR test were 
significantly increased compared to the EM test by optogenetic silencing of 
engram cells in PrL, but there was no difference in the EYFP group [repeated-mea-
sures (RM) two-way ANOVA with Sidak’s multiple comparisons test, ***P < 0.001]; 
freezing levels of habituation showed the freezing levels in the context during the 
pre-CS or preactivation period. Data are presented as means ± SEM.  
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Fig. 3. The activation of engram cells in either PrL or BLA could induce CS-initiated fear memory updating. (A) Labeling strategy of engram cells with ChR2- 
mCherry. (B) Coronal sections of BLA with ChR2-mCherry (red). (C) Coronal sections of PrL with ChR2-mCherry (red). (D) Schematic and experimental design of the 
optogenetic activation of engram cells in BLA or PrL. (E) Optogenetic activation of engram cells in BLA in context B without CS-induced increased freezing levels 
(one-way ANOVA with Tukey’s multiple comparisons test, ***P < 0.001; paired t test, ###P < 0.001; n = 10 animals per group). Freezing behavior during extinction 
showed no difference. The freezing levels during the SR test were significantly increased compared to the EM test in the mCherry group, but there was no difference 
in the ChR2-mCherry group in which the engram cells in BLA were activated by optogenetics (RM two-way ANOVA with Sidak’s multiple comparisons test, ***P < 0.001). 
(F) Schematic and experimental design of the optogenetic activation of engram cells in PrL. Optogenetic activation of engram cells in PrL in context B without CS-induced 
increased freezing levels (one-way ANOVA with Tukey’s multiple comparisons test, ***P < 0.001; paired t test, ###P < 0.001; n = 10 animals per group). Freezing behavior 
during extinction showed no difference. The freezing levels during the SR test were significantly increased compared to the EM test in the mCherry group, but there was 
no difference in the ChR2-mCherry group in which the engram cells in PrL were activated by optogenetics (RM two-way ANOVA with Sidak’s multiple comparisons test, 
***P < 0.001). Data are presented as means ± SEM.  
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were overlapping ensembles in memory updating, as it was reported 
that overlapping ensembles could alter the fear memory (25). The 
Venn diagram showed the number of fear cells, extinction cells, and 
overlapped cells in example mice in the memory extinction or CS 
updating group, respectively (Fig. 6, J and K). We found that the 
overlapped percentage of fear and extinction cells in PrL was 
higher in the CS(30 min) + Ext group compared with that in the 
CS(24 hours) + Ext group, although the percentage of fear or extinc-
tion cells was similar (Fig. 6L). Unexpectedly, neither the percentage 
of fear or extinction cells nor the overlapped percentage was differ-
ent between CS(24 hours) + Ext and CS(30 min) + Ext groups in 
BLA (Fig. 6M), which suggested that the overlapping ensembles 
in PrL might be the mechanism underlying CS-initiated memory 
updating. 

The original fear engram encoding in PrL was altered 
during CS-initiated memory updating 
Having known that there is increased similarity and overlapping 
between fear cells and extinction cells during CS-initiated 
memory updating in PrL but not in BLA, we hypothesized that 
the original fear cell ensembles in PrL but not BLA were remodeled 
during CS-initiated memory updating. We first analyzed the reacti-
vation of fear and extinction cells during different sessions to 
support our hypothesis. In the CS(24 hours) + Ext group, compared 
with those during the first trial of extinction, we found that the re-
activation of fear cells was decreased with extinction training in 
both PrL and BLA, while it showed recoverable reactivation 
during SR (fig. S4, A and D). In addition, extinction cell reactivation 
in both PrL and BLA during SR was significantly lower than that 
during the EM test, which suggests that fear cell reactivation was 
positively related with the freezing level, while extinction cell reac-
tivation was negatively related with freezing levels (fig. S4, B, C, E, 
and F). Our results were consistent with a previous study that shows 
that fear engrams were inhibited during EM, while the increased 
engram reactivation induced SR (9). Differentially, in the CS(30 
min) + Ext group, the reactivation of fear cells and extinction 
cells in PrL showed no difference across different sessions, although 
the freezing levels were lower in EM and SR tests compared with the 
first trial of extinction (fig. S4, A to C). On the contrary, in BLA, the 
relationship between reactivation of fear cell and extinction cell with 
the freezing levels across different sessions in the CS(30 min) + Ext 
group was consistent with that in the CS(24 hours) + Ext group (fig. 
S4, E and F). These results suggested that the coding pattern of orig-
inal fear cell ensembles might be altered in PrL but not in BLA 
during CS-initiated memory updating. 

Furthermore, to provide functional evidence to support our hy-
pothesis, we performed the optogenetic activation study. We trained 
four groups of mice for our manipulation, PrL-CS(24 hours) + Ext, 
PrL-CS(30 min) + Ext, BLA-CS(24 hours) + Ext, and BLA-CS(30 
min) + Ext (Fig. 7A). With the similar training curve, similar freez-
ing levels in the retrieval test, and similar extinction curve, we found 
that activation of PrL or BLA fear engram cells could induce fear 
memory expression either before extinction or after extinction in 
the CS(24 hours) + Ext group (Fig. 7, B and D). In the CS(30 
min) + Ext group, activation of PrL or BLA fear cells before extinc-
tion could induce increased freezing levels (Fig. 7, C and E). 
However, optogenetic activation of PrL fear engram cells at 24 
hours or 14 days after extinction could not induce freezing behavior, 
whereas BLA fear engram cell activation could still increase freezing 

Fig. 4. PrL neurons receiving IL inputs showed high activation during memory 
extinction. (A) Labeling strategy of the anterograde and retrograde tracing in PrL 
and the behavioral experimental design; coronal sections of IL with anti-Cre immu-
nostaining (left) and coronal sections of BLA with retroAAV2-hSyn-EGFP expression 
(right). (B) Representative images of c-Fos+ (white), mCherry+ (red), and EGFP+ 

(green) cells in PrL during context, retrieval, and extinction. (C) The three groups 
(Ctx, context; Ret, retrieval; Ext, extinction) showed similar mCherry+ and EGFP+ cell 
density, but the c-Fos+ cell density during retrieval was significantly higher than in 
context and extinction groups (one-way ANOVA with Tukey’s multiple compari-
sons test, ***P < 0.001; n = 8 animals per group). (D) c-Fos+mCherry+/mCherry+ 

levels were significantly higher in the extinction group than in context and retriev-
al groups; compared with the chance (dashed line) level, the overlap between 
mCherry+ and c-Fos+ cells (c-Fos+mCherry+/DAPI) was greater in the extinction 
group, and the overlap was higher in the extinction group than in context and 
retrieval groups (paired t test, ***P < 0.001; one-way ANOVA with Tukey’s multiple 
comparisons test, ###P < 0.001). (E) c-Fos+EGFP+/EGFP+ levels were significantly 
higher in the retrieval group than in context and extinction groups; compared 
with the chance (dashed line) level, the overlap between EGFP+ and c-Fos+ cells 
(c-Fos+EGFP+/DAPI) was greater in retrieval groups, and the overlap was higher in 
the retrieval group than in context and extinction groups (paired t test, ***P < 
0.001; one-way ANOVA with Tukey’s multiple comparisons test, ###P < 0.001). 
Data are presented as means ± SEM.  
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(Fig. 7, C and E). These data provided functional evidence that the 
original engram coding information in PrL but not BLA was rewrit-
ten during CS-initiated memory updating. 

US-initiated memory updating induced increased fear and 
extinction overlapping ensembles in BLA 
The above results were focused on the specific CS-related memory 
updating; next, we want to know the selectivity of the dynamic 
coding remodeling of the original fear cell ensembles as there 
were multiple CS associations to US in actual situation. Therefore, 
the CS1-US and CS2-US behavioral paradigm was used to investi-
gate that the differences between memory erasure procedures de-
pended on the post-CS extinction and post-US extinction. CS1 
and CS2 were two different tones that the mouse could distinguish 
and learn with US association, respectively. After the fear 

conditioning experiment with CS1 and CS2, the mice could learn 
CS1- and CS2-related fear memory, respectively. Then, the post- 
CS or post-US extinction behavioral paradigm was applied to 
erase the fear memory. To clarify the difference of neural ensembles 
activation during CS- or US-initiated memory erasure in PrL, we 
tracked the Ca2+ activity of cells in PrL during post-CS or US extinc-
tion procedures (fig. S5, A and B). The behavior paradigm showed 
that the CS1(30 min) + Ext paradigm could specifically erase the 
CS1 fear memory while leaving the CS2 memory intact (fig. S5A), 
whereas the US(30 min) + Ext paradigm could erase both the CS1 
and CS2 memory, which was consistent with previous studies (fig. 
S5B) (5, 26). We accordingly identified CS1 fear cells, CS2 fear cells, 
and CS1 extinction cells in PrL (fig. S5, C and D). Although we 
found that both CS1 and CS2 fear cells in PrL showed high reacti-
vation levels during US retrieval (fig. S7A), the cosine distance 

Fig. 5. PrL neurons receiving IL inputs regulate memory extinction. (A) Labeling strategy of PrL neurons receiving IL projection with injection of DIO-eNpHR3.0-EYFP 
in PrL and injection of AAV1-hSyn-Cre in IL; schematic and experimental design of the optogenetic inactivation of PrL neurons receiving IL projection. (B) Coronal sections 
of PrL with DIO-eNpHR3.0-EYFP (green). (C) Optogenetic inhibition of PrL neurons receiving IL projection has no effect on retrieval but impairs EM acquisition, and the 
freezing levels during the EM test were significantly increased in the eNpHR3.0 group compared to the EYFP group (RM two-way ANOVA with Sidak’s multiple compar-
isons test, ***P < 0.001; n = 8 animals in the EYFP group, n = 7 animals in the eNpHR3.0 group). (D) Labeling strategy of PrL projections into BLA with injection of AAV9- 
hSyn-eNpHR3.0-EYFP in PrL; schematic and experimental design of the optogenetic inactivation of PrL to BLA projections. (E) Coronal sections of BLA with PrL axons 
expressing eNpHR3.0-EYFP (green). (F) The freezing levels during retrieval were significantly decreased in the eNpHR3.0 group compared with the EYFP group. The 
freezing levels during Ext#1, Ext#2, and Ext#3 in the eNpHR3.0 group were significantly lower than those in the EYFP group, while the rate of within-session extinction 
showed no difference (RM two-way ANOVA with Sidak’s multiple comparisons test, **P < 0.01, ***P < 0.001; n = 8 animals per group). Data are presented as means ± SEM.  
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between CS1 fear cells and CS1 extinction cells was smaller than that 
between CS2 fear cells and CS1 extinction cells in PrL in both 
CS1(30 min) + Ext and US(30 min) + Ext groups (fig. S5, E and 
F). Furthermore, the overlapped percentage of CS1 fear and CS1 ex-
tinction cells in PrL was greater than that of CS2 fear and CS1 ex-
tinction cells in both CS1(30 min) + Ext and US(30 min) + Ext 
groups (fig. S5, G and H). These results provide another evidence 

to support the essential role of increased fear and extinction over-
lapping ensembles in PrL for specific CS but not US retrieval–ini-
tiated memory updating. 

Then, we tracked the Ca2+ activity of cells in BLA during the 
CS1- and US-initiated memory updating paradigm, and the CS1 
fear, CS2 fear, and CS1 extinction cells in BLA were identified 
(Fig. 8, A to D). We found that the reactivation of both CS1 and 

Fig. 6. The vector distance and overlapped cells 
between fear cells and extinction cells during CS- 
initiated memory updating. (A) Monitoring of Ca2+ 

activity of PrL and BLA during different behavioral 
paradigm in a freely moving mouse by using mini-
aturized microscope. (B) Virus injection and GRIN 
lens implantation (left) and maximum intensity 
projection image (right) in PrL. (C) Example cells 
selected activated during retrieval or the last trail of 
extinction in PrL. (D) Virus injection and GRIN lens 
implantation (left) and maximum intensity projec-
tion image (right) in BLA. Scale bar, 50 μm. (E) 
Example cells selected activated during retrieval or 
the last trail of extinction in BLA. The matrix showed 
the cosine distance from example mice between fear 
cells and extinction cells in PrL (F) or BLA (H) in CS(24 
hours) + Ext and CS(30 min) + Ext groups. (G) The 
cosine distance between fear and extinction cells of 
PrL in the CS(30 min) + Ext group was significantly 
smaller than that in the CS(24 hours) + Ext group 
[two-way ANOVA with Sidak’s multiple comparisons 
test, *P < 0.05; n = 3 animals; 335 neurons in the 
CS(24 hours) + Ext group; n = 4 animals, 434 neurons 
in the CS(30 min) + Ext group]. (I) The cosine dis-
tance between fear and extinction cells of BLA 
showed no difference between CS(24 hours) + Ext 
and CS(30 min) + Ext groups [n = 3 animals, 396 
neurons in the CS(24 hours) + Ext group; n = 3 
animals, 375 neurons in the CS(30 min) + Ext group]. 
The Venn map showed the distribution of fear and 
extinction cells in PrL (J) or BLA (K) from example 
mice in CS(24 hours) + Ext and CS(30 min) + Ext 
groups. The percentage of fear cells (fear cells/total 
cells), extinction cells (extinction cells/total cells), 
and overlapped cells (fear and extinction overlapped 
cells/fear cells) of the CS(30 min) + Ext group in PrL 
(L) or BLA (M) (RM two-way ANOVA with Sidak’s 
multiple comparisons test, *P < 0.05). Data are pre-
sented as means ± SEM.  
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CS2 fear cells in BLA was higher than by chance during US retrieval 
(fig. S7B). In the CS1(30 min) + Ext group, we found that the cosine 
distance between CS2 fear cells and CS1 extinction cells showed no 
difference compared with that between CS1 fear cells and CS1 ex-
tinction cells in BLA. In contrast, the cosine distance between CS1/ 
CS2 fear cells and CS1 extinction cells in BLA in the US(30 min) + 
Ext group was smaller compared with that in the CS1(30 min) + Ext 
group (Fig. 8, E and F). In addition, the overlapped cells between 
CS1/CS2 fear and CS1 extinction cells in BLA in the US(30 min) 
+ Ext group were increased compared with those in the CS1(30 
min) + Ext group (Fig. 8, G and H). These data further confirm 
that the overlapping ensembles between fear and extinction cells 
were essential for post-retrieval memory updating and suggest 
that CS- versus US-initiated memory updating occurred in PrL 
and BLA, respectively. 

Next, we performed the optogenetic experiment to investigate 
the functional role of BLA engram cells in US-initiated memory up-
dating. The BLA engram cells induced by CS1-US or CS2-US train-
ing was labeled by bilateral injection of AAV9-c-fos:tTA and AAV9- 
TRE:eNpHR3.0-EYFP (fig. S6A). Optogenetic inhibition of either 
CS1 or CS2 engram cells in BLA during US retrieval has no effect 
on CS1 extinction but increases the freezing levels in the SR test, 

which suggests that the activation of CS1/CS2 engram cells in 
BLA is necessary for US-initiated fear memory erasure (fig. S6, B 
and C). In addition, we analyzed the overlap of CS1 and CS2 fear 
cells in PrL and BLA during fear memory updating. We found that 
the overlap level of CS1 and CS2 fear cells in BLA was significantly 
higher than that in PrL, which explains how the inhibition of either 
CS1 or CS2 engram cells in BLA could block both CS-associated 
memory erasures by US(30 min) + Ext (fig. S7C). 

The original fear engram encoding in BLA was altered 
during US-initiated memory updating 
We further asked whether BLA engram cell encoding was altered 
during US-initiated fear memory updating. We labeled BLA 
engram cells induced by CS1-US or CS2-US training by bilateral in-
jection of AAV9-c-fos:tTA and AAV9-TRE:ChR2-mCherry 
(Fig. 9A). With the similar training and extinction curve, we 
found that activation of CS1 or CS2 BLA fear engram cells could 
induce fear memory expression before US(30 min) + Ext, while op-
togenetic activation of CS1 or CS2 BLA fear engram cells at 24 hours 
or 14 days after extinction could not induce freezing behavior upon 
US-initiated memory updating (Fig. 9, B and C). In contrast, acti-
vation of CS1 BLA fear engram cells either before CS1(30 min) + 

Fig. 7. The encoding of engram cells in PrL but not BLA was updated during CS-initiated memory updating. (A) Schematic and experimental design of the opto-
genetic activation of engram cells in PrL or BLA at different time points. The freezing levels with activation of PrL engram cells in context B without retrieval at 24 hours 
after AFC and 24 hours or 14 days after extinction in the PrL-CS(24 hours) + Ext group (B) and the PrL-CS(30 min) + Ext group (C) (RM two-way ANOVA with Sidak’s multiple 
comparisons test, ***P < 0.001; n = 10 animals per group). The freezing levels with activation of BLA engram cells in context B without retrieval at 24 hours after AFC and 24 
hours or 14 days after extinction in the BLA-CS(24 hours) + Ext group (D) and the BLA-CS(30 min) + Ext group (E) (RM two-way ANOVA with Sidak’s multiple comparisons 
test, ***P < 0.001; n = 10 animals per group). Data are presented as means ± SEM.  
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Fig. 8. The vector distance and overlapped cells between fear cells and extinction cells in BLA during US-initiated memory updating. Monitoring of Ca2+ activity 
of BLA during different sessions of CS1(30 min) + Ext (A) or US(30 min) + Ext (B) in a freely moving mouse by using miniaturized microscope (RM two-way ANOVA with 
Sidak’s multiple comparisons test, ***P < 0.001). Example cells selected activated during CS1 retrieval, CS2 retrieval, and the last trail of CS1 extinction in BLA during CS 
(C)– or US (D)–initiated memory updating. (E) The matrix showed the cosine distance from one example mouse between CS1 fear cells and CS1 extinction cells and CS2 
fear cells and CS1 extinction cells of BLA. (F) Compared with the CS1(30 min) + Ext group, CS1 fear cells and CS1extinction cells or CS2 fear cells and CS1 extinction cells 
showed closer cosine distance in the US(30 min) + Ext group [two-way ANOVA with Sidak’s multiple comparisons test, *P < 0.05; n = 3 animals, 320 neurons in the CS1(30 
min) + Ext group; n = 3 animals, 328 neurons in the US(30 min) + Ext group]. (G) The Venn map showed the distribution of CS1 fear cells, CS2 fear cells, and CS1 extinction 
cells in BLA from one example mouse. (H) The percentage of CS1 and CS2 fear cells (fear cells/total cells) in BLA showed no difference. Compared with the CS1(30 min) + 
Ext group, the percentage of CS2 fear cells or CS1 fear cells and CS1 extinction overlapped cells (fear and extinction overlapped cells/fear cells) in the US(30 min) + Ext 
group was significantly higher (two-way ANOVA with Sidak’s multiple comparisons test, *P < 0.05). Data are presented as means ± SEM.  
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Fig. 9. The encoding of fear engram cells in BLA was altered during US-initiated memory updating. (A) Schematic and experimental design of the optogenetic 
activation of CS1 or CS2 engram cells in BLA at different time points. The freezing levels with activation of CS1 fear engram cells (B) or CS2 engram cells (C) in BLA in 
context B without retrieval at 24 hours after CS2-US conditioning and 24 hours or 14 days after extinction during US-initiated memory updating (RM two-way ANOVA with 
Sidak’s multiple comparisons test, ***P < 0.001; n = 7 animals per group). (D) Schematic and experimental design of the optogenetic activation of CS1 engram cells in the 
BLA at different time points during CS1(30 min) + Ext. (E) The freezing levels with activation of CS1 fear engram cells in BLA in context C without retrieval at 24 hours after 
CS2-US conditioning and 24 hours or 14 days after extinction during CS1-initiated memory updating (RM two-way ANOVA with Sidak’s multiple comparisons test, ***P < 
0.001; n = 7 animals per group). Data are presented as means ± SEM.  
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Ext or 24 hours or 14 days after CS1(30 min) + Ext could still induce 
freezing behavior in the CS-initiated memory updating group 
(Fig. 9D). These data suggest that the original engram coding infor-
mation in BLA was rewritten in US-initiated memory updating but 
not in CS-initiated memory updating. To explore the mechanism 
underlying US-initiated memory updating in BLA, we compared 
the BLA activation pattern by c-Fos staining after CSs retrieval or 
US retrieval (fig. S8A). We found that CS2 and CS1 retrieval 
induced increased c-Fos+ cells in BLA compared with the context 
only group, while the c-Fos+ cell number in US retrieval was signifi-
cantly greater than that during CS2 and CS1 retrieval (fig. S8, B and 
C). These data suggest that US retrieval may induce a more gener-
alized BLA activation, which might account for the phenomena that 
US instead of CS retrieval could induce BLA engram encoding up-
dating. Last, we labeled the activated cells during US retrieval in 
BLA by bilateral injection of AAV9-c-fos:tTA and AAV9- 
TRE:ChR2-mCherry into BLA (fig. S8D). We optogenetically acti-
vated these US-activated cells for 20 s at 30 min before extinction, 
which could increase the freezing levels and has no effect on CS1 
extinction performance. However, we found that the freezing 
levels at the CS2 EM test and CS1 and CS2 SR tests were lower in 
the ChR2 group compared with the mCherry group, which suggest 
that activation of US-induced engram cells 30 min before extinction 
could induce US-initiated memory updating (fig. S8E). Moreover, 
artificial activation of US-induced engram cells at 24 hours or 14 
days after extinction could still induce freezing behavior, which 
suggest that the innate US fear cells in BLA were unable to reverse 
the valence but might contribute to the reshaping of memory 
engram cells. Overall, our data show the physiological and function-
al evidence to support our hypothesis that the original fear cell en-
semble coding pattern in PrL was remodeled during CS-initiated 
memory erasure, while US-initiated memory erasure induced 
BLA engram encoding updating. 

DISCUSSION 
We first investigated the role of PrL and BLA engram cells in 
memory updating. It is reported that reactivation of memory 
engrams in the DG is critical for remote contextual fear attenuation 
(6), which suggests that fear attenuation might involve memory 
engram ensemble updating, but little is known about the role of 
engram cells in memory erasure. Instead, we found that, compared 
with extinction alone, the post-CS extinction paradigm induced in-
creased auditory fear engram cell reactivation in PrL and BLA. 
Notably, we demonstrated that manipulating fear engram cells in 
PrL but not BLA could bidirectionally regulate CS-initiated 
memory erasure. The BLA engram cells have been reported to 
play an essential role in fear memory acquisition, consolidation, 
and retrieval (27). We found that the reactivation of BLA fear en-
semble is indispensable for US- but not CS-initiated memory up-
dating. Inhibiting BLA fear engram cells during CS retrieval 
blocked freezing but could still induce memory erasure. In contrast, 
activating BLA fear engram cells while inhibiting PrL fear engram 
cells induced freezing behavior but blocked memory erasure, which 
suggested that the reactivation of PrL engrams but not the freezing 
level is essential for CS-initiated memory updating. In contrast, in-
hibiting BLA fear engram cells blocked US-initiated fear memory 
updating. These studies suggested that CS- and US-initiated 

memory updating depends on the reactivation of engram cells in 
PrL or BLA, respectively. 

Next, our present work demonstrated that the increased overlap-
ping ensembles between fear and extinction cells are essential for 
memory updating. A previous study found that contextual extinc-
tion training suppresses reactivation of the fear acquisition ensem-
ble and recruits a different EM ensemble in DG, which is examined 
at the EM test and SR stage (9). The activation of fear cells induces 
fear memory expression, while the activation of extinction cells pro-
motes EM expression. It is reported that distinct BLA neurons 
encode fear and extinction (10, 11). Recently, BLA pyramidal 
neurons were found to be composed of two genetically, functional-
ly, and anatomically distinct neuronal populations, which encode 
positive and negative valences, respectively (28). Further study 
found that BLA fear EM engram is formed and stored in the positive 
valence encoding cells, which express protein phosphatase 1-regu-
latory inhibitor subunit 1B (Ppp1r1b+) (29). A previous study 
showed that PrL was crucial for memory expression but not extinc-
tion (30); here, we found that BLA projecting PrL neurons mainly 
encode fear expression, while PrL neurons receiving IL inputs were 
highly activated in memory extinction and were essential for 
memory extinction, which provides functional evidence that extinc-
tion cells in PrL exist. Our data indicate that there were distinct fear 
and extinction ensembles in PrL, which provides a basis for the fear 
and extinction ensemble interaction and information updating 
in PrL. 

Using a miniature fluorescence microscope, we found that the 
vector distance between fear cells and extinction cells in PrL but 
not BLA was closer in CS-initiated memory updating compared 
with the extinction alone group. Moreover, CS-initiated memory 
updating induced significantly increased overlapping between fear 
and extinction cells in PrL but not BLA, which is selective to CS- 
specific cells. To our knowledge, it is the first evidence to show 
the increased overlapped ensembles between fear and extinction 
cells during memory updating. Memory formation is dynamic in 
nature, and acquisition of new information is often influenced by 
previous experiences. In our study, the retrieval 30 min before ex-
tinction shifted the allocation of extinction cells into previous fear 
cells. According to the memory allocation hypothesis (31–33), a 
temporary increase in neuronal excitability could bias the represen-
tation of a subsequent memory to the neuronal ensemble encoding 
the first memory. It is reported that the overlap between the hippo-
campal CA1 ensembles activated by two distinct contexts acquired 
within a day is higher than when they are separated by a week (34). 
Although fear and extinction cells encode different values, we found 
that CS retrieval 30 min but not 24 hours before extinction induced 
higher overlap between fear and extinction cells in PrL but not BLA. 
The increased overlap of two neuronal representations might be due 
to increases in intrinsic neuronal excitability triggered by activation 
of the transcription factor cyclic adenosine monophosphate 
(cAMP) response element–binding protein (CREB) of the first 
memory engram cells (31, 35–37). Fear and EM that unfold in 
close temporal proximity (hours apart) would share a more over-
lapped cell ensemble and could therefore become integrated into 
an intertwined mnemonic structure. 

Furthermore, in contrast to CS retrieval, US-initiated memory 
updating could erase both CS1- and CS2-associated memory and 
induce increased overlapping between fear and extinction cells in 
BLA. Previous studies reported that US is a powerful reminder to  
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trigger reconsolidation in the amygdala, which, when pharmacolog-
ically interfered, results in selective disruption of the multiple CS– 
associated memory (26, 38). During US-initiated memory updating, 
we found that the vector distance is closer and the overlap is greater 
between both CS1/CS2 fear and CS1 extinction cells in BLA com-
pared with those during CS-initiated memory updating. In contrast, 
in PrL, the increased overlap and decreased vector distance were 
only observed between CS1 fear and extinction cells. These data 
suggested that in contrast to CS retrieval, US-initiated memory up-
dating occurred in the BLA fear ensembles. 

Last, our study provides an opportunity to investigate the 
dynamic mnemonic encoding during memory updating. How the 
engram cells are organized to constitute a corresponding memory is 
a long-lasting question. We found that the reactivation of engram 
cells by natural cue, US, or optogenetic manipulation could be a pre-
requisite for memory malleability to integrate the new information 
outside the original memory trace and orchestrated to constitute an 
updated memory. What is the underlying mechanism by which 
memory is encoded within the engram cells? As formalized by 
Morris and colleagues (39), the modification of the pattern of syn-
aptic connections mediated by synaptic plasticity is the mechanism 
whereby the brain stores memory. Using synaptic optoprobe, Kasai 
and colleagues (40) found that the acquired motor learning was dis-
rupted by the optical shrinkage of the potentiated spines but was not 
affected by the identical manipulation of spines evoked by a distinct 
motor task in the same cortical region, which suggests that acquired 
motor memory depends on the formation of a task-specific, dense 
synaptic ensemble. Optogenetic manipulation of the plasticity at 
synapses specific to one memory affected the recall of only that 
memory and did not affect another linked fear memory encoded 
in the shared ensemble (41), which suggests that synapse-specific 
connectivity of engram cells guarantees the identity and storage of 
individual memories. Using the dual-eGRASP (GFP reconstitution 
across synaptic partners) technique, it is reported that there is en-
hanced connectivity and larger spine morphology between engram 
cells after fear conditioning and there was weakened connectivity 
between engram cells after extinction (42, 43). However, the ques-
tion whether the memory information was updated in memory 
erasure with no fear recovery was unanswered. Previous studies 
showed that optogenetic activation of engram cell could induce 
memory recovery from amnesia resulting from anisomycin- 
induced disruption of reconsolidation, and similar results are also 
found in mouse models of Alzheimer’s disease and infantile 
amnesia (44–46), which suggest that the strength of engram cell 
connectivity critically contributes to the memory retrieval. In con-
trast, we found that optogenetic activation of the PrL or BLA 
engram cells after CS- or US-initiated memory updating could 
not induce memory recovery, whereas activating the engram cells 
after extinction did. In addition, it has been reported that the 
valence associated with the hippocampal DG memory engram 
could be bidirectionally reversed; however, the BLA engrams were 
not able to reverse the valence of the memory (47). Consistent with 
this report, we found that the reactivation of BLA engram cells is not 
sufficient for the memory valence updating; however, US stimulus, 
which triggers a more generalized BLA activation, could induce the 
BLA engram encoding updating. In addition, only a part of fear cells 
showed increased activity at the end of extinction during CS- or US- 
initiated memory updating, suggesting that a part of cell activation 
pattern alteration might be sufficient for switching the function of 

the total cell ensembles, which was also reported in previous studies 
(34, 47). 

These results provide physiological and functional evidence to 
support our hypothesis that memory information is stored in the 
specific pattern of connections among engram cells. Memory up-
dating instead of extinction alters fear engram encoding rather 
than induces a memory retrieval deficit, which may result from 
the increased overlapping fear and extinction ensembles initiated 
by the CS/US representation. Moreover, CS-/US-initiated 
memory updating is specific to learning-associated memory encod-
ing as the valence of innate fear engrams (shock labeled) was 
unchanged. 

Overall, we demonstrate that memory updating reshaped the 
neural ensemble representations of the original memory, which 
depends on the overlapped ensembles between fear and extinction 
cells, whereas memory extinction temporarily inhibited but not re-
shaped the original fear cells. Our study provides some previously 
unidentified insights into understanding how the value of memory 
was updated and switched. 

MATERIALS AND METHODS 
Mice 
Adult male C57BL/6J mice, c-fos:tTA transgenic mice [The Jackson 
Laboratory; strain B6.Cg-Tg(Fos-tTA, Fos-EGFP*)1Mmay/J; stock 
number 018306], and TRE:H2B-GFP transgenic mice [The 
Jackson Laboratory: strain Tg(tetO-HIST1H2BJ/GFP)47Efu/J; 
stock number 005104] weighing between 23 and 25 g (8 weeks 
old) at the beginning of the experiment and mice (three to four 
mice per standard laboratory cage) were housed and maintained 
at 22° ± 2°C on a 12-hour light-dark cycle with water and food avail-
able ad libitum. Care was taken to minimize pain or discomfort for 
the animals. All procedures were conducted according to the Na-
tional Institutes of Health (NIH) Guide for the Care and Use of Lab-
oratory Animals and were approved by the institutional animal care 
and use committee of Shandong University. 

Auditory fear conditioning 
There are four groups with different behavioral treatments in our 
study, and all groups received AFC training. After the AFC training 
was performed, the mice received different treatments, which were 
context only, extinction only, R(30 min) + Ext, and R(24 hours) + 
Ext groups. 

For AFC, the mice were habituated for 3 min without any stim-
ulation in a fear conditioning box (context A, which was measured 
25 cm × 25 cm × 25 cm and located inside of a custom-built sound 
isolation box). Each box contained a modular test cage with an elec-
trifiable floor grid and an ambient light supply. The inner walls were 
painted black and were cleaned with alcohol before testing. Grid 
floors were connected to a scrambled shock source. Auditory 
stimuli were delivered via a speaker in the chamber wall. Delivery 
of stimuli was controlled with a personal computer and a specific 
software (Freezing, Panlab), and then mice were fear-conditioned 
with three tone (CS: 20 s, 3 kHz, 80 dB)–footshock (US: 0.75 mA, 
1 s) pairings. The interstimulus interval (ITI) between each CS was 
120 s. After an additional 120 s following the last shock, the mice 
were placed back to their home cages.  
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Retrieval 
The retrieval session was performed 24 hours after AFC; context 
only and extinction only mice were put into a chamber consisting 
of a white box context B with different floor, color, shape, and smell 
from fear conditioning box context A without any stimulation for 
200 s. The R(30 min) + Ext and R(24 hours) + Ext mice were pre-
sented with an isolated CS after 120-s habituation, then there was 
60-s duration for resting, and the mice were returned to the home 
cage to wait for the extinction training. 

Extinction training 
Mice underwent extinction training in context B. The extinction 
protocol was conducted as described previously (3) with little mod-
ification. Context only mice were placed into the extinction box 
context B for 1880 s without any stimulation, while extinction 
only mice, R(30 min) + Ext mice, and R(24 hours) + Ext mice 
were placed into context B for 180 s, then extinction only mice re-
ceived 40 tone-alone (20 s) presentations with 20-s ITIs to conform 
to the total number of CSs, and CS(30 min) + Ext mice and CS(24 
hours) + Ext mice received 39 tone-alone (20 s) presentations with 
20-s ITIs. Extinction trials were binned into Ext#1, Ext#2, Ext#3, 
and Ext#4, with Ext#1 representing the average of trails 1 to 9 for 
CS(30 min) + Ext mice and CS(24 hours) + Ext mice and trails 1 
to 10 for the extinction only group, and Ext#2, Ext#3, and Ext#4 
representing the average of every 10 trails of 30 trails remaining. 

EM test 
Twenty-four hours after extinction, the mice received four tone- 
alone (20 s) presentations with 30-s ITIs to measure the EM in 
the extinction chamber (context B). 

SR test 
Two weeks after the EM test, the mice received four tone-alone (20 
s) presentations with 30-s ITIs to measure the SR freezing in the 
extinction chamber (context B). 

Renewal 
Twenty-four hours after the EM test, the mice were tested for the 
freezing for CS back in the acquisition context (context A). 

Reinstatement 
Twenty-four hours after the EM test, the mice received five foot-
shocks without any CS recall. The next day, the mice were tested 
for the freezing levels in response to the CS in the same context. 

Retraining 
Twenty-four hours after the EM test, the mice were reconditioned 
with a single CS-US pair in context B. 

Memory test 
Twenty-four hours after retraining, the mice were tested for the 
freezing levels to CS. 

CS1 and CS2 AFC 
We used the CS1-US and CS2-US (CS1: 20 s, 3 kHz, 80 dB; CS2: 
auditory pips, 5-Hz pulses of auditory pips, 5-ms rise and fall, 20 
s, 8 kHz, 80 dB; US: 0.4 mA, 1-s footshock) fear conditioning par-
adigm to distinguish two auditory fear memories in one mouse. On 
day 1, the mice were fear-conditioned with three CS1-US pairings 

with a 120-s ITI between each pairing in context A. Twenty-four 
hours later, the mice were trained with CS2-US, which was the 
same as CS1-US procedure in context C. 

For the CS1(30 min) + Ext experiment, the mice first underwent 
CS2 retrieval (retrieval was performed as described above) in 
context B on day 3. Ten minutes later, the mice underwent CS1 re-
trieval, and the extinction training of CS1 was performed 30 min 
later. On days 4 and 5, the mice underwent CS1 retrieval and CS2 
retrieval to test the CS1- and CS2-related fear memory (performed 
as described above). On days 17 and 18, the mice underwent 
memory measurement (performed as described above) to CS1 
and CS2 to test the memory recovery. 

For the US(30 min) + Ext experiment, the mice first underwent 
CS1 and CS2 retrieval with a 10-min ITI in context B on day 3. The 
US retrieval, in which a single US was provided, was performed, and 
the extinction training of CS1 was performed 30 min later in a novel 
context D on day 4. On days 5 and 6, the mice underwent CS1 and 
CS2 retrieval to test the CS1- and CS2-related fear memory. On days 
18 and 19, the mice underwent memory measurement to CS1 and 
CS2 to test the memory recovery. 

In all processes, the freezing was measured by a high-sensitivity 
weight transducer (load cell unit), which could record and analyze 
the animal movement intensity. The freezing level was scored 
during each experimental phase by the software (Freezing, 
Panlab). The freezing levels of retrieval, extinction, EM, SR, 
renewal, and reinstatement were scored during the presentation of 
the tone, while extinction trials were binned into four sessions, 
which was previously described in the extinction training of AFC. 
For the optogenetic activation experiment in Figs. 2, 5, and 7 and 
figs. S3 and S8, the freezing was scored during the activation period 
(20 s), which was the same as single CS duration. The freezing levels 
in the context during the pre-CS or preactivation period were scored 
as the freezing levels of habituation in Fig. 2 and fig. S3. 

Immunohistochemistry and imaging 
To prepare fixed brain tissue, the mice were transcardially perfused 
with 0.9% normal saline and 4% paraformaldehyde (PFA; pH 7.4) 
90 min after the behavioral treatment, and brains were removed into 
4% PFA overnight at 4°C for post-fixation. Then, the brains were 
sliced to 40-μm coronal sections via vibratome (VT1200S, Leica, 
Germany) and stored in antifreeze at −20°C. 

For labeling c-fos–positive cells or Cre recombinase immunos-
taining, sections were incubated in blocking solution [0.4% Triton 
X-100 and 15% donkey serum in phosphate-buffered saline (PBS)] 
for 2 hours at room temperature and then incubated in 0.1% PBST 
(0.1% Triton X-100 in PBS) containing anti–c-fos rabbit antibody 
(1:3000; 2250S, Cell Signaling Technology) or anti-Cre recombinase 
mouse antibody (1:500; 2250S, Cell Signaling Technology) for 12 
hours at 4°C. Free-floating sections were washed three times with 
0.1% PBST and then incubated with donkey anti-rabbit conjugated 
to Alexa 594 (1:1000 in 0.1% Triton X-100 in PBS; A21207; Invitro-
gen) and donkey anti-rabbit conjugated to Cy5 AffiniPure (1:1000 
in 0.1% Triton X-100 in PBS; 711-175-152, The Jackson Laboratory) 
for c-Fos staining or donkey anti-mouse conjugated to Alexa 647 
(1:1000 in 0.1% Triton X-100 in PBS; A31571; Invitrogen) for Cre 
staining for 2 hours at room temperature. Subsequently, immuno-
labeled sections were washed with PBS three times, mounted on 
slides, dehydrated, and immersed in ProLong Gold antifade 
reagent with 4′,6-diamidino-2-phenylindole (DAPI). Multiple  
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images were captured at 20× objective (pixel size, 0.65 μm) using a 
Zeiss LSM880 confocal microscope (Zeiss, Germany) at Transla-
tional Medicine Core Facility of Shandong University. 

Cell counting 
For counting the c-Fos+, GFP+, EGFP+, or mCherry+ cells, six 
coronal BLA sections (from bregma −0.82 mm to bregma −1.94 
mm) and five coronal sections containing IL and PrL (from 
bregma 1.94 mm to bregma 1.34 mm) were used to analyze in all 
experiments. The NIH ImageJ was used to count the number of 
c-Fos+, GFP+, or mCherry+ neurons and calculate the area of 
BLA, PrL, and IL in each section. Overlap in Fig. 1 was calculated 
by (EGFP+c-Fos+/DAPI+), while (c-Fos+/DAPI+) × (GFP+/DAPI+) 
was calculated as the chance level of overlap in BLA and PrL, as pre-
viously reported (7). Overlap in Fig. 2 was calculated by (EGFP+c- 
Fos+/DAPI+) or (mCherry+c-Fos+/DAPI+), while (c-Fos+/DAPI+) 
× (EGFP+/DAPI+) or (c-Fos+/DAPI+) × (mCherry+/DAPI+) was 
calculated as their chance level of overlap in PrL. 

Stereotactic injection and fiber optic implants 
The mice were fixed on a stereotaxic apparatus (RWD Life Science), 
while the mice were anesthetized with isoflurane on an anesthetic 
machine (RWD Life Science). Viruses were injected using a glass 
micropipette through a microelectrode holder filled with mineral 
oil. A microsyringe pump (Nanoliter 2010 Injector, WPI) and its 
controller (Micro4, WPI) were used to control the speed with 40 
nl/min of the injection. The needle was slowly lowered to the 
target site and remained there for 10 min after the injection. For 
the inhibition/activation of PrL engram cells, the mice were bilater-
ally injected with 100 nl of pAAV9-c-fos:tTA-pA (Addgene, plasmid 
no. 34856) and AAV9-TRE-eNpHR3.0-EYFP (OBIO, AG26972) or 
AAV9-TRE:ChR2-mCherry (OBIO, PT0515) into PrL [anterior- 
posterior (AP): +1.94 mm, medial-lateral (ML): ±0.5 mm, dorsal- 
ventral (DV): −2.1 mm] and were bilaterally implanted with 
optical fiber into PrL (AP: +1.94 mm, ML: ±0.5 mm, DV: −1.9 
mm) under the on-Dox condition. For the inhibition/activation 
of BLA engram cells, the mice were bilaterally injected with 100 
nl of AAV9-c-fos:tTA and AAV9-TRE-eNpHR3.0-EYFP or AAV9- 
TRE:ChR2-mCherry into BLA (AP: −1.46 mm, ML: ±0.33 mm, 
DV: −4.68 mm) and were bilaterally implanted with optical fiber 
into BLA (AP: −1.46 mm, ML: ±3.3 mm, DV: −4.4 mm) under 
the on-Dox condition. 

For inhibition of PrL neurons receiving IL projection, 100 nl of 
AAV1-hSyn-Cre-pA (Taitool, S02992-1) was bilaterally injected 
into the IL (AP: +1.94 mm, ML: ±0.5 mm, DV: −3.3 mm) with a 
20° angle, while 80 nl of rAAV-Ef1α-DIO-eNpHR3.0 -EYFP- 
WPRE-pA (BrainVTA, PT-0006) was injected into PrL (AP: 
+1.94 mm, ML: ±0.5 mm, DV: −2.1 mm), and optical fiber was 
also implanted in PrL (AP: +1.94 mm, ML: ±0.5 mm, DV: −1.9 
mm). For inhibition of PrL-BLA projections, 100 nl of AAV9- 
eNpHR3.0-EYFP (BrainVTA, PT-0010) was bilaterally injected 
into PrL (AP: +1.94 mm, ML: ±0.5 mm, DV: −2.1 mm), and 
optical fiber was implanted into BLA (AP: −1.46 mm, ML: ±3.3 
mm, DV: −4.4 mm). 

Activity-dependent cell labeling 
To label the engram cells, we crossed c-fos:tTA transgenic mice with 
TRE:H2B-GFP transgenic mice and subjected the double transgenic 
mice to AFC, or we injected AAV9-c-fos:tTA and AAV9-TRE- 

eNpHR3.0-EYFP or AAV9-TRE:ChR2-mCherry into WT mice for 
engram cell labeling. The double transgenic mice were maintained 
with the Dox-food condition (40 mg/kg) from their birth, and WT 
mice were treated with Dox-containing diet 2 weeks before surgery 
(7, 48). The mice were taken off Dox for 24 hours to open a window 
for fear memory engram labeling in context A. Then, the animals 
were exposed to context A for fear conditioning, and Dox diets were 
resumed immediately after AFC training. 

Optogenetic manipulation of PrL and BLA engram cells 
In this study, we tested whether the activation/inhibition of PrL and 
BLA engram cells labeled by ChR2–mCherry or eNpHR3.0-EYFP is 
sufficient or necessary for memory updating by optogenetic manip-
ulation 30 min before extinction. A context distinct from the AFC 
training chamber (context B) was used, and all mice had patch cords 
fitted to the optic fiber implant before testing. For light-induced 
freezing behavior, ChR2 was stimulated at 4 Hz (15-ms pulse 
width) for PrL engram cells or at 20 Hz (15-ms pulse width) for 
BLA engram cells using a 473-nm laser (10 mW). The manipulation 
session was 200 s, and mouse received 20-s optical stimulation start-
ing from 120 s. At the end of 200 s, the mouse was detached and 
returned to its home cage. In addition, eNpHR was stimulated for 
both PrL and BLA engram cells using a 589-nm laser (5 mW) 
during a retrieval trail; the laser was on during the tone onset and 
off at the end of tone. Following behavioral experiments, brain sec-
tions were prepared to confirm efficient viral labeling in target areas. 
Animals lacking adequate labeling were excluded before behavior 
quantification. 

Calcium imaging surgery and data acquisition 
Ca2+ imaging of PrL and BLA neurons was performed on WT mice. 
AAV5-hsyn-GCaMP6f (Tailtool, S02245) was injected into right 
PrL (AP: 1.94 mm, ML: +0.5 mm, DV: −2.15 mm) or BLA (AP: 
−1.46 mm, ML: +3.3 mm, DV: −4.68 mm), then a GRIN lens 
(0.5-mm diameter, 4.1-mm length; Inscopix) was implanted on 
PrL, and a GRIN lens (0.5-mm diameter, 6.1-mm length; Inscopix) 
was implanted on BLA after 2-week injection. Last, a baseplate (In-
scopix) was attached above the GRIN lens by ultraviolet-light 
curable glue 2 weeks after GRIN lens implantation. The Ca2+ 

imaging data were captured (20 frames/s) using the Inscopix min-
iature microscope and nVista acquisition software (Inscopix, CA, 
USA) during retrieval, extinction, EM test, and SR test. In all the 
fear memory–related behavior experiments, a Transistor-Transis-
tor-Logic (TTL) signal was used to synchronize the calcium signal 
and the behavioral time points. 

Calcium imaging data processing and cell sorting 
The processing of calcium imaging data and calcium signal extrac-
tion was accomplished by using the Inscopix Data Processing Soft-
ware (IDPS, Inscopix) with the following steps. First, the raw videos 
were preprocessed by cropping it to a specified pixel region. Then, 
the images were then downsampled (×2) and filtered by using a 
spatial band-pass filter to remove low and high spatial frequency in-
formation (low cutoff: 0.005 pixel−1; high cutoff: 0.500 pixel−1). 
Next, each frame of the movies was estimated to minimize the dif-
ference between the transformed frame and the reference frame 
(blood vessels) using the rigid image registration algorithm for 
motion correction (49). After this step, each pixel value was normal-
ized by ΔF(t) − F0/F0, where F0 is the mean value by averaging the  
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signal of the entire video. Last, the spatial locations and calcium 
signals of individual cells were identified using the principal com-
ponents analysis (PCA)/independent components analysis (ICA) 
algorithm (29). Ideally, each component was supposed to be one 
neuron, but it also identified some confounding components that 
may be nonneurons or nonbiological signals, so we manually 
removed those components by comparing their signal transients, 
locality, and morphology. 

Identifying fear cells and extinction cells 
To define the responsive cells, a Wilcoxon rank sum test was per-
formed for the calcium signal of cells between the tone period and 
the equivalent no-tone period with a significance threshold of P < 
0.05, according to a previous report (23). A cell was defined as fear 
cell if its signals during the tone period of retrieval were higher than 
those during the equivalent no-tone period with a significance 
threshold of P < 0.05, while cells whose signals during the last 
trail of the extinction period were higher than those during the 
equivalent no-tone period with the same threshold were defined 
as extinction cells, and US retrieval responsible cells were defined 
as the cells that show higher signal during the 20-s period from 
the US retrieval onset compared with signals during the 20-s 
period with no US. The reactivated fear cells or extinction cells in 
fig. S4 were defined as fear cells or extinction cells with the higher 
signals, which were examined during the tone period compared 
with signals during the no-tone period by the Wilcoxon rank sum 
test in different sessions. The reactivated fear cells or extinction cells 
during US retrieval in fig. S7 were defined as fear cells or extinction 
cells with the higher signals, which were tested during the 20-s 
period from the US onset compared with signals during the 20-s 
period with no US by the Wilcoxon rank sum test in US retrieval. 
The fear or extinction cell reactivation ratio in fig. S4 was calculated 
by reactivated fear cells/total fear cells or reactivated extinction cells/ 
total extinction cells, while the reactivation level during US retrieval 
normalized to chance in fig. S7 was calculated by (reactivated fear 
cells/total cells)/[(fear cells/total cells) × (US retrieval responsible 
cells/total cells)]. The overlap of CS1 and CS2 fear cell was calculat-
ed by CS1 and CS2 co-responsible cells/total cells, while (CS1 fear 
cells/total cells) × (CS2 fear cells/total cells) was the chance level. 

The distance between fear cells and extinction cells 
To calculate the vector distance between fear cells and extinction 
cells, we performed the cosine distance calculation. The population 
vector x was defined as the normalized Ca2+ signal of fear cells in 
retrieval and population vector y was defined as the normalized 
Ca2+ signal of extinction cells in last trail of extinction. The 
cosine distance of two population vector x and y was calculated 
by the following formula 

cosine distance ¼ 1 � cos θ ¼ 1 �
P
ðxiyiÞ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
x2

i
P

y2
i

p

Statistics 
GraphPad Prism 8.0 (GraphPad Software, San Diego, CA, USA) was 
used to analyze the data with Student’s t test and one-way or two- 
way analysis of variance (ANOVA), followed by Tukey’s multiple 
comparisons test or Sidak’s multiple comparisons test. For single- 
factor experiments involving two or more than two groups, 

Student’s t test or one-way ANOVA was used. For experiments com-
posed of multiple factors, a two-way ANOVA with test for interac-
tion was used. All data were displayed as means ± SEM, and the 
significance was set at P < 0.05. 

Supplementary Materials 
This PDF file includes: 
Figs. S1 to S8  

View/request a protocol for this paper from Bio-protocol. 
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NEUROSC I ENCE

SARS-CoV-2 infection and viral fusogens cause neuronal
and glial fusion that compromises neuronal activity
Ramón Martínez-Mármol1, Rosina Giordano-Santini1†, Eva Kaulich1†, Ann-Na Cho2,
Magdalena Przybyla2, Md Asrafuzzaman Riyadh1, Emilija Robinson2, Keng Yih Chew3,
Rumelo Amor4, Frédéric A. Meunier1,5, Giuseppe Balistreri4,6, Kirsty R. Short3, Yazi D. Ke2,
Lars M. Ittner2, Massimo A. Hilliard1*

Numerous viruses use specialized surface molecules called fusogens to enter host cells. Many of these viruses,
including the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), can infect the brain and are asso-
ciated with severe neurological symptoms through poorly understood mechanisms. We show that SARS-CoV-2
infection induces fusion between neurons and between neurons and glia in mouse and human brain organoids.
We reveal that this is caused by the viral fusogen, as it is fully mimicked by the expression of the SARS-CoV-2
spike (S) protein or the unrelated fusogen p15 from the baboon orthoreovirus. We demonstrate that neuronal
fusion is a progressive event, leads to the formation of multicellular syncytia, and causes the spread of large
molecules and organelles. Last, using Ca2+ imaging, we show that fusion severely compromises neuronal activ-
ity. These results provide mechanistic insights into how SARS-CoV-2 and other viruses affect the nervous system,
alter its function, and cause neuropathology.
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INTRODUCTION
Infectious diseases that involve the nervous system are caused by a
wide spectrum of agents, including bacteria, fungi, parasites, and
viruses (1). Viruses from diverse families, such as rabies virus,
herpes simplex virus, Epstein-Barr virus, Zika virus, reovirus, and
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
can infect neurons (2–8). Viral brain infections are characterized
bymultiple neurological symptoms, including headache, fever, con-
fusion, epileptic seizures, and loss of taste or smell. In more severe
cases, viral brain infections can lead to encephalitis and meningitis,
as well as potentially irreversible neuronal deficits such as paralysis
and death. Clinical symptoms can originate from the loss of infected
neurons (9); however, some viruses do not kill their host cells, and
the chronic neurological sequelae of these infections cannot be ex-
plained by neuronal death (10). Other neuropathological mecha-
nisms must therefore underlie the progression of these viral
infections, leading to brain dysfunction. In non-neuronal tissues,
enveloped viruses and reoviruses use specialized molecules called
fusogens to fuse with host membranes and enter cells (11). These
viruses then hijack the cellular machinery to produce viral compo-
nents, with newly synthesized viral fusogens redecorating the cell
membrane and conferring the ability to fuse with neighboring
cells. This results in the formation of multinucleated syncytia,
which allow viral propagation “from within,” without the need for
virion release into the extracellular space (12–14). As defined more

than 100 years ago by Santiago Ramón y Cajal, the nervous system is
composed of discrete neurons that act as individual units and do not
base their development or communication on cellular fusion. Pre-
serving neuronal individuality is critical for the correct function of
the nervous system, and it is still poorly understood whether viral
infection and the resulting presence of viral fusogens can cause neu-
ronal fusion and the formation of syncytia, thereby permanently al-
tering the neuronal circuitry and function.

RESULTS
SARS-CoV-2 infection causes neuron-neuron, neuron-glia
and glia-glia fusion in murine hippocampal cultures and in
human-derived brain organoids
SARS-CoV-2 causes primarily a respiratory disease, but increasing
evidence has revealed the presence of viral RNA and proteins also in
the brain and amultitude of neuropsychiatric syndromes (8, 15, 16),
which appear in the early stages of the disease and persist for
months after infection, in what has recently been termed long
COVID (17). Viral fusogens are involved in the recognition,
binding, and entrance of viruses into their host cells. During infec-
tion, these proteins are expressed de novo to form new viral parti-
cles, trafficking from secretory organelles to the host plasma
membrane and causing cell-cell fusion (18, 19). To determine
whether viral neuroinfection induces the fusion of neurons, we
used SARS-CoV-2 and a fluorescence fusion assay, whereby differ-
ent intracellular fluorophores transfer between fused cells. SARS-
CoV-2 uses the human angiotensin-converting enzyme 2
(hACE2) as its main receptor on the surface of the host cell (20),
and neuropilin 1 (NRP1) as a cofactor to enhance infectivity (21).
Among other tissues, hACE2 is expressed in neuronal and glial cells
in the human central nervous system (22). Mouse neurons express
mACE2 (23), which shares 81.86% interspecies homology with the
human protein but lacks key residues for spike S binding (20), re-
sulting in modest to weak affinity for SARS-CoV-2 (24). We,
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therefore, expressed hACE2 in murine-derived brain cells. Immedi-
ately after embryonic hippocampal dissection, a population of these
brain cells was electroporated with a plasmid encoding hACE2 and
another encoding green fluorescent protein (GFP); a second popu-
lation of hippocampal cells was electroporated with a plasmid en-
coding hACE2 and another encoding mCherry. The two neuronal
populations were then plated together and maintained for 5 days in
vitro (5 DIV; Fig. 1A). The original ancestral SARS-CoV-2 was am-
plified in Vero cells expressing human transmembrane protease
serine 2 (TMPRSS2) and titrated by plaque assay (25). The neuronal
cultures were infected with 2 × 105, 2 × 103, or 20 plaque-forming
units (PFUs) or were mock-infected with control culture medium.
Seventy-two hours post-infection (hpi), the cultures were fixed and
examined by confocal fluorescence microscopy, revealing the pres-
ence of fused neurons [positive for the neuronal marker microtu-
bule-associated protein 2 (MAP2)], as characterized by the
presence of both the GFP and mCherry fluorescent proteins for
all the SARS-CoV-2 titers used (Fig. 1, B and C). Antibody staining
revealed that fused neurons were positive for the fusogenic spike S
protein (Fig. 1D and fig. S1, A and B) (26), which was distributed
across the surface of infected neurons (Fig. 1E). In contrast, neuro-
nal fusion was not observed in the mock control, and the spike S
protein was not detected (Fig. 1B and fig. S1, A and B). Upon
SARS-CoV-2 infection, glial cells expressing hACE2 were also pos-
itive for the spike S protein (fig. S1, C and D), and we observed ad-
ditional fusion phenotypes, including neuron-glia (fig. S2, A to C)
and glia-glia fusion (fig. S2, D to F). In agreement with previous
findings (2), we found that high doses of neuronal SARS-CoV-2 in-
fection resulted in cell damage, a phenotype that was not apparent at
the lowest doses used within 72 hpi (fig. S1, E and F).

We next investigated whether viral infection induced the fusion
of human neurons by infecting human embryonic stem cell
(hESC)–derived three-dimensional (3D) brain organoids with
SARS-CoV-2. Such organoids have become one of the preclinical
models of choice to study SARS-CoV-2 pathogenesis (27) and
have been used to demonstrate that the virus can infect human
neurons with endogenous expression of ACE2 (8, 27–30). To visu-
alize whether organoid infection induced neuronal fusion, 43- to
50-day-old brain organoids were generated using a modification
of previously reported protocols (31) and were transduced with
adeno-associated virus (AAV) expressing GFP. This resulted in
the stable expression of GFP in sparse neurons. The transduced or-
ganoids were then cultured for an additional 10 days before being
infected with SARS-CoV-2 or with mock control and were fixed 72
hpi. Similar towhat was observed after infection of 2D neuronal cul-
tures, we found that SARS-CoV-2–infected brain organoids exhib-
ited neuronal syncytia formed by GFP-interconnected neurons
(Fig. 1, F and G).

Viral fusogens cause neuron-neuron, neuron-glia, and glia-
glia fusion
To study whether and how the mere presence of viral fusogens on
the surface of host cells affect the nervous system, we used the spike
S protein of SARS-CoV-2 and the p15 fusogen isolated from the
baboon orthoreovirus (BRV), which infects the brain of these pri-
mates, causing meningoencephalomyelitis (5, 32). p15 is a fusion-
associated small transmembrane fusogen. Unlike the spike S
protein, p15 is the only viral protein required by the BRV to form
a syncytium (33), with no receptor protein on the host cell being

needed to mediate fusion (34, 35). We first expressed p15 in embry-
onic mouse primary hippocampal neurons and visualized the pres-
ence of fusion through the fluorescence fusion assay described
above. Immediately after isolation, a population of neurons was co-
transfected by electroporation with a plasmid containing p15 and
another containing GFP; a second population of neurons was co-
transfected with a plasmid containing mCherry and an empty
control vector. The two neuronal populations were then plated to-
gether and maintained in culture for 7 DIV (Fig. 2A). Our results
revealed that the expression of p15 was sufficient to induce neuronal
fusion, as detected by the presence of neurons containing both the
GFP and mCherry fluorescent proteins [Fig. 2, B (first row) and C],
a phenotype that was never observed when the control vector was
cotransfected in the absence of p15 [Fig. 2, B (second row) and C].
To determine whether the fluorophore diffusion was caused by the
fusogenic properties of p15, we generated an inactive version of this
fusogen, p15Δ21-22, in which two residues of the N terminus of the
transmembrane domain were truncated (36). Expression of this in-
active fusogen completely abolished neuronal fusion [Fig. 2, B
(third row) and C].

Unlike p15, the spike S protein must bind to the hACE2 receptor
to trigger fusion, requiring both spike S and hACE2 to be expressed
to promote neuronal fusion mediated by the viral fusogen. Using a
similar approach to that described for p15, we electroporated two
neuronal populations, one with a plasmid expressing GFP plus a
plasmid containing a codon-optimized version of the spike S
protein (37) and the other with a plasmid expressing mCherry
plus a plasmid containing the hACE2 receptor. The two populations
were then plated together and cultured for 7 DIV. The expression of
the fusogen spike S and its receptor hACE2 in adjacent cells resulted
in the fusion of these neurons and themixing of the fluorescent pro-
teins [Fig. 2, D (first row) and E]. The presence of both the fusogen
and its specific receptor was required to initiate cellular fusion, as
the expression of either spike S or hACE2 alone did not generate any
fusion events [Fig. 2, D (second and third rows) and E]. To deter-
mine whether the fusion of neurons was caused by the fusogenic
properties of spike S, we used two fusion-inactive versions of this
protein, spike S-2P and spike S-6P (HexaPro). We first generated
the spike S-2P variant, which contains two consecutive proline sub-
stitutions (K986P and V987P) in the C-terminal S2 subunit (38).
These two mutations retain spike S in a prefusion conformation,
blocking its fusion capacity (39). Spike S-6P contains four addition-
al proline substitutions (F817P, A892P, A899P, and A942P) that
further stabilize the prefusion conformation and increase protein
expression and the ability to withstand heat stress (40). Our
results reveal that neither of these versions of inactive spike S
induces neuronal fusion (Fig. 2, F and G). Spike S maturation is
driven by proteases, such as TMPRSS2. Viral entry and cell-to-
cell fusion are enhanced by TMPRSS2 and NRP1 (21). Thus, we
monitored their expression and detected both TMPRSS2 (fig. S3,
A to C) and NRP1 (fig. S3, D to F) in our neuronal cultures, sug-
gesting that these proteins could be involved in the brain infectivity
and neuronal fusion induced by SARS-CoV-2. With both p15 and
spike S, we observed not only neuron-neuron fusion but also
neuron-glia and glia-glia fusion when the fusogens were expressed
in these cell types (fig. S4), a result that mimics our observation with
SARS-CoV-2 infection.

Neuronal fusion implies a temporary or permanent diffusion of
cytoplasmic material between cells (41). To confirm that this was
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Fig. 1. SARS-CoV-2 infection induces neuronal fusion. (A) Scheme of the fluorescence fusion assay. Two independent populations of hippocampal neurons were
electroporated with either hACE2 and GFP or hACE2 and mCherry. After electroporation, the neurons were cultured together and 5 days later were infected with
SARS-CoV-2 or mock control. (B) Representative images of SARS-CoV-2–infected fused neurons (top row) identifiable by GFP (green) and mCherry (red) appearing in
both neurons (yellow in merge), and nonfused mock control (bottom row). (C) Quantification of neuronal fusion expressed as the percentage of fused neurons out of the
total fluorescent neurons in close proximity (< 200 μm). (D) Representative images of fused neurons positive for spike S staining. (E) Representative images showing the
distribution of spike S in infected neurons. The boxed area (i) is at higher magnification in the right panels, with GFP (top) and spike S (bottom) distributed along the
surface of the infected neuron (arrows). (F) Representative images of hESC-derived brain organoids infected with SARS-CoV-2 (left) or with mock control (right). Boxed
areas (i and ii) are magnified in the bottom panels, with examples of GFP-neurons (arrowheads) fused at their neurites (asterisks). (G) Quantification of neuronal syncytia
per organoid. In (B) and (F), immunocytochemistry shows nuclei (blue), neuronal MAP2 (magenta), GFP (green), and mCherry (red). In (D) and (E), immunocytochemistry
shows nuclei (blue), GFP (green), mCherry (red), and SARS-CoV-2 spike S (magenta). In all images, arrowheads indicate somas, asterisks indicate fused neurites, and arrows
indicate spike S protein on the membrane. Data in (C) and (G) represent means ± SEM. In (C), n = 3 independent infections, with three dishes per infection, and 19 to 60
neurons per dish. In (G), n = 3 brain organoids were infected. Unpaired two-tailed Welch’s t tests were used in (C) and (G). *P ≤ 0.05 and **P < 0.01.
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the case, we used a variation of our fluorescence fusion assay. We
cotransfected neurons with the photoconvertible fluorescent
protein Kaede, which shifts from green to red fluorescence upon il-
lumination with ultraviolet (UV) light (350 to 400 nm), together
with either p15 or spike S and hACE2. After identification of inter-
connected adjacent green fluorescent neurons, we photoconverted
the green Kaede fluorophore by applying brief pulses of UV light in
a small region of one neuron (donor). The newly generated red pho-
toconverted Kaede molecules rapidly diffused to the adjacent

neuron (acceptor; fig. S5, A and E and movie S1). This diffusion
was measured as a decrease in the red fluorescence within the
donor neurons (fig. S5, B and F), with a concomitant increase in
the acceptor neurons (fig. S5, C, D, G, and H), thereby conclusively
demonstrating the existence of an active cytoplasmic bridge
between p15-fused neurons and between spike S–hACE2–fused
neurons. In the absence of fusion, red Kaede remained confined
within the photoconverted neuron (fig. S5, A, E, and I to K). The

Fig. 2. Expression of the viral fusogens p15 and
spike S is sufficient to induce neuronal fusion.
(A) Scheme of the fluorescence fusion assay. Two
independent populations of hippocampal
neurons were electroporated with either fusogen
(p15 or spike S) and GFP, or empty vector or hACE2
and mCherry. After electroporation, the neurons
were cultured together for 7 days. (B) Represen-
tative images of fused neurons (top row) identifi-
able by GFP (green) and mCherry (red)
fluorescence appearing simultaneously in adja-
cent neurons (yellow in merge) and nonfused
control neurons (middle and lower rows). Fusion
was observed upon expression of p15 but not
with the nonfusogenic mutant p15Δ21-22 or by
the empty vector. (C) Quantification of neuronal
fusion as the percentage of transfected neurons
that fuse out of the total number of fluorescent
neurons in close proximity (≤ 200 μm). (D) Rep-
resentative images of fused neurons induced by
the expression of spike S and hACE2 (top row) and
nonfused control neurons (remaining three rows).
(E) Quantification of neuronal fusion as the per-
centage of transfected neurons that fuse out of
the total number of fluorescent neurons in close
proximity (≤ 200 μm). (F) Representative images
showing the lack of fusion associated with the
inactive spike S mutants S-2P and S-6P, compared
to the WT. (G) Quantification of neuronal fusion as
the percentage of transfected neurons that fuse
(yellow) out of the total number of fluorescent
neurons in close proximity (≤ 200 μm). Images in
(B), (D), and (F) show immunocytochemistry for
nuclei (blue), neuronal MAP2 (magenta), GFP
(green), and mCherry (red). In all images, arrow-
heads indicate somas. Data in (C), (E), and (G) are
displayed as means ± SEM; n > 150 neurons ana-
lyzed in four to six independent dishes frommore
than two cultures, one-way analysis of variance
(ANOVA) Kruskal-Wallis test followed by Dunn’s
post hoc test comparing all groups to the empty
vector control. **P < 0.01 and ***P < 0.001.
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fused neurons retained their morphology, extended processes, and
remained viable.

Viral fusogens induce neuronal fusion in vivo and in hESC-
derived neurons
To determine whether the presence of viral fusogens can induce
neuronal fusion in vivo, we generated transgenic Caenorhabditis
elegans strains in which p15 and GFP were expressed simultane-
ously under the control of the mec-4 promoter (Pmec-4::p15 and
Pmec-4::GFP), which is active in the six mechanosensory neurons
(ALM left and right, AVM, PVM, and PLM left and right; fig.
S6A). Similar to what we observed in mammalian neurons in
culture, no fusion events with nearby neurons or tissues were de-
tected in control animals expressing GFP under the mec-4 promot-
er, and GFP was exclusively confined to the mechanosensory
neurons [fig. S6, A (i) and B]. In contrast, we observed the appear-
ance of additional GFP-positive cells in the head, mid-body, and tail
of animals expressing the p15 fusogen [strains carrying p15 trans-
gene vdEx1266 or vdEx1268; fig. S6, A (ii to v) and B]. On the basis
of its stereotypic location andmorphology, we identified ALN as the
most prevalent additional GFP-positive neuron [fig. S6, A (ii) and
C]. The ALN neurons are a pair of sensory neurons located in the
tail of the animal that extend their axons in close association with
the axons of the ipsilateral ALM mechanosensory neurons (42).
Other frequently GFP-positive neurons were the pair of LUA inter-
neurons [fig. S6, A (iii) and C], which are located in the tail of the
animal and extend anterior neurites in close proximity with those of
the PLM neurons and the PVDmechanosensory neurons [fig. S6, A
(v) and C], which are positioned in the mid-body of the animal with
two extensively branched dendrites and a long axon (42). Despite
over 90% of the GFP-positive cells being neurons, we also identified
fluorescence in the hypodermal cells [fig. S6, A (iv) and C], which
have a glial-like function forming a tissue in which the PLM and
ALM axons are embedded (43, 44). Similar to mammalian
neurons, the expression of the inactive fusogen p15Δ21-22 within
the mechanosensory neurons (Pmec-4::p15Δ21-22) did not result
in fusion with neurons or hypodermal cells (fig. S6B). A temporal
analysis of neuronal fusion observed during different stages of C.
elegans life cycle revealed that the percentage of animals showing
additional GFP-fused cells increased during the larval stages (L1
to L3), remaining constant in adulthood (fig. S6C). During our
analysis of p15 expressed in mechanosensory neurons, we observed
additional phenotypes that included defects in axonal guidance and
axonal maintenance (visible as axonal breakages), as well as loss of
mechanosensory neurons (fig. S6, D and E).

Next, to determine whether fusion could occur in vivo in the
mammalian brain, we expressed p15 in the brains of adult mice.
We designed AAV vectors expressing either GFP alone (+empty)
or GFP and p15 (+p15) under the control of the neuronal human
Synapsin 1 (hSyn) promoter. AAVs were bilaterally injected into the
hippocampus and the cortex of 11-week-old wild-type (WT) mice.
Seven and 14 days after the AAV injections, the brains were removed
for immunohistochemical analysis of neurons expressing p15 (fig.
S7). Similar to what we observed in neuronal cultures and in C.
elegansmechanosensory neurons, p15 expression resulted in neuro-
nal fusion presenting as clusters of interconnected GFP-positive
cells (fig. S7, A to E, and movie S2). Neuronal fusion was observed
both in the hippocampus and in the cortex (fig. S7, F to I), repre-
senting up to 15% of transduced hippocampal neurons at 14 days

after AAV infection (fig. S7H). Moreover, neuronal fusion resulted
in a significant increase of total GFP-positive neurons (fig. S7, G
and I) arising from the diffusion of GFP into adjacent cells, a
value that increased with transduction time from 7 to 14 days
(fig. S7J).

We next sought to determine whether fusion could also be ob-
served in human-derived neurons by expressing either p15 or spike
S in two different hESC-derived neuronal systems: cortical neurons
differentiated in 2D cultures and 3D brain organoids. We first dif-
ferentiated cortical neurons from hESCs and neuronal progenitor
cells for 40 to 50 DIV and cotransfected them with GFP and
either p15, spike S, or the inactive spike S-6P. Three days after the
expression of the fusogens, the neuronal cultures were inspected,
revealing the formation of neuronal clusters of interconnected
GFP-positive cells that resembled the neuronal syncytium observed
after p15 expression in murine neurons (fig. S8, A to C). The fact
that cellular clusters were also observed when the spike S protein
was expressed is a direct indication that neuronal fusion can
occur using the endogenous hACE2 receptors expressed in these
human cells. In the absence of fusogens or in the presence of the
spike S-6P inactive mutant, no cell fusion was observed (fig. S8, A
to C). We then differentiated brain organoids from hESCs until 43
to 50 DIV and expressed a similar combination of plasmids, consist-
ing of the fluorescent protein mCherry and either p15, spike S, or
the inactive spike S-6P. We maintained the organoids for three ad-
ditional days before imaging them. Increments in the formation of
mCherry-positive cell clusters were only detected in response to the
expression of p15 or spike S (fig. S8, D and E), with both the empty
vector and the spike S-6P mutant failing to induce cell fusion (fig.
S8, D and E).

Neurons fuse at their neurites and exchange large
organelles
In most tissues, syncytia are normally formed at the level of the cell
bodies. However, the unique neuronal morphology with long pro-
cesses prompted us to ask whether fusion can occur at the level of
the neurites and, thus, at a distance from the neuronal cell bodies.
We found that, upon SARS-CoV-2 infection, neuronal fusion oc-
curred between the somas, as well as between the neurites far
from the somas (Fig. 1D and fig. S9, A and B). Similarly, fusion
driven by p15 and spike S resulted in fusion bridges of variable
lengths that could extend over hundreds of micrometers (Fig. 3, A
and B). This is remarkable, as it implies that neuronal fusion can
easily be missed if searching for classical multinucleated syncytia.
Next, we asked whether the observed fusion bridges allowed the ex-
change of cellular components larger than fluorescent proteins. To
address this question, we performed a variation of the tethered flu-
orophore assay (45). As a consequence of cell-cell fusion, small cy-
toplasmic elements such as fluorophores and other soluble proteins
can diffuse between cells, whereas larger organelles such as mito-
chondria remained tethered to the cellular microtubule cytoskele-
ton. We combined the expression of the soluble fluorescent
protein mCardinal, with that of the photoactivatable mitochondrial
marker mito-mPA-GFP, which allows visualization of mitochon-
drial movement. Our results reveal not only the presence of mCar-
dinal in both fused neurons but also the movement of mitochondria
between them (Fig. 3, C to E, andmovie S3). To further confirm that
the mitochondria movement was bidirectional, we tagged mito-
chondria with two different fluorophores, mito-mPA-GFP and
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Fig. 3. Fused neurons form long neuronal bridges and exchange large organelles. (A) Representative fused neurons (arrowheads) transfected with p15 and GFP. (B)
Representative fused neurons (arrowheads) transfected with either spike S and GFP or hACE2 andmCherry before being cocultured. In both (A) and (B), fusion is observed
at the somas (top left) or the neurites (top right and bottom), with neuronal bridges (asterisks) of variable lengths. Immunocytochemistry for nuclei (blue), MAP2
(magenta), GFP (green), and mCherry (red). (C and D) Representative fused hippocampal neurons cotransfected at 7 DIV with p15, mCardinal, and mito-mPA-GFP. (C)
mito-mPA-GFP is caged and becomes visible only after UV photoactivation. In fused neurons, mitochondria diffuse from the donor to the acceptor neuron. (D) The boxed
area is magnified in the time series panels, with photoactivated mito-mPA-GFP moving anterogradely along the neuronal bridge. (E) Kymograph of mito-mPA-GFP
moving between fused neurons in (D). (F) Representative neurons fusing over time. Hippocampal neurons cotransfected at 7 to 10 DIV with p15 and GFP (top) or
with empty vector and GFP in control (bottom) and cultured for 1, 4, or 7 days. Immunocytochemistry for nuclei (blue), MAP2 (magenta), and GFP (green). (G) Quantifi-
cation of neuronal syncytia as the percentage of fused neurons out of the total number of GFP-positive neurons. (H) Quantification of the average number of neurons per
syncytium (more than five neurons). In all images, arrowheads indicate somas and asterisks indicate fused neurites. Data in (G) and (H) are means ± SEM, n > 350 neurons
analyzed in more than four independent dishes from four cultures. Two-way ANOVA in (G) followed by Geisser-Greenhouse correction and Šidák post hoc test comparing
treatments (+empty vector versus +p15) within conditions (days in culture). One-way ANOVA Kruskal-Wallis test followed by Dunn’s post hoc tests was used in (H) to
compare all groups to 1 day. *P < 0.05, **P < 0.01, and ****P < 0.0001.
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mito-mPA-mCherry 1, revealing an exchange of these organelles
between the fused neurons (fig. S10).

Last, we asked whether neuronal fusion was restricted to two ad-
jacent neurons or if it was a propagating event that generated syn-
cytia with a larger number of interconnected neurons. To address
this possibility, we monitored neurons cotransfected with p15 and
GFP for the appearance of syncytia over a 7-day period (Fig. 3F).
Expressing GFP under the CMV promoter ensures that high
levels of fluorescence are detected as early as 4 hours after transfec-
tion. In the absence of fusogen, the number of isolated GFP-ex-
pressing neurons remained constant; by contrast, in the presence
of p15, the number of neuronal syncytia increased over time, ap-
pearing as clusters of interconnected GFP-positive neurons that
progressively incorporated new cells (Fig. 3, F to H). Moreover,
through live confocal imaging performed over a period of 50
hours, we observed the progressive appearance of GFP in surround-
ing neurons, revealing the occurrence of fusion events (movie S4).
Similarly, after p15 expression in hESC-derived brain organoids, the
mCherry-positive cells progressively organized into clusters and
their numbers increased over time (fig. S11).

Fused neurons exhibit compromised neuronal activity
Our results suggest that fused neurons remain viable during long
periods of time. However, whether fusion has an effect on neuronal
activity remains unknown (46). To answer this question, we fused
differentiated neurons (14 to 18 DIV) using p15 and visualized
spontaneous neuronal activity with the fluorescent Ca2+-sensitive
indicator Cal-520. Individual neurons expressing mCherry and
the control empty vector exhibited spontaneous activity (fig. S12,
A and B), an effect that was not observed in glial cells (fig. S12, C
and D). The majority (~90%) of fused neurons resulted in synchro-
nized neuronal activity (Fig. 4, A and C, and movie S5), with over-
lapping of Ca2+ peaks (Fig. 4, D, G, and I), whereas the remaining
10% displayed a complete loss of neuronal activity. A close evalua-
tion of the latter subpopulation of cells revealed that it corresponded
to those neurons that were fused tightly at the level of their somas
(Fig. 4, J to L). In contrast, nonfused neurons presented a variable
pattern of neuronal activity (Fig. 4, B and E, and movie S6), ranging
from highly synchronized to completely asynchronized (Fig. 4, F, H,
and I). Every neuron that fused with glial cells presented a complete
loss in neuronal activity (fig. S12, E to G). Regardless of the synchro-
nization of fused neurons, the frequency of neuronal activity was
not altered (fig. S13). To further investigate themechanisms respon-
sible for the simultaneous firing of fused neurons, we analyzed the
Ca2+ levels along the neuronal bridge formed between these
neurons (fig. S14, A and B, and movie S7). The intracellular Ca2+
concentration increased within the bridges (fig. S14, C to E),
forming Ca2+ peaks that reflected the patterns of neuronal activity
(fig. S14, F and G).

DISCUSSION
Neuroinfectious diseases transmitted by viruses represent an
emerging public health threat due to the increasing appearance of
new zoonotic neurotropic viruses (47). Viral infections of the
nervous system cause a broad spectrum of acute neurological symp-
toms, including meningitis, encephalitis, meningoencephalitis, pa-
ralysis, and stroke, with long-term neurological sequelae or even
fatal outcomes commonly observed in severe situations. Respiratory

viruses such as the human respiratory syncytial virus, the influenza
virus, the emerging coronaviruses (CoV), and the human meta-
pneumovirus, among others, are now also included in the list of po-
tential neurotropic viruses (48). Long-term and chronic
neurological manifestations derived from viral neuroinfections are
gaining increased attention, especially after the coronavirus disease
2019 (COVID-19) pandemic where long COVID has recently been
termed to describe a multitude of symptoms of neurological nature
that persist for months after the infection (17) and affect millions of
people worldwide (49). To date, the pathophysiological mecha-
nisms associated with the neurological symptoms derived from
viral infections are only started to be elucidated, with fusion being
a possible mechanism of transmission and spreading (50–56). Our
results indicate that viral infections, driving the expression of viral
fusogens, can initiate the irreversible fusion of brain cells, causing
alteration in neuronal communication and revealing a possible
pathomechanism of neuronal malfunction caused by infection.
The impact on neuronal fusion will depend on the viral load in
the brain and the specific areas infected; for example, in the case
of SARS-CoV-2, neuronal fusion depends on the expression of
hACE2 and, potentially, other accessory entry factors such as
TMPRSS2 and NRP1 in neighboring neurons. Our results also
imply that other viral infections can potentially cause neuronal
fusion. Several viruses can cause severe neurological symptoms
and/or death, such as HIV, rabies virus, Japanese encephalitis
virus, vesicular stomatitis virus, poliovirus, measles virus, herpes
simplex virus, varicella-zoster virus, Zika virus, cytomegalovirus,
dengue virus, Nipah virus, and chikungunya virus, among others.
Cell-to-cell contact has been shown to be involved in the spreading
of HIV (14), measles (51), and SARS-CoV-2 (57), but viral-mediat-
ed neuronal fusion remained poorly understood.

Fused neurons can result in compromised neuronal circuitry and
altered animal behavior, as previously shown for C. elegans chemo-
sensory neurons that ectopically express endogenous fusogens (46).
Our results demonstrate that neurons infected by viruses or express-
ing their viral fusogens can acquire the ability to fuse with neighbor-
ing neurons and glial cells, both in vitro and in vivo. This, in turn,
results in the sharing of large molecules and even organelles and in
compromised neuronal activity. While the latter can have direct im-
plications on brain function and animals’ behavior, sharing large
molecules implies a possible mechanism for the spread of toxic ag-
gregates as observed in several neurodegenerative diseases and
could also represent a mechanism of viral spreading that eludes
the immune system (12). Retroviruses induce the formation of
viral cytonemes, consisting of filopodial bridges that facilitate cell-
to-cell transmission (58). Tunneling nanotubes are similar cellular
bridges that allow communication between cells (59) and have been
reported to mediate the transport of toxic α-synuclein aggregates
(60). Our results demonstrate the formation of neuronal bridges
that can extend hundreds of micrometers, allowing the exchange
of small proteins and large mitochondria between interconnected
neurons. Given the diverse range of structures that can be transport-
ed through these viral fusogen-mediated cellular structures, it is
tempting to speculate that infecting viruses and other toxic aggre-
gates may also use these pathways to spread to neighboring cells. In
the case of SARS-CoV-2, the potential of fusion-mediated spread-
ing of infection would be determined by the delivery of viral
fusogen to the cell surface, which we have shown to occur, and by
the pattern of ACE2-expressing neurons (22) that are in contact
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Fig. 4. Neuronal fusion results in altered synaptic activity. (A and B), Representative hippocampal neurons (neuron 1 and neuron 2) cotransfected at 12 DIV with p15
and mCherry [(A), fused neurons] or with an empty control vector and mCherry [(B), nonfused neurons] and imaged 3 days later at 15 DIV after incubation with the Ca2+

indicator CAL-520. Bottom: Pseudocolored images of the intracellular Ca2+ levels in resting conditions and during an activity peak. (C) Plot of the relative intracellular Ca2+

intensity levels over time from fused neurons 1 and 2 of (A). (D) Detail of one of the intracellular Ca2+ peaks plotted in (C). (E) Plot of the relative intracellular Ca2+ intensity
levels over time from nonfused neurons 1 and 2 of (B). (F) Detail of one of the intracellular Ca2+ peaks plotted in (E). (G and H) Scatterplot of Pearson’s correlation
coefficient for the intracellular Ca2+ intensity levels of fused neurons (G) and nonfused neurons (H) of traces in (D) and (F), respectively. (I) Quantification of the
average Pearson correlation (s) for the intracellular Ca2+ peaks from nonfused (empty) and fused (p15) neurons. (J) Images of two fused-but-inactive hippocampal
neurons (neuron 1 and neuron 2) next to a nonfused active neuron (neuron 3). (K) Plot of the relative intracellular Ca2+ intensity levels of the fused neurons 1 and 2
and the nonfused neuron 3, from (J). Note the absence of intracellular Ca2+ peaks detected in neurons 1 and 2. (L) Percentage of inactive fused neurons. Data in (I) are
means ± SEM. n = 147 Ca2+ peaks in nonfused (empty) and n = 318 Ca2+ peaks in fused (p15) neurons. Data in (L) are means ± SEM. All the data are obtained from >25
neurons imaged in five independent experiments. Unpaired two-tailed Welch’s t-test was used in (I). ****P < 0.0001. a.u., arbitrary units.
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with a single infected neuron, even at large distances from their re-
spective cell somas. The neuropathological consequences of virus-
induced neuronal fusion events could underlie the remarkable as-
sociation between herpes simplex virus infection and Alzheimer’s
disease (4), HIV and Parkinson’s disease (61), Epstein-Barr virus
and multiple sclerosis (62), and Zika virus or Japanese encephalitis
virus with epileptic seizures (3, 63). An important consideration
that emerges from our results is that fused neurons remain viable
albeit with altered circuitry and function. This uncharacterized, dif-
ficult-to-detect event could explain some of the neurological conse-
quences of viral infections of the nervous system.

Most of the current immunization approaches for COVID-19
are based on expressing the spike S protein in the host cells as an
epitope to trigger the immune system response (64). These
nucleic acid-based vaccines deliver the antigen encoded as
mRNA, such as in the Pfizer-BioNTech BNT162b2 and the
Moderna mRNA-1273 vaccines (65), or as adenovirus-enclosed
DNA, such as in the Oxford-AstraZeneca ChAdOx1 nCoV-19/
AZD1222 (66) and Johnson& Johnson Ad26.COV2.S (39) vaccines.
The current versions of the Moderna, Pfizer-BioNTech, and
Johnson & Johnson SARS-CoV-2 vaccines encode the full-length
spike S protein with two mutations (spike S-2P) that stabilize the
prefusion conformation and inactivate its fusogenicity (39, 64, 67,
68). We used this same mutant form of spike S-2P as a negative
control, demonstrating the complete lack of fusogenicity when
two consecutive prolines were added at positions 986 and 987.
However, our findings demonstrate that it will be critical to consider
the fusogenic potential when designing any future vaccines in
which viral fusogens are to be expressed in mammalian cells.

MATERIALS AND METHODS
Molecular biology
Standard molecular biology methods were used. The p15 DNA se-
quence was obtained from the National Center for Biotechnology
Information (www.ncbi.nlm.nih.gov/gene/). The plasmid was
then designed using the software “A Plasmid Editor,” and the
insert was generated by Integrated DNA Technologies. The Pmec-
4::p15 plasmid was constructed by subcloning p15 between Msc I
and Nhe I. The CMV::p15 plasmid was generated by subcloning
p15 into the pmaxCloning vector (Lonza, no. VDC-1040)
between Hind III and Not I. The CMV::p15Δ21/22 plasmid was
generated as previously described (36) by deletion of the amino
acids 21 and 22 of the N terminus of the transmembrane domain.
The CMV::SARS-CoV-2–S-2P plasmid was generated by introduc-
ing two prolines at the 986 (K986P) and the 987 (V987P) positions
of the SARS-CoV-2–S gene of the pCMV14-3X-Flag–SARS-CoV-2
S plasmid. Mutations were generated using the QuikChange II Site-
Directed Mutagenesis Kit (p15Δ21/22 forward primer, 5′-
CCACCGCCAAATGCTTTTGTTGAAAGCAGTTCTACTG-3′;
p15Δ21/22 reverse, primer 5′-CAGTAGAACTGCTTTCAA-
CAAAAGCATTTGGCGGTGG-3′; SARS-CoV-2–S-2P forward,
plasmid 5′-CCTGAGTCGCCTTGATCCGCCGGAAGCT-
GAAGTTC-3′; and SARS-CoV-2–S-2P reverse plasmid, 5′-
GAACTTCAGCTTCCGGCGGATCAAGGCGACTCAGG-3′).
Positive clones were confirmed by Sanger sequencing. The Kaede-
N1 plasmid was a gift from M. Davidson (Addgene, plasmid no.
54726; http://n2t.net/addgene:54726; RRID:Addgene_54726) (69).
The mito-mPA-GFP plasmid was a gift from R. Youle (Addgene,

plasmid no. 23348; http://n2t.net/addgene:23348; RRID:Addg-
ene_23348) (70). The mito-7-mPA-mCherry1 plasmid was a gift
from M. Davidson (Addgene, plasmid no. 57189; http://n2t.net/
addgene:57189; RRID:Addgene_57189) (71). The pCMV14-3X-
Flag-SARS-CoV-2 S plasmid was a gift from Z. Qian (Addgene,
plasmid no. 145780; http://n2t.net/addgene:145780; RRID:Addg-
ene_145780) (37). The pcDNA3.1-SARS2-Spike plasmid was a
gift from F. Li (Addgene, plasmid no. 145032; http://n2t.net/
addgene:145032; RRID:Addgene_145032) (72). The SARS-CoV-2
S-6P plasmid was a gift from J. McLellan (Addgene, plasmid no.
154754; http://n2t.net/addgene:154754; RRID:Addgene_154754)
(40). The pcDNA3.1-hACE2 plasmid was a gift from F. Li
(Addgene, plasmid no. 145033; http://n2t.net/addgene:145033;
RRID:Addgene_145033) (72).

Animal ethics and mouse strains
All experimental procedures using animals were conducted under
the guidelines of the Australian Code of Practice for the Care and
Use of Animals for Scientific purposes and were approved by the
University of Queensland Animal Ethics Committee (2019/
AE000243) or the Macquarie University Animal Ethics Committee
(2021/018). WT (C57BL/6 background) mice were maintained on a
12-hour light/12-hour dark cycle and housed in a PC2 facility with
ad libitum access to food and water.

Culture of cell lines
Human embryonic kidney (HEK) 293T cells (American Type
Culture Collection; 293T/17, ATCCCRL-11268) were cultured in
a humidified atmosphere at 37°C with 5% CO2 and maintained in
Dulbecco’s modified Eagle’s medium (DMEM; Gibco–Thermo
Fisher Scientific) supplemented with 10% fetal bovine serum
(Gibco–Thermo Fisher Scientific), 1× GlutaMAX (Gibco–Thermo
Fisher Scientific), and penicillin (100 U/ml)–streptomycin
(100 μg/ml; Sigma-Aldrich–Merck). Vero E6 cells expressing
TMPRSS2 were cultured in the same medium as the
HEK-293T cells supplemented with puromycin (30 μg/ml;
Sigma-Aldrich–Merck). Cells were transfected using the
Lipofectamine LTX reagent according to the manufacturer’s in-
structions (Invitrogen–Thermo Fisher Scientific).

Murine neuronal culture
Primary hippocampal neurons were obtained from mice at embry-
onic day 16. Isolated hippocampi were prepared as previously de-
scribed (73, 74). Briefly, 250,000 neurons were plated onto poly-L-
lysine–coated 35-mm glass-bottom dishes (In Vitro Scientific) in
Neurobasal medium (Gibco) supplemented with 5% fetal bovine
serum (HyClone), 2% B-27, 2 mMGlutaMAX, and penicillin/strep-
tomycin (50 U/ml; Invitrogen). The medium was changed to
serum-free/antibiotic-free medium 24 hours after seeding, and
half the medium was changed every week.

hESC-derived neurons
hESC-derived cortical neurons were differentiated from hESCs (H9,
WIC-WA09-MB-001; WiCell) using a modification of a previously
published protocol (75). Briefly, the hESCs were maintained onMa-
trigel (#354230; Corning) in Essential 8 medium (#A1517001; Life
Technologies). hESCs were dissociated with Accutase (#AT-104-
500; Innovate Cell Technologies) at 37°C for 1 min and seeded on
AggreWell 800 (#34815; STEMCELL Technologies) in Essential 8

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Martínez-Mármol et al., Sci. Adv. 9, eadg2248 (2023) 7 June 2023 9 of 14

http://www.ncbi.nlm.nih.gov/gene/
http://n2t.net/addgene:54726
http://n2t.net/addgene:23348
http://n2t.net/addgene:57189
http://n2t.net/addgene:57189
http://n2t.net/addgene:145780
http://n2t.net/addgene:145032
http://n2t.net/addgene:145032
http://n2t.net/addgene:154754
http://n2t.net/addgene:145033


medium with ROCK inhibitor Y-27632 (10 μM, #72308, STEM-
CELL Technologies). After 24 hours, spheroids were collected and
transferred into ultralow-attachment plates (#CLS3471; Sigma-
Aldrich) with Essential 6 medium (#A1516401; Life Technologies)
containing dorsomorphin (2.5 μM; #P5499, Sigma-Aldrich), SB-
431542 (10 μM; #1614, Tocris) and cultured until day 13. The spher-
oids were then collected and placed into Matrigel (Corning)–coated
six-well plates with DMEM/F12 (#11330057; Thermo Fisher Scien-
tific), supplemented with 1× N2 (#17502048; Thermo Fisher Scien-
tific). The resultant neural progenitor cells were passaged until day
30 and then replated on poly-L-lysine–coated (10 μg/ml; #P2636;
Sigma-Aldrich) and laminin-coated (20 μg/ml; #23017015;
Thermo Fisher Scientific) plates and maintained in Neurobasal
medium (#21103049; Thermo Fisher Scientific) supplemented
with B-27 (Thermo Fisher Scientific), GlutaMAX (#35050061;
Thermo Fisher Scientific), brain-derived neurotrophic factor
(BDNF; #78133; STEMCELL Technologies), ascorbic acid (200
μM; #72132; STEMCELL Technologies), GDNF (20 ng/ml;
#78139.1, STEMCELL Technologies), and cyclic adenosine mono-
phosphate (1 μM; #A6885; Sigma-Aldrich) up to 50 days.

Brain organoids
hESC-derived brain organoids were produced as previously report-
ed (76). Briefly, hESCs were incubated with Accutase (#AT-104-
500; Innovate Cell Technologies) at 37°C for 1 min. Dissociated
single cells were seeded on AggreWell 800 (#34815, STEMCELL
Technologies). One thousand single cells were added per well in Es-
sential 8 medium supplemented with 10 μM ROCK inhibitor Y-
27632 and centrifuged at 100g for 3 min. The AggreWell 800
plates were incubated at 37°C and 5% CO2. After 24 hours, the or-
ganoids were transferred into ultralow-attachment 60ɸ dishes
(#CLS3261, Sigma-Aldrich) in Essential 6 medium supplemented
with 2.5 μM dorsomorphin, 10 μM SB-431542, and 2.5 μM XAV-
939 (#3748, Tocris). The medium was changed every day for 5 days.
On day 6, the medium was changed into Neurobasal A (#10888;
Thermo Fisher Scientific) containing GlutaMAX (#35050;
Thermo Fisher Scientific) and B-27 without vitamin A (#12587;
Thermo Fisher Scientific). The medium was supplemented with
epidermal growth factor (20 ng/ml; #236-EG; R&D Systems) and
basic fibroblast growth factor (20 ng/ml; #233-FB; R&D Systems)
until day 24, when it was switched to Neurobasal A medium con-
taining GlutaMAX and B-27 without vitamin A and supplemented
with BDNF (20 ng/ml) and neurotrophin-3 (20 ng/ml; #78074;
STEMCELL Technologies) until day 43. Last, the medium was
changed to Neurobasal A containing GlutaMAX and B-27
without vitamin A. For the viral labeling of brain organoid
neurons, the adenovirus (AAV) hSyn-eGFPwere constructed as pre-
viously described (77). Viral transduction was performed on 43 to
50 DIV organoids in ultralow-attachment 96-well plates (Corning)
using 5 × 1011 titers of virus and exchanging the medium after 3
days. Transduced organoids were maintained for 10 additional
days before SARS-CoV-2 infection.

SARS-CoV-2 preparation and infection
SARS-CoV-2 isolate hCoV-19/Australia/QLD02/2020 (QLD02)
(used as the original ancestral virus) was provided by Queensland
Health Forensic and Scientific Services, Queensland Department
of Health. The virus was amplified in Vero cells expressing
human TMPRSS2 (hTMPRSS2) and titrated by plaque assay. To

evaluate the neuronal fusogenicity of SARS-CoV-2, 2D neuronal
cultures were inoculated with 2 × 105, 2 × 103, or 20 PFUs or
were mock-infected with control culture media, resuspended in
neuronal culture medium, and incubated at 37°C until fixation
(30 min) with paraformaldehyde [4% in phosphate-buffered
saline (PBS)] 72 hours later. 3D hESC-derived brain organoids
were inoculated with 2 × 104 PFUs or were mock-infected, all resus-
pended in brain organoid culture medium and incubated at 37°C
until fixation (30 min) with paraformaldehyde (4% in PBS) 72
hours later. All experiments involving live SARS-CoV-2 and
SARS-CoV followed the approved standard operating procedures
in the Biosafety Level 3 facility from the School of Chemistry and
Molecular Biosciences at the Faculty of Science of The University
of Queensland.

Electroporation and transfection
When required, murine neurons were electroporated using the In-
vitrogen Neon transfection system (#MPK1025, Thermo Fisher Sci-
entific) following the manufacturer ’s instructions. Briefly,
immediately after dissection, isolated neurons were washed twice
in Ca2+-Mg2+–free PBS and resuspended in buffer R containing 1
to 2 μg of the DNA to electroporate. The conditions for the electro-
poration were as follows: voltage, 1500 V; width, 10 ms; and three
pulses. Alternatively, the neurons were transfected after 7 to 12 DIV
using the Lipofectamine 2000 (#11668027, Invitrogen) reagent as
previously described (73). Following the manufacturer’s instruc-
tions, human neurons were transfected with Lipofectamine 3000
(#L3000015, Thermo Fisher Scientific) and 1.6 μg of plasmid
DNA at 40 to 50 DIV; human brain organoids were transfected
with Lipofectamine 3000 and 2.4 μg of plasmid DNA at 43 to 50
DIV. The transfection medium was replaced after 24 hours.

C. elegans strain maintenance, genetic crosses, and
manipulation
Standard techniques were used for C. elegans maintenance, genetic
crosses, and manipulations (78). Experiments were performed on
hermaphrodite animals grown at room temperature (~22°C) on
nematode growth medium plates, seeded with OP50 Escherichia
coli. Transgenic strains generated during this study were obtained
by standard microinjection techniques (79) and include vdEx1266
[Pmec-4::p15; 5 ng/μl], vdEx1268 [Pmec-4::p15; 5 ng/μl]; vdEx1417
[Pmec-4::p15Δ21/22; 15 ng/μl], vdEx1487 [Pmec-4::p15Δ21/22; 5
ng/μl], and vdEx1489 [Pmec-4::p15Δ21/22; 5 ng/μl]. All injection
mixes had a total concentration of 100 ng/μl and contained the
transgene of interest, empty pSM plasmid as a filler, and a co-injec-
tion marker for the identification of transgenic animals. As the cell
cycle transfer of extrachromosomal arrays (vdEx) is unstable, some
animals lose the transgene. This provides an internal control for
each transgenic strain, with these controls being referred to as “non-
transgenic siblings” or transgene (−).

Murine brain AAV transduction and brain histochemistry
AAV expressing either eGFP alone (control) or eGFP and the viral
fusogen p15 under the hSyn promoter were stereotactically injected
at the level of the cortex (2 mm posterior to bregma, 2 mm bilateral
to midline, and 0.8 mm deep) and the hippocampus (2 mm poste-
rior to bregma, 2 mm lateral to midline, and 2 mm deep) of adult
WT mice (11 weeks old). Control and p15-injected animals were
randomly divided into two groups based on the duration of the
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transduction, and brains were processed either 7 or 14 days after
infection. Briefly, mice were anesthetized and transcardially per-
fused with cold PBS. Brains were then removed, post-fixed with
4% (w/v) paraformaldehyde (PFA) in PBS overnight, and cryopro-
tected with 30% (w/v) sucrose in PBS overnight. Frozen brains were
cryosectioned at 80 μm; they were permeabilized with 0.5% (v/v)
Triton X-100 (#X100; Sigma-Aldrich) in PBS for 30 min and
blocked in 5% (w/v) BSA (#A7906; Sigma-Aldrich), 1% horse
serum (#26050070; Thermo Fisher Scientific), and 0.1% (v/v)
Triton X-100 overnight. The brains were then incubated with
primary antibodies to GFP (#ab290; Abcam) and NeuN (#ab091;
Merck/MilliporeSigma) at 4°C for 3 days. Following PBS washing,
they were incubated at 4°C for 2 days with Alexa Fluor–conjugated
secondary antibodies (#A32732 or #A-11039; Thermo Fisher Scien-
tific), and nuclei were counterstained with DAPI (4′,6-diamidino-2-
phenylindole; #D1306; Invitrogen) before being washed with PBS
and prepared for confocal imaging.

Immunofluorescence staining
Murine neurons and cells were fixed with a solution of 4% PFA in
PBS for 10 min. Neurons were rinsed in PBS and permeabilized
with a solution of 0.1% Triton-X-100 in PBS for 10 min. They
were then washed with PBS and incubated in blocking solution
(5% horse serum and 1% BSA in PBS) for 1 hour at room temper-
ature. After blocking, the neurons were incubated with the primary
antibodies to GFP (#AB16901, Merck Millipore), mCherry
(#ab167453, Abcam), NRP1 (#ABIN1173423, Antibodies-online.
com), TMPRSS2 (#ab109131, Abcam), and MAP2 (#188004, Syn-
aptic Systems), diluted in primary antibody solution (1% BSA in
PBS) overnight at 4°C. The antibody anti-TMPRSS2 required an
antigen retrieval step performed after fixation. After incubation
with the primary antibodies, the cells were then washed with PBS
and incubated with the secondary antibodies Alexa Fluor 488
goat anti-chicken (#A-11039, Thermo Fisher Scientific), Alexa
Fluor 555 goat anti-rabbit (#A32732, Thermo Fisher Scientific),
Alexa Fluor 647 goat anti-guinea pig (#A21450, Thermo Fisher Sci-
entific), and DAPI (#62248, Thermo Fisher Scientific) in the sec-
ondary antibody solution (5% horse serum in PBS) for 1 hour at
room temperature. Last, the neurons were washed and mounted
in VECTASHIELD PLUS Antifade mounting medium (#H-2000,
Vector Laboratories). The staining protocol was slightly modified
for human neurons; they were fixed for 5 min, permeabilized
with 0.1% (v/v) Triton-X-100 for 10 min, blocked with 5% (w/v)
BSA (#A9418, Sigma-Aldrich), and stained for MAP2 only. Orga-
noids were fixed with 4% PFA for 30min at room temperature. PBS-
rinsed organoids were permeabilized with 0.5% (v/v) Triton X-100
(#X100; Sigma-Aldrich) in PBS for 30 min and blocked in 5% (w/v)
BSA for 5 hours. The organoids were then incubated with primary
antibodies to MAP2 (#ab5392, Abcam) at 4°C for 3 days. Following
PBS washing, they were incubated with Alexa Fluor–conjugated sec-
ondary antibodies (#A11039 or #A21437, Thermo Fisher Scientific)
at 4°C for 3 days. Nuclei were counterstained with DAPI for 30 min
and washed with PBS before imaging.

Confocal microscopy of fixed samples
Immunofluorescence imaging was carried out using a Zeiss Plan
Apochromat 40×/1.2 numerical aperture (NA) water-immersion
objective on a confocal/two-photon laser scanning microscope
(LSM 710; Carl Zeiss) built around an Axio Observer Z1 body

(Carl Zeiss), equipped with two internal gallium arsenide phos-
phide (GaAsP) photomultiplier tubes (PMTs) and three normal
PMTs for epi (descanned) detection, or using a confocal microscope
(LSM 880, Carl Zeiss) built around an Axio Observer Z1 body (Carl
Zeiss), equipped with two internal gallium arsenide phosphide
(GaAsP) PMTs and three normal PMTs for epi (descanned) detec-
tion. Both systems were controlled by Zeiss Zen Black software.
Images were further processed and analyzed with Fiji-ImageJ
(80). Imaging of organoids and mice brain slices was performed
using a Yokogawa W1 inverted spinning disc confocal controlled
by SlideBook 6.0 software (3I Inc.). Large-field imaging of tissue
sections was performed using a 20×/0.8 NA air objective and a Ha-
mamatsu Flash4.0 scientific complementary metal-oxide semicon-
ductor (sCMOS) camera. High-resolution Z-stacks were performed
using a 63×/1.4 NA oil-immersion objective and a Photometrics
Evolve electron-multiplying charge-coupled device
(EMCCD) camera.

Confocal and epifluorescence live imaging
C. elegans animals were immobilized using 0.05% tetramisole hy-
drochloride on 3.5% agar pads. The animals were imaged with a
Zeiss Axio Imager Z1 microscope equipped with a Photometrics
camera (Cool Snap HQ2) and analyzed using MetaMorph software
(Molecular Devices) and Fiji-ImageJ. Cytoplasmic GFP was visual-
ized with 470/80-nm excitation and 525/50-nm emission filters, and
mitochondria tagged with a monomeric red fluorescent protein
(mRFP) were visualized with 545/25-nm excitation and 605/70-
nm emission filters. Animals were imaged on a spinning-disk con-
focal system (Marianas; 3I Inc.) consisting of an Axio Observer Z1
(Carl Zeiss) equipped with a CSU-W1 spinning-disk head (Yokoga-
wa Corporation of America), an ORCA-Flash4.0 v2 sCMOS camera
(Hamamatsu Photonics), and a 100×/1.4 NA Plan-Apochromat ob-
jective. Image acquisition was performed using SlideBook 6.0 and
processed using Fiji-ImageJ.

A photoactivation assay was performed to demonstrate the ex-
change of mitochondria between fused mammalian neurons. For
live-cell imaging of mito-mPA-GFP diffusion, a UV pulse was
applied on a 10 μm–by–10 μm region of interest (ROI). Before pho-
toactivation, mito-mPA-GFP is not visible as it remains caged (non-
fluorescent). After irradiation with UV light, mPA-GFP irreversibly
photoconverts to a green-emitting fluorescent protein. Photocon-
version resulted in the emergence of green mitochondria that
slowly moved from one neuron to the other along the fusion
bridge. Green images were collected every 5 min; seventy-two
images were acquired after photoconversion, and one last image
was acquired 13 hours later. To identify a bidirectional transfer of
mitochondria between fused neurons, 5 DIV neurons expressing
either spike S, blue fluorescent protein (BFP), and mito-mPA-
mCherry 1 or hACE2, BFP, and mito-mPA-GFP were imaged.
Fused BFP-positive neuronal syncytia were identified by using a
405-nm excitation laser. This identification step also photocon-
verted both mito-mPA-GFP and mito-mPA-mCherry 1, making
them visible and allowing the identification of interchanged mito-
chondria between fused neurons.

Fluorescence photoconversion was used to show the diffusion of
large molecules between fused mammalian neurons. For live-cell
imaging of Kaede diffusion, fusogen/empty vector-Kaede–trans-
fected neurons were bathed in imaging buffer [145 mM NaCl, 5.6
mMKCl, 2.2mMCaCl2, 0.5 mMMgCl2, 5.6mMD-glucose, 0.5mM

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Martínez-Mármol et al., Sci. Adv. 9, eadg2248 (2023) 7 June 2023 11 of 14

http://Antibodies-online.com
http://Antibodies-online.com


ascorbic acid, 0.1% BSA, and 15 mM Hepes (pH 7.4)]. Neurons
were visualized at 37°C on a Zeiss Plan Apochromat 40x/1.2 NA
water-immersion objective on a confocal/two-photon laser scan-
ning microscope (LSM 710; Carl Zeiss). In transfected neurons, a
UV pulse was applied on a 5 μm–by–5 μm ROI. Photoconversion
resulted in the emergence of a spot of red fluorescence that rapidly
diffused through the soma and proximal neurites. Simultaneous
green and red images were collected every 785 ms; five images
were acquired before photoconversion, and 50 images were ac-
quired after photoconversion. Photoconversion and diffusion of
the fluorophore were performed on neurons separated by 25 to
100 μm. In control conditions, UV light was applied first outside
the neuron, 50 μm away from the soma, and then inside the soma.

Ca2+ imaging to visualize spontaneous neuronal activity was per-
formed on differentiated neuronal primary cultures (14 to 18 DIV).
Neurons were transfected with mCherry together with either the
control empty vector or p15 and imaged 3 days later. Neurons
were incubated at 37°C for 2 hours in Neurobasal medium supple-
mented with 2 mM GlutaMAX, 2% B-27, 10 μM Cal-520 AM
(Abcam), and 0.03% Pluronic F-127 (Sigma-Aldrich). Following in-
cubation, neuronal cultures were washed three times, transferred to
imaging buffer, and imaged at 37°C on a Zeiss Plan Apochromat
40×/1.2 NA water-immersion objective on a confocal/two-photon
laser scanning microscope (LSM 710; Carl Zeiss).

Neuron-neuron, neuron-glia, and glia-glia fusion
quantification in mammalian neuronal cultures, human-
derived brain organoids, and murine brain sections
Cell-cell fusion efficiency in neuronal cultures was quantified as the
percentage of transfected neurons (GFP or mCherry) with their
somas within a radius ≤200 μm and that contained simultaneously
both GFP and mCherry. Neuron-neuron fusion was identified as
more than two fused cells that were both positive for MAP2 stain-
ing. Neuron-glia fusion was identified by one of the fused cells being
positive for MAP2. Glia-glia fusion was identified by neither of the
fused cells being positive for MAP2. Neuronal syncytia were quan-
tified as the percentage of interconnected neurons within a distance
≤200 μm. Neuron-neuron fusion in human-derived brain organo-
ids and in murine brain sections was quantified as the percentage of
pairs of transfected neurons that appear as tightly interconnected,
with no gaps between them. In brain tissues, neuronal fusion was
inspected within voxels of 0.01236 mm3. Over 100 voxels through
each brain region (hippocampus or cortex) were analyzed per
animal. Z-stacks of images were deconvolved using Huygens soft-
ware (Scientific Volume Imaging), and the 3D analysis of neuronal
fusion was performed using the 3D viewer plugin from Fiji-ImageJ.

Statistical analysis
Results were analyzed statistically using GraphPad Prism software
(GraphPad Software Inc.). The D’Agostino and Pearson test was
used to test for normality. The unpaired two-tailed nonparametric
Mann-Whitney U test was used for comparison of two groups,
when the data were not normally distributed. The unpaired two-
tailed Welch’s t test was used for comparison of two groups,
when the data were distributed following normality. For datasets
comparing more than two groups, we performed one-way analysis
of variance (ANOVA) Kruskal-Wallis test followed by Dunn’s post
hoc test for multiple comparisons, one-way ANOVA Brown-For-
sythe and Welch tests followed by the Games-Howell’s post hoc

test for multiple comparisons, or two-way ANOVA followed by
Geisser-Greenhouse correction and the Šidák post hoc test for mul-
tiple comparisons. Statistical comparisons were performed on a
per-dish, per-neuron, per–human-derived organoid, or per-
animal basis, depending on the experiment, as stated in the figure
legends. Two to four technical replicate dishes were imaged, and
two to five independent cultures were used per condition. One
hundred to 103 C. elegans nematodes, three mice brains, and
three to eight human-derived organoids were used per condition,
as stated in the figure legends. Each mouse dissection provided
neurons from a pool of at least six different embryos. Values are rep-
resented as means ± SD or means ± SEM. The tests used are indi-
cated in the respective figure legends. A P value below 0.05 was
accepted as significant.
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EVOLUT IONARY B IOLOGY

Genotypes selected for early and late avian lay date
differ in their phenotype, but not fitness, in the wild
Melanie Lindner1,2*, Jip JC Ramakers3, Irene Verhagen4, Barbara M Tomotani1,5,
A Christa Mateman1, Phillip Gienapp6, Marcel E Visser1,2*

Global warming has shifted phenological traits in many species, but whether species are able to track further
increasing temperatures depends on the fitness consequences of additional shifts in phenological traits. To test
this, we measured phenology and fitness of great tits (Parus major) with genotypes for extremely early and late
egg lay dates, obtained from a genomic selection experiment. Females with early genotypes advanced lay dates
relative to females with late genotypes, but not relative to nonselected females. Females with early and late
genotypes did not differ in the number of fledglings produced, in line with the weak effect of lay date on the
number of fledglings produced by nonselected females in the years of the experiment. Our study is the first
application of genomic selection in the wild and led to an asymmetric phenotypic response that indicates
the presence of constraints toward early, but not late, lay dates.
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INTRODUCTION
Anthropogenic global warming has led to drastic changes in the en-
vironment and species must cope with these changes. Many species
use ambient temperature as a cue to match the timing of seasonally
expressed life-history traits to the year-specific environment (1). For
many seasonally reproducing consumer species, ambient tempera-
ture predicts when food resources are plentiful. By using tempera-
ture as a cue, consumer species can match the timing of offspring
provisioning with the timing of maximum food resource abun-
dance. In many systems, however, consumer and resource species
differ in how strongly they respond to increasing temperatures (2,
3). They might differ in temperature sensitivity per se (i.e., the
number of days phenology shifts per 1°C in temperature change)
and/or in the time period at which they are temperature sensitive,
and the temperature in these time periods may change at different
rates (4). This way, increasing temperatures can uncouple the
timing of offspring provisioning from the timing of maximum
food resource abundance, leading to a phenological mismatch
between consumer and resource species with potentially severe con-
sequences on reproductive success of the consumer species (5). The
poster child example for this in evolutionary ecology is the pheno-
logical mismatch between great tits (Parus major) and their cater-
pillar prey (6–8). In this system, the match between the food
demands of great tit young and caterpillar biomass abundance is
a strong selection pressure on first egg laying date (hereafter lay
date). Hence, an advancement in the phenology of caterpillar
biomass without a concomitant advancement in lay dates and
thus chick rearing period is expected to negatively affect the

reproductive success of great tits (6) and population stability in
the long run (7, 9).

Quantitative genetic studies have long used data from individu-
al-based long-term study populations to estimate the strength of di-
rectional selection and the magnitude of additive genetic variation
underlying focal traits to predict the potential for a microevolution-
ary response to selection (10, 11). Despite many examples of direc-
tional selection [e.g., (11–15)], microevolutionary responses to
selection in the wild that match the expectations based on estimates
of quantitative genetic studies are rare (16) and often populations
are in so-called evolutionary stasis (16). There are potential statisti-
cal and biological explanations for why this might be the case (17),
and one of them is that we might not know whether the predicted
response would indeed lead to an increased fitness if predicted re-
sponses lie outside the currently observed distribution. In other
words, we have no data to estimate the fitness consequences of
these shifted trait values and cannot assess whether the predicted
response to directional selection would have positive or negative
consequences for fitness.

For great tit populations, which are phenologically mismatched
with their main food resource for chick feeding, a directional mean
shift in phenotypes does not necessarily result in higher fitness (5).
In one scenario, early lay dates that reduce the phenological mis-
match between offspring provisioning and maximum food abun-
dance are expected to have higher reproductive success when the
phenological mismatch is the main selection pressure, i.e., fitness
is maximized with a reduced mismatch [figure 1 in (5)]. Then, a
phenological mismatch is considered true mistiming between con-
sumer and resource species. In an alternative second scenario, other
ecological variables, in addition to the match between consumer
and resource phenology, are important determinants of fitness
(5). For example, poor environmental conditions in early spring,
such as cold temperatures and limited food resources, might lead
to high fitness costs (e.g., increased mortality) for females that
attempt to breed early enough to reduce the phenological mismatch.
With these additional fitness components in place, the phenotype
that maximizes fitness might maintain (a certain degree of) the phe-
nological mismatch [figure 2 in (5)]. Then, the phenological
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mismatch is considered an adaptive mismatch between consumer
and resource species. Only when earlier phenotypes have increased
fitness (i.e., the phenological mismatch constitutes true mistiming;
first scenario), do we expect to see a shift in the distribution of trait
values as a response to directional selection [figure 4 in (17)]. We,
however, lack sufficient data at the very ends of the current lay date
distribution to test whether a phenological mismatch constitutes
mistiming (if earlier females with a reduced phenological mismatch
had higher fitness) or an adaptive mismatch (if earlier females had
lower fitness than females that retain a certain degree of the pheno-
logical mismatch).

Understanding the evolutionary consequences of a phenological
mismatch requires to move phenotypes toward earlier lay dates in
the wild and assess the fitness consequences. To directionally push
phenotypes toward earlier or later lay dates, some kind of experi-
mental manipulation is needed. It has, however, proven challenging
to perform “clean”manipulations of avian breeding time in the wild
(18). Methods that previously attempted to manipulate lay dates
constitute manipulations on the phenotypic level, such as the expo-
sure to a single long day (19), manipulation of photoperiod percep-
tion (20), a leptin implant treatment (21), or the use of
supplemental food in the time before laying (22). These manipula-
tions either failed to advance lay dates or are known to induce a bias
in reproductive success as a consequence of the manipulation.
Hence, these methods are unsuitable for estimating the fitness com-
ponents of advanced lay dates, but see (23) for a successful popula-
tion-specific phenotypic manipulation of lay dates.

Genomic selection offers a previously unexplored approach to
induce directional shifts in lay dates of seasonally breeding birds
that have genomic breeding values (GEBVs) for extremely early
and late lay dates (24). In contrast to traditionally applied proce-
dures for artificial selection, where one selects on the expressed phe-
notype or breeding values (BVs) estimated using pedigree-based

relatedness, genomic selection is based on GEBVs, the additive
effect of an individual’s genotype on the phenotype relative to the
population mean phenotype estimated using genomic approaches
(25). Calculating GEBVs for a wild bird species allowed us to
follow females, which are expected to have extremely early or late
lay dates based on their GEBVs, throughout their lifetime. This
way, the fitness consequences of individuals that are expected to
have extremely early and late lay dates can be assessed while differ-
entiating between (i) the fitness costs in the time from fledging to
first-time recruitment and first egg lay date and (ii), if a female suc-
ceeds to recruit, the fitness benefits in the form of lifetime reproduc-
tive success. While genomic selection via GEBVs is a powerful tool
for artificial selection commonly applied in animal and plant breed-
ing (26) and its potential for studies in the wild has been acknowl-
edged (25), we are currently not aware of any study in which
genomic selection has been used in this way. Note, however, that
GEBVs have previously been estimated in a wild population (27).
This lack of application is likely explained by limitations in
sample size and statistical power, as a large number of individuals
genotyped at a sufficient marker density is required. These limita-
tions are especially relevant for phenological traits that generally
have low heritability [~0.2 for lay dates in our study population
(24)] and might require a training population with a sample size
of thousands.

Here, a training population of >2000 great tit females from a
long-term study population at the Hoge Veluwe National Park
(The Netherlands) with known lay dates and genotyped at
>500,000 single-nucleotide polymorphisms (SNPs) was used to es-
timate GEBVs using the “genomic best linear unbiased prediction”
(GBLUP) approach (24, 28). GEBVs were used as the criterion for
the selection procedure in such a way that birds with extremely neg-
ative and positive GEBVs were selected for the early and late selec-
tion lines for lay date. A detailed description of the selection
procedure can be found in (29), and a short description can be
found in Materials and Methods. We bred F3 generation breeding
pairs of the early and late selection line from 2017 to 2019 and
moved the F4 generation eggs they laid into the Hoge Veluwe
study population. In the following year(s), we identified and mon-
itored any selection line females of the F4 generation that recruited
into the study population as breeding bird to record the realized lay
dates and assess the fitness consequences.

RESULTS
Phenotypic response to genomic selection in the wild
Lay date
We recorded the lay dates of female selection line recruits at the
local study population in the years 2018 to 2020 to test whether
genomic selection for early and late lay dates translated into a phe-
notypic response in the wild. In total, 936 F4 selection line eggs pro-
duced by F3 selection line breeding pairs in aviaries were introduced
into the wild study population at the Hoge Veluwe of which <20
females locally recruited as breeding birds. Female recruits from
the early selection line (n = 8) had earlier lay dates than female re-
cruits from the late selection line (n = 9) (posterior mean difference
in standardized lay dates (late-early): 1.06, 89% credible interval:
0.30;1.81, Fig. 1A and tables S1 and S2) when a potential outlier ob-
servation was removed (see text S5 for a formal outlier analysis and
fig. S11). The finding did not change when the outlier remained

Fig. 1. Posterior predictions of standardized lay dates. (A) Posterior means of
mean-standardized lay dates with 89% credible interval for female recruits form
the early (yellow, n = 8) and late (blue, n = 9) selection line (posterior mean differ-
ence in standardized lay dates (late-early): 1.06; 89% credible interval: 0.30;1.81).
The crossed-out data point indicates an outlier female that was removed from the
data before analysis (see text S5 for a formal outlier analysis). (B) Posterior distribu-
tion of mean-standardized lay dates for female recruits from the early (yellow) and
late (blue) selection line and for local female recruits (dark gray, n = 433) [posterior
mean difference in standardized lay dates (local-early): 0.24, 89% credible interval:
−0.31;0.80; posterior mean difference in standardized lay dates (local-late): −0.82,
89% credible interval: −1.34;−0.29]. The posterior mean of standardized lay dates
for local female recruits is shown as vertical dashed line. Lay date observations
were standardized as z scores using a year-specific SD of 3.26, 5.45, and 4.82
days for 2018, 2019, and 2020, respectively.
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included (fig. S12). The posterior mean difference in standardized
lay dates translated into a mean difference in lay dates of 3.45 (2018),
5.77 (2019), and 5.10 (2020) days. As lay dates were standardized,
the posterior distribution of standardized lay dates for nonselection
line female recruits (hereafter local female recruits; n = 433) was
centered at zero (posterior mean of standardized lay dates: 0.00,
89% credible interval: −0.08;0.08; Fig. 1B and tables S1 and S2).
While we did not succeed to advance the lay dates of female recruits
from the early selection line relative to the lay dates of local female
recruits [posterior mean difference in standardized lay dates (local-
early): 0.24, 89% credible interval: −0.31;0.80], we succeeded to
delay the lay dates of female recruits from the late selection line rel-
ative to lay dates of local female recruits [posterior mean difference
in standardized lay dates (local-late): −0.82, 89% credible interval:
−1.34;-0.29, Fig. 1B and tables S1 and S2]. This interpretation is also
supported by the posterior distribution of standardized lay dates for
female recruits from the early and late selection line (posterior mean
of standardized lay dates for female recruits from the early selection
line: −0.24, 89% credible interval: −0.79;0.31; posterior mean of
standardized lay dates for female recruits from the late selection
line: 0.82, 89% credible interval: 0.30;1.34; Fig. 1A and tables S1
and S2). Hence, the genomic selection experiment for early and
late lay dates led to a somewhat asymmetric phenotypic response
in the wild (Fig. 1B). However, there is no difference between the
selection lines in their phenotypic response relative to local
female recruits (posterior mean of difference in standardized lay
dates relative to local females between selection lines: 0.57, 89%
credible interval: −0.20;1.35; tables S1 and S2).
Phenological mismatch
We assessed whether the difference in lay date between female re-
cruits from the early and late selection line (Fig. 1) translated into a
difference in phenological mismatch, i.e., the difference in days
between the expected chick rearing period and the period of
maximum caterpillar biomass availability. Female recruits from
the early selection line (n = 8) showed a reduced phenological mis-
match relative to female recruits from the late selection line (n = 9)
[posterior mean difference in standardized phenological mismatch
(late-early): 1.90, 89% credible interval: 0.44;3.38; Fig. 2 and tables
S3 and S4]. The phenological mismatch of female recruits from
either selection line did not differ from the phenological mismatch
of local female recruits, with a posterior mean difference in stan-
dardized phenological mismatch of 0.93 (local-early) (89% credible
interval: −0.17;2.02) and −0.97 (local-late) (89% credible interval:
−2.02;0.07; Fig. 2 and tables S3 and S4) for female recruits from
the early and late selection line, respectively. For local female re-
cruits (n = 433), the number of days of the phenological mismatch
differed between years (fig. S1 and tables S5 and S6). While females
were on average mismatched by 13.38 days in 2018 (89% credible
interval: 12.70;14.05) and 9.74 days in 2020 (89% credible interval:
9.17;10.31), they were, on average, better matched in 2019 with a
negative mismatch of 2.62 days (89% credible interval:
−3.22;-2.02; tables S5 and S6), i.e., they laid, on average, 2.62 days
too early rather than too late.

Consequences of genomic selection for fitness in the wild
To test for fitness differences between lines we analyzed the first-
year survival of selection line fledglings [in the form of (i) mortality
before laying and (ii) probability to locally recruit as a breeding bird
and (iii) lifetime number of fledglings produced when recruited].

We then estimated the (iv) total fitness of selection line fledglings
as the product of their local recruitment probability and the lifetime
number of fledglings produced.
Consequences of genomic selection on mortality
before laying
One proxy for survival is the potentially selective disappearance of
early selection line females before their first breeding event. This
selective disappearance might arise as a consequence of higher mor-
tality risk for females that attempt to breed early, when the environ-
ment makes it challenging to produce eggs at that time [i.e., second
scenario (5)]. For this, we tested whether early selection line females
were less likely than late selection line females to recruit into the
local study population as a breeding bird when females were iden-
tified in late winter [n = 7 (early) and n = 15 (late)] or during nest
building in early spring [n = 13 (early) and n = 16 (late)]. We did not
find any difference between early and late selection lines females in
local recruitment probability irrespectively of whether females were
identified in January or early spring (figs. S2 and S3 and tables S7 to
S10). This analysis, however, is limited by low statistical power.
Consequences of genomic selection on local recruitment
probability
Another proxy for survival is the local recruitment probability [i.e.,
the probability that a fledgling survives to locally breed the following
year(s)], for which we did not find a difference between early (n =
318) and late (n = 331) selection line fledglings [posterior mean dif-
ference (late-early): −0.005, 89% credible interval: −0.035;0.026;
Fig. 3A and tables S10 to S12] or between selection line fledglings
and nonselection line fledglings (hereafter local fledglings; n =
1675) [posterior mean difference (local-early): −0.018, 89% credible
interval: −0.044;0.005; posterior mean difference (local late):
−0.014, 89% credible interval: −0.038;0.009; tables S10 to S12].
Overall, local recruitment probability of local fledglings was low at
the study site and showed a decrease throughout spring and an in-
crease with fledgling weight (Fig. 3B and table S10), in line with the
expectation that birds that fledge early and are heavier at the time of
fledging are more likely to recruit (30).

We moved the F4 selection line eggs in mixed-selection line
broods from the aviaries into the Hoge Veluwe study site. With
this, we aimed to rear selection line individuals in a common envi-
ronment in which early and late selection line individuals did not
differ in their realized hatch date and subsequent fledging date. We
formally tested this assumption and, indeed, did not find a differ-
ence in fledging date between early and late selection line fledglings
[posterior mean difference in standardized fledging date (late-
early): 0.074; 89% credible interval: −0.010;0.158; fig. S4 and
tables S13 and S14]. Hence, our experimental design removed any
differences between selection lines that, e.g., might arise as a conse-
quence of the maternal lay date (i.e., the lay date of F3 selection line
females in the aviaries) and, in turn, might induce a bias in local
recruitment probability.

We, furthermore, tested for a difference in the fledgling weight of
early and late selection line fledglings, which might be a correlated
response to genomic selection for lay date. We found that early se-
lection line fledglings were lighter than late selection line fledglings
[posterior mean difference in standardized fledgling weight (late-
early): 0.10, 89% credible interval: 0.01;0.18; fig. S5 and tables S15
and S16]. Moreover, early selection line fledglings were lighter than
local fledglings [posterior mean difference in standardized fledgling
weight (local-early): 0.16; 89% credible interval: 0.09;0.23; tables S15
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and S16], while there was no difference in fledgling weight between
late selection line fledglings and local fledglings [posterior mean dif-
ference in standardized fledgling weight (local-late): 0.06, 89% cred-
ible interval: −0.00;0.13; tables S15 and S16].

As we can only calculate the consequences of genomic selection
on total fitness for females and not for males (and hence need to
propagate sex-specific posterior distributions for local recruitment
probability; see the “Consequences of genomic selection on repro-
ductive success” section), we estimated the sex-specific local recruit-
ment probability for selection line fledglings using 159 early and
167 late female selection line fledglings as well as 158 early and
164 late male selection line fledglings. There was no difference in
the local recruitment probability between selection lines, sexes, or
their interactions (tables S17 and S18).
Consequences of genomic selection on reproductive success
To assess reproductive success, we used the lifetime number of
fledglings produced by female selection line recruits, i.e., female se-
lection line fledglings that recruited into the local study population
and were identified as a breeding bird, as a proxy for reproductive
success. The reported difference in lay date (Fig. 1) and phenolog-
ical mismatch (Fig. 2) between female selection line recruits from
the early (n = 8) and late (n = 9) line did not translate into a differ-
ence in reproductive success [posterior mean difference in the stan-
dardized lifetime number of fledglings produced (late-early): 0.31;
89% credible interval: −0.53;1.15; Fig. 4A and tables S19 and S20].
This, however, is in line with the overall weak effect of lay dates on
the lifetime number of fledglings produced by local female recruits
(n = 254) at the study population in the years of the experiment
(posterior mean: −0.13, 89% credible interval: −0.25;0.00; Fig. 4B
and tables 21 and S22). Moreover, the quality of fledglings produced
did not differ between female recruits from the early (n = 61) and
late (n = 68) selection line in terms of fledgling weight, tarsus length,
and third primary (P3) length (figs. S6 to S8 and tables S23 to S28).

In addition to assessing differences in reproductive success, we
tested whether female recruits from the early and late selection
line differed in other aspects that have potential effects on reproduc-
tive success. However, female recruits from the early and late selec-
tion line did not differ in their daily energy expenditure during
chick feeding or daily chick feeding frequency (figs. S9 and S10
and tables S29 to S32). Overall, female recruits from the early and
late selection line did not differ in reproductive success when the
lifetime number of fledglings produced was used as a proxy for re-
productive success.
Consequences of genomic selection on total fitness
Females from the selection lines for early and late avian lay date did
not differ in their total fitness, when the total fitness was defined as
the product of the local recruitment probability of female selection
line fledglings and the lifetime number of fledglings produced by
female selection line recruits (table S32). Overall, genomic selection
for avian lay date did not lead to any fitness consequences in the
wild in the years we performed the experiment.

DISCUSSION
Whether species will be able to cope with global warming-induced
changes to their environment depends on how well they can adapt
to these new environmental conditions, for instance, by shifting
their phenology (2, 3). We, however, lack sufficient data at the
very end of the current lay date distribution, making it impossible
to estimate whether a further advancement of lay dates would
indeed lead to an increase in fitness, i.e., is selected for. We used
the Dutch great tit long-term study population at the Hoge
Veluwe National Park with the aim to induce directional shifts in
the currently observed distribution of lay dates, without inducing
a bias in the fitness measurement, as is often the case for phenotypic
manipulations (see Introduction). For this, we aimed to create birds

Fig. 2. Posterior predictions of standardizedmismatch. Posterior distribution of
mean-standardized mismatch for female recruits from the early (yellow, n = 8) and
late (blue, n = 9) selection line and for local female recruits (dark gray, n = 433)
[posterior mean difference in standardized phenological mismatch (late-early):
1.90, 89% credible interval: 0.44;3.38; posterior mean difference in standardized
phenological mismatch (local-early): 0.93, 89% credible interval: −0.17;2.02; poste-
rior mean difference in standardized phenological mismatch (local-late): −0.97,
89% credible interval: −2.02;0.07]. The vertical dashed line indicates the lay date
that corresponds to the lay date that results in a perfectly matched phenology.
Mismatch was standardized as z scores using a year-specific SD of 3.26, 5.45,
and 4.82 days for 2018, 2019, and 2020, respectively.

Fig. 3. Posterior predictions of local recruitment probability. (A) Posterior
means of mean local recruitment probability with 89% credible interval for early
(yellow, n = 318) and late (blue, n = 331) selection line fledglings [posterior mean
difference (late-early): −0.005, 89% credible interval: −0.035;0.026]. (B) Mean local
recruitment probability of early (yellow) and late (blue) selection line fledglings in
comparison to local fledglings (black/gray, n = 1675). For selection line fledglings,
vertical locations of filled circles and error bars correspond to the posterior means
of local recruitment probability with 89% credible interval, and horizontal location
of filled circles and error bars correspond to mean-standardized April date at d15
with 89% credible interval. For local fledglings, the black line and gray shaded area
represent the posterior mean of local recruitment probability over standardized
April dates at d15 with 89% credible interval. April dates were standardized as z
scores using a SD of 10.29 days.
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with extremely early and late expected lay dates based on their
GEBVs, which would allow us to test for the fitness consequences
of extremely early and late lay dates, including breeding attempt
failure or mortality of females that attempt to lay eggs very early
and under harsh conditions. We obtained birds with extreme phe-
notypes from a genomic selection experiment in which the breeding
pairs were selected on the basis of their GEBVs for lay dates (rather
than lay dates per se) (24, 29). We moved F4 selection line eggs that
were laid in aviaries to the local study population to hatch, fledge,
and recruit there as a breeding female the following year(s). We
found differentiation in lay dates between female recruits from
the early and late selection line, indicating that genomic selection
for lay dates was indeed successful. However, while genomic selec-
tion delayed lay dates relative to the lay dates of local female recruits,
we failed to advance lay dates relative to lay dates of local female
recruits. Although the difference in lay dates between female re-
cruits from the early and late selection line translated into a
reduced phenological mismatch for female recruits from the early
selection line, there was no difference in the lifetime number of
fledglings produced. This was in line with the overall weak effect
of lay date on the lifetime number of fledglings produced by local
female recruits during the same time period.

Genomic selection led to a difference in lay dates in the wild,
showing that the difference in GEBVs for lay dates of female recruits
from the early and late selection line indeed translated into a phe-
notypic response under wild conditions. While we refer to this re-
sponse as asymmetric, because genomic selection delayed lay dates

relative to the lay dates of local female recruits while it failed to
advance lay dates relative to lay dates of local female recruits, it is
important to emphasize that the two selection lines did not statisti-
cally differ in their response to selection. Nevertheless, the pheno-
typic response observed in the wild is in line with the phenotypic
response observed in half-open aviaries, where F3 generation
females from the early and late selection line of the genomic selec-
tion experiment also showed a difference in lay dates (29). More-
over, early selection line females showed a smaller shift in lay
dates over generations (mean lay date in days from 1 April; F1:
13.9 days ±2.5 and F3: 12.6 days ±2.4) than late selection line
females [mean lay date in days from 1 April; F1: 15.9 days ±3.6
and F3: 22.2 days ±3.4; (29)]. However, it is difficult to directly
compare lay dates in the wild with lay dates in aviaries because of
the complex and environment-dependent nature of the trait (31,
32). Nevertheless, the asymmetric shift in lay dates in aviaries,
where ad libitum food is supplied, indicates that food availability
early in spring per se is unlikely to explain the asymmetric response
in lay dates.

The asymmetric response to genomic selection can potentially
be explained by a methodological limitation with regard to the ef-
ficiency of genomic selection. Especially in wild study systems, we
are limited by small sample sizes and statistical power as a large
number of individuals genotyped at a sufficient marker density is
required. These limitations are especially relevant for phenological
traits that generally have low heritability [~0.2 for lay dates in the
local study population; (24)] and might require a sample size of
thousands. Here, a rather large training population of >2000 wild
great tit females with known lay dates and genotyped at >500,000
SNPs was used for estimating GEBVs. However, estimated accuracy
of GEBVs for lay date was moderate [~0.2; (24)] and rather low for
what is normally reported in domesticated species [e.g., dairy cattle
(33) and crop species (34)]. Comparably, low accuracy of GEBVs for
lay dates might be explained by lower sample size than typically
available for domesticated species [>20,000 genotyped individuals;
(34, 35)] and higher number of independently segregating genome
segments (36). Moreover, the experimental design did not include
any replicated lines, which makes it difficult to differentiate any
direct response to genomic selection from genetic drift. On the
basis of a fixation index (Fst) outlier analysis using a method that
supposedly can distinguish drift from selection, we previously es-
tablished a strong response to genomic selection at the genetic
level (29). This indicates that the phenotypic differentiation ob-
served in aviaries and the wild is at least partly a response to the
genomic selection experiment rather than genetic drift alone.

An alternative explanation for the asymmetric phenotypic re-
sponse to genomic selection is the presence of environmental con-
straints early in the breeding season that limit a translation of
GEBVs for early lay dates into early phenotypes. (37). Harsh envi-
ronmental conditions during the energy-intense period of egg pro-
duction can directly affect female condition by reducing female
survival probability (38), decreasing foraging efficiency (39) and in-
creasing energetic costs for the production of eggs (40, 41) or have
carry-over effects on brood success, for example, in the form of
reduced caring capacity during chick feeding (42). Especially, the
direct effects on female condition before egg laying might cause
females, which are genetically primed to have early lay dates, to
fail their breeding attempt and are consequently not recorded as a
local recruit. However, we did not find any indication that early and

Fig. 4. Posterior predictions of the lifetime number of fledglings produced.
(A) Posterior means of the mean-standardized lifetime number of fledglings pro-
duced with 89% credible interval for female recruits from the early (yellow, n = 8)
and late (blue, n = 9) selection line [posterior mean difference in the standardized
lifetime number of fledglings produced (late-early): 0.31; 89% credible interval:
−0.53;1.15]. (B) Mean lifetime number of fledglings produced by female recruits
from the early (yellow) and late (blue) selection line in comparison to the standard-
ized lifetime number of fledglings produced by local female recruits (black/gray, n
= 254). For female selection line recruits, vertical locations of filled circles and error
bars correspond to the posterior mean-standardized lifetime number of fledglings
produced with 89% credible interval, and horizontal location of filled circles and
error bars correspond to posterior mean-standardized lay dates with 89% credible
interval. For local female recruits, black dashed line and gray shaded area show
posterior means of the standardized lifetime number of fledglings produced
with 89% credible intervals over standardized lay dates. The lifetime number of
fledglings produced was standardized as z scores using a year-specific SD of
3.13, 3.53, and 3.14 fledglings for 2018, 2019, and 2020, respectively. Lay date ob-
servations were standardized as z scores using a year-specific SD of 3.26, 5.45, and
4.82 days for 2018, 2019, and 2020, respectively.
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late selection line females differed in their survival in late winter or
early spring. This indicates that the lack of advancement is not
simply explained by females that attempted to lay their eggs early
but died in the attempt to do so, as a consequence of environmental
constraints in early spring. Moreover, although early selection line
females were selected for GEBVs for extremely early lay dates, it is
possible that environmental variables (e.g., ambient temperature)
set some kind of a hard threshold for the earliest lay dates (43).
[However, see (44) for details on the concept of lay date as threshold
trait.] Albeit we do not find any clear indication for environmental
constraints on early lay dates, we cannot exclude their presence.

In addition to the phenotypic response to genomic selection, we
assessed the fitness consequences of genomic selection for lay dates
in the form of two fitness components: the fitness costs of advanced
lay dates before egg laying in terms of apparent survival until local
recruitment and the fitness benefits of a reduced phenological mis-
match in terms of lifetime reproductive success. While we discussed
apparent survival probability in the context of environmental con-
straints in early spring (see above), it is important to clarify that our
experimental design allowed us to test for a difference in local re-
cruitment probability as a direct consequence of expected early
and late lay dates based on GEBVs for lay date. Lay date and subse-
quent fledging date are known to affect the local recruitment prob-
ability of fledglings (30, 45). When moving the F4 selection line eggs
from the aviaries into the Hoge Veluwe study population, we pre-
pared the clutches such, that both early and late selection line eggs
were included in each clutch and, this way, ensured that early and
late selection line individuals were reared in a common environ-
ment that did not propagate the differences in lay dates between
early and late F3 generation selection line females in the aviaries
(i.e., the lay date of genetic mothers of early and late selection line
individuals). Hence, our experimental design allowed us to test for a
difference in local recruitment probability as a direct consequence
of expected early and late lay dates based on GEBVs for lay date.

In line with our expectations, the difference in lay date between
female recruits from the early and late selection line indeed trans-
lated into a reduced phenological mismatch for female recruits from
the early selection line (relative to female recruits from the late se-
lection line). In contrast to our expectation based on previous find-
ings (6), the reduced phenological mismatch, however, did not
result in a difference in the lifetime number or quality of fledglings
produced between female recruits from the early and late selection
line. Although there was strong directional selection for advanced
lay dates in past decades as a consequence of the phenological mis-
match at the local study population (6, 46, 47), we recently showed
that natural variability in temperature has reduced the phenological
mismatch in recent years and decreased selection pressures on lay
dates (4). The small number of selection line recruits led to low stat-
istical power for detecting a difference in fitness between female re-
cruits from the early and late selection line. However, even when
using all local female recruits of the study population, we did not
detect any effect of lay date on the lifetime number of fledglings pro-
duced, such that a larger sample size would likely not have change
our findings. Using projected temperatures from a large ensemble
of climate simulations, we showed that global warming will again
lead to an intensified phenological mismatch between great tits
and caterpillar biomass peak date in the long run (4).

Global warming has shifted phenological traits in many species,
but whether species are able to further track increasing

temperatures depends on the fitness consequences of a shifted phe-
nology. To test this, we here applied genomic selection for lay dates
in a long-term study population of great tits and assessed the con-
sequences of expected early and late lay dates based on GEBVs for
lay dates in thewild. While genomic selection led to a differentiation
in lay dates under wild conditions, we did not advance lay dates rel-
ative to lay dates of local females recruits from the wild study pop-
ulation. Moreover, the differentiation in lay dates between female
recruits from the early and late selection line did not translate
into a difference in reproductive success, which is in line with
reduced selection on lay dates in the years of the experiment in
the study population. Such a reduction of selection despite the pres-
ence of a phenological mismatch in most years indicates that the
consequences of lay dates on reproductive success are multifaceted
and may not be explained by the phenological (mis)match during
chick provisioning alone. In the light of future global warming, it is
important to identify the constraints that led to an asymmetric phe-
notypic response to genomic selection, as climate projections hint
toward anew increased selection pressures toward early lay dates (4).

MATERIALS AND METHODS
Genomic selection lines for early and late lay dates
Genomic selection is commonly applied in animal and plant breed-
ing and has proven a powerful tool for artificial selection (26), but
we are not aware of a study where genomic selection has been
applied in a wild population. Here, we applied genomic selection
for early and late lay date (i.e., the date a female initiates egg
laying in a respective year) in a wild long-term study population
of great tits at the Hoge Veluwe National Park (The Netherlands).
Awild training population of >2000 great tit females from the study
population with known lay dates and genotyped at >500,000 SNPs
was used to estimate GEBVs using the GBLUP approach (24, 28). In
this approach, the pedigree-based relatedness matrix within an
animal model is replaced by a SNP-based relatedness matrix. The
animal model constitutes a specific form of a mixed-effect model
frequently used in quantitative genetic studies (48) and the
BLUPs for the additive genetic effect constitute the (genomic)
BVs. Using GEBVs rather than lay dates as entity of selection had
two advantages: (i) GEBVs of males can be estimated and hence
males can be used for the selection procedure, and (ii) GEBVs
can be estimated in the nestlings and supersede the need to wait
for females to express the phenotype during their first year of breed-
ing before being selected into breeding pairs. A detailed description
on how the GEBVs for lay dates were estimated is provided in (24).

To initiate the selection lines for early and late lay dates, 28
breeding pairs from the Hoge Veluwe study population were select-
ed in 2014 as “parental” generation based on their BVs for lay date
(29). Rather than the parental generation itself, all nestlings of the
parental generation were taken to the aviary facilities at the Nether-
lands Institute of Ecology (NIOO-KNAW) on the 10th day after
hatching (d10) where they were hand raised until independence
[see (49) for details] and constituted the F1 generation. The nest-
lings were genotyped to estimate their GEBVs for lay date, and in-
dividuals with the most extreme GEBVs were selected into breeding
pairs (n = 20 breeding pairs per selection line) to breed in aviaries
while maintaining as much of the genetic variation within line as
possible [see (29) for details]. Eggs laid during the breeding
season of 2015 (that constituted the F2 generation) were moved
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into the nests of wild foster parents that undertook the brood care.
At d10, the nestlings were again brought to the aviary facilities at the
NIOO-KNAW for further hand raising and continuation of the se-
lection lines (via GEBVs). The procedure was repeated until the F3
generation was produced. A detailed description of the selection
procedure is provided in (29).

Selection line eggs moved into the wild
To introduce selection line females with expected early and late lay
date based on their GEBVs into the wild, we moved F4 generation
selection line eggs (i.e., eggs laid in the aviaries by F3 selection line
females) into the local study population. During the breeding
seasons of 2017–2019, we housed same-selection line breeding
pairs of the F3 generation in half-open aviaries with nest boxes
and nest building material [under housing conditions as described
in (29)]. Every morning shortly after sunrise (earliest at 6 a.m.), we
checked all nest boxes for newly laid eggs, which we replaced by ar-
tificial eggs. We marked all collected eggs with a unique identifica-
tion code and stored them for up to 14 days at ambient temperature
(or 10°C when ambient temperature exceeded 10°C) on an egg
turner (Automatic Egg Turner, GQF, Georgia, US). To rear F4 se-
lection line individuals in a common environment that does not
propagate any difference in maternal lay date between the selection
lines, we prepared mixed-selection line clutches with (up to 12) eggs
from both selection lines. With the mixed-selection line clutches,
we aimed to rear selection line individuals in a common environ-
ment in which early and late selection line individuals did not differ
in their realized hatch date and subsequent fledging date. In a few
cases where there were no eggs from one of the selection lines avail-
able, we prepared same-selection line clutches (11 of 72 clutches in
2017 and 3 of 94 clutches in 2020; table S33). To optimized the use
of limited nests available in the local study population at the Hoge
Veluwe, we moved the selection line clutches in two steps. First, we
moved clutches to nests of incubating females at one of two inter-
mediate locations [the great tit populations in Bennekomse Bos (n =
2549) and Heikamp (n = 400), The Netherlands], such that the
foster females started to incubate the selection line clutches in the
wild. After 5 days of incubation, we selected the eggs that showed
embryonic development that were, in the second step, moved to
nest boxes at the local study population at the Hoge Veluwe, the
final location (n = 936). This way, we discarded any eggs that
were unfertilized or got damaged during handling of the eggs
before the move to the final location. Depending on the number
of eggs within a clutch that showed embryonic development, we
merged eggs from different clutches to increase clutch size. At the
local study population, we selected nests where females had initiated
incubation approximately 5 days before the final egg movement to
match the developmental time of the pre-incubated selection line
eggs with the development time of the discarded eggs from the
wild foster parents.

We monitored the foster nests with selection line eggs at the local
study population in linewith the standard protocol at the local study
population (see text S1) with minor modifications and additions.
The standard protocol includes a “capture” of nestlings on d15
during which we equipped selection line nestlings with passive in-
tegrated transponder (PIT) tags (2.6-mm EM4102 PIT bird tag,
Eccel Technology Ltd., Leicester, UK) in addition to the aluminum
rings that have unique identifier codes. The PIT tags have unique
PIT-tag IDs and were used to identify nestlings that fledged and

recruited into the local study population the following year(s) (see
below). During the d15 capture, we also measured the weight, tarsus
length, and length of the P3 feather and took a 10 μl of blood sample
stored in 1 ml of Queen’s buffer. We used the blood samples to
assign the selection line nestlings to their genetic parents (i.e., F3
generation selection line breeding pairs) via molecular markers fol-
lowing a previously established protocol [see e.g. (50)].

We moved a total of 936 F4 generation selection line eggs from
the NIOO-KNAW to the local study population at the Hoge Veluwe
of which 475 and 461 eggs were derived from the selection lines for
early and late lay dates, respectively. The number of eggs moved to
the study population differed between years, with 358, 456, and 122
eggs in 2017, 2018, and 2019, respectively (table S34).

Selection line birds in the wild
In the years following the introduction of selection line eggs to the
local study population (i.e., in 2018–2020), we monitored female
fledglings from the selection lines for early and late lay dates that
recruited into the local study population. We monitored nest
boxes of female selection line recruits in accordance with the stan-
dard protocol at the study site (see text S1) with minor modifica-
tions and additions. Instead of identifying selection line females
during the capture of adults at d7, we identified and localized selec-
tion line females during the start of their nest building activities in
late March (see text S2), which, in combination with sightings from
roosting inspections in January (see text S2), also provided an esti-
mate of apparent winter survival of selection line fledglings before
their first breeding attempt. We measured the daily energy expen-
diture of female selection line recruits in the 24-hour period
between the d10 capture and a subsequent capture at d11 (see
text S3). Last, we measured the daily feeding frequency of female
selection line recruits on d12 and d13 using PIT-tags and transpon-
der readers (see text S4).

Statistical analysis
For statistical interference, we applied generalized linear multilevel
models using Stan’s Hamiltonian Monte Carlo algorithm to esti-
mate the respective posterior probability distributions. We imple-
mented the models in R v4.0.3 (51) using the R package
rethinking v2.13 (52) with R package cmdstanr v0.3.0.9000 (53)
as an interface to Stan [CmdStan v2.28.2; (54)]. Following McEl-
reath (55), we report the 89% credible interval (instead of the com-
monly used 95% interval) with the posterior means to discourage
readers from conducting unconscious hypothesis testing. For all
models, we set the number of iterations for sampling to 10,000
for each of four independently sampled chains that were distributed
over four processor cores. Half of the iterations for sampling were
used as warmup (and do not contribute to the predicted posterior
distributions). Trace and trank plots of the Markov chain Monte
Carlo (MCMC) output for the models described below and in the
appendices are presented in figs. S13 to S44. The R code for the anal-
yses is publicly available at Dryad (doi:10.5061/dryad.2280gb5ws).
Phenotypic response to genomic selection in the wild

Lay date. We assessed the phenotypic response to genomic selec-
tion in the wild by testing for a difference in lay dates between
female recruits from the early and late selection line as well as
between female selection line recruits and local female recruits.
We included the lay dates of all females that recruited to the local
study sites between 2018 and 2020, i.e., all females that had a lay date
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in those years. For female selection line recruits (n = 9 for the early
and n = 9 for the late selection line), we used the lay date in the first
year of breeding as the number of females that bred in more than 1
year was too small to account for repeated measurements. For local
female recruits, we focused on all first egg lay dates recorded within
a year (irrespective of the female) to get the least biased representa-
tion of the year-specific distribution of lay dates (n = 433 lay dates
over the three-year period). Because of the small number of female
selection lines recruits, we did not account for year effects but used
within-year standardized lay dates for the analysis. For the stand-
ardization, we used all observed lay dates of local female recruits
within a year (i.e., excluding the lay dates of female selection line
recruits) to derive estimates of the year-specific mean and SD that
are representative for the local study population. We used these
year-specific estimates to calculate year-specific z scores of lay
dates for female selection line recruit and local female recruits,
i.e., we subtracted the year-specific mean from each observed lay
date within that year and divided the resulting difference by the
year-specific SD. We detected a potential outlier observation for
an early female selection line recruit (fig. S11 and see text S5 for
details) and removed it from the statistical analysis (reducing the
dataset to n = 8 for female recruits from the early and n = 9 for
female recruits from the late selection line). However, repeating
the statistical analysis while keeping the outlier observation includ-
ed did not qualitatively change the results (fig. S12).

We specified a linear regression model to estimate the posterior
distribution of standardized lay dates (Eq. 1). Within the regression
model, we specified an intercept α and an effect of the selection line
βlLine[i] with weakly regularizing priors

Li ≏ Normalðμi; σÞ
μi ¼ αþ βlLine½i�

α ≏ Normalð0; 1:5Þ
βlj ≏ Normalð0; 1:5Þ; for j ¼ 1::3

σ ≏ Half � Normalð0; 1Þ

ð1Þ

Phenological mismatch. We tested whether differential lay dates
between female recruits from the early and late selection line trans-
lated into a difference in phenological mismatch. Using the same
dataset as above (see the “Lay dates” section), we calculated the ex-
pected year-specific dates of highest resource demands for chick
feeding by adding 33 days to the year-specific lay dates (56). We
used the expected year-specific dates of highest resource demands
and the year-specific caterpillar biomass peak dates (which were
April date 37, 48, and 40 for 2018, 2019, and 2020, respectively)
to calculate the year-specific phenological mismatch as the differ-
ence between both (i.e., we subtracted the year-specific caterpillar
biomass peak dates from the expected year-specific dates of
highest resource demands). We estimated the predicted posterior
distributions for the phenological mismatch across years for
female selection line recruits and local female recruits and estimated
the difference in phenological mismatch between those groups. We
standardized the calculated phenological mismatches within a year
by estimating the year-specific SD of phenological mismatch ex-
cluding female selection line recruits and divided each calculated
phenological mismatch within a year by the year-specific SD. (We
did not mean center the data.) To estimate the posterior distribution
of the standardized phenological mismatch, we specified a linear re-
gression model (Eq. 2). Within the regression model, we specified

an intercept α and an effect of the selection line βlLine[i] with weakly
regularizing priors

MMi ≏ Normal ðμi; σÞ
μi ¼ αþ βlLine½i�

α ≏ Normalð0; 1:5Þ
βlj ≏ Normalð0; 1:5Þ; for j ¼ 1::3

σ ≏ Half � Normalð0; 1Þ

ð2Þ

To gain insights on the magnitude of the phenological mismatch
in the local study population within the years of the experiment, we
estimate the year-specific phenological mismatch and the pairwise
differences in year-specific phenological mismatch. The analysis is
presented in text S6.
Consequences of genomic selection for fitness
We assessed the fitness consequences as the lifetime number of
fledglings a female selection line fledgling produced. The more
common alternative to the approach taken here would be to
assess fitness as the lifetime number of local recruits produces per
female selection line recruit. However, such a “mixed fitness”
measure is a function of the fitness of both the female’s reproductive
success and the offsprings’ survival (from zygote to recruitment)
and, hence, is prone to bias (57). Our genomic selection experiment
allows us to unequally look at fitness from fledgling to fledgling as
we can assign an expected lay date phenotype already at the fledg-
ling stage, which is not possible for local fledglings. Our fitness
measure is a “mixed-fitness” measure in its own right, but the po-
tential bias on our fitness measure resulting from offspring survival
is notably reduced when the period from zygote to fledgling is con-
sidered rather than the period from zygote to recruitment.

We derived an estimate of the fitness consequences of the
genomic selection experiment in two steps; we considered proxies
for the survival of female selection line fledglings (e.g., local recruit-
ment probability) and proxies for reproductive success (e.g., the life-
time number of fledglings produced by female selection line
fledglings that recruited into the local study population). We,
lastly, combined estimates of local recruitment probability and the
lifetime number of fledglings produced by female selection line
fledglings to estimate a proxy of the total fitness of early and late
selection line females.

Potential selective disappearance of early selection line females.
One proxy for the survival of female selection line fledglings that
we assessed is the potential selective disappearance of early selection
line females before their first breeding event. This selective disap-
pearance might arise as a consequence of environmental fitness
costs for females that attempt to breed early [i.e., second scenario
(5)]. For this, we tested whether early selection line females were
less likely than late selection line females to recruit into the local
study population when females were identified in late winter or
during nest building in early spring. The analyses are described in
text S2.

Local recruitment probability. Another proxy for the survival of
female selection line fledglings we assessed is the local recruitment
probability (which is later used for calculating the total fitness; see
the “Consequences of genomic selection on total fitness” section).
We consider fledglings that returned to the local study population in
the year(s) following the year of fledging as a local recruit. For the
analysis, we included records from all fledglings that fledged from
2017 to 2019. In those years, there were a total of 2347 fledglings at
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the local study population of which 649, 752, and 946 fledged in
2017, 2018, and 2019, respectively. The 2347 fledglings included
318 early and 331 late selection line fledglings and 1698 local fledg-
lings (table S35). We excluded 23 local fledglings for which no data
on fledgling weight (measured on d15) were available. Local recruit-
ment was encoded as a binary variable with one for fledglings that
locally recruited and zero for all other fledglings. To estimate the
posterior distribution of local recruitment probability at the fledg-
ling level, we specified a generalized linear multivariate model as-
suming a binomial distribution over local recruitment probability
(Eq. 3) following (55). The Binomial distribution is defined by
two parameters: the constant probability of success p (here local re-
cruitment) over each of n trials. Here, we consider local recruitment
probability pi at the level of individual fledglings (for i = 1..2324)
and hence set the number of trials for each fledgling ni to 1 (a
special case of the Binomial distribution that is also referred to as
Bernoulli distribution). We used a logit link function to bind the
linear model for pi to values between 0 and 1. Within the generalized
linear multivariate model, we specified year- and brood-specific in-
tercepts αYear[i] and γBrood[i] to account for the hierarchical structure
of our data (i.e., brood nested within year), an effect of the selection
line βlLine[i], an effect of a proxy for fledging date βd (April dates on
d15), and an effect of fledgling weight βw. We standardized the
fledgling weight and the proxy for fledging date (April date on
d15) using z scores (i.e., we subtracted the mean fledgling weight
or fledging date from each observation and divided the resulting dif-
ference by the SD of fledgling weight or fledging date). We overall
used weakly regularizing priors, and for the year- and brood-specif-
ic intercepts, we specified the priors as a function of other param-
eters (termed hyperparameters), α, σα, and σγ, for which we also
used weakly regularizing priors (termed hyperpriors). This specifi-
cation of adaptive priors allowed us to pool information across years
and broods meaning that the model adaptively learns about the
prior that is common to the above specified intercepts.

Ri ≏ Binomialð1; piÞ

logitðpiÞ ¼ αYear½i� þ γBrood½i� þ βlLine½i� þ βd�Date½i� þ βw�Weight½i�
βlj ≏ Normalð0; 1:5Þ; for j ¼ 1::3

βd ≏ Normalð0; 1:5Þ
βw ≏ Normalð0; 1:5Þ

αj ≏ Normalðα; σαÞ; for j ¼ 1 . . . 3
γj ≏ Normalð0; σγÞ; for j ¼ 1::95

α ≏ Normalð0; 1:5Þ
σα ≏ Half � Normalð0; 1Þ
σγ ≏ Half � Normalð0; 1Þ

ð3Þ

To aid approximation of the posterior distribution for local re-
cruitment probability, we increased the target acceptance rate
during sampling of the posterior to 99% (default: 95%) and repar-
ametrized the model. Steep regions of the parameter space can be
difficult to explore and, this way, harm the efficiency of the chains
[which is a common problem in multilevel models (55)]. A repar-
ameterization into a mathematically equivalent but numerically dif-
ferent version can increase the efficiency of chains. The alternative
model (Eq. 4) constitutes a noncentered reparameterization of the
initial model (Eq. 3) in which the parameters embedded within the
adaptive priors of αj and γj (i.e., the hyperparameters α, σα, and σγ)
were moved out of the definition. For this, we defined some new

variables zYear[i] and xBrood[i] that followed a standard Normal dis-
tribution and reconstructed the original variables by reversing the
transformation within the definition of the linear model
(αþ zYear½i�σα and xBrood[i]σγ, respectively)

Ri≏Binomialð1;piÞ

logitðpiÞ¼ αþ zYear½i�σαþxBrood½i�σγþβlLine½i� þβd�Date½i� þβw�Weight½i�
βlj≏Normal ð0;1:5Þ; for j¼ 1::3

βd≏Normalð0;1:5Þ
βw≏Normalð0;1:5Þ

zj≏Normalð0;1Þ; for j¼ 1::3
xj≏Normalð0;1Þ; for j¼ 1::95

α≏Normalð0;1:5Þ
σα≏Half � Normalð0;1Þ
σγ≏Half � Normalð0;1Þ

ð4Þ

In the above-described model for local recruitment probability
(Eqs. 3 and 4), we included effects of fledgling weight and a proxy
for fledging date as both are suggested to affect recruitment proba-
bility (30). However, fledgling weight might be affected by fledging
date as we expect higher availability of food resources in early
spring. To better understand whether both effects should be includ-
ed, we compared different models that included effects of both
fledging date and fledgling weight, an effect of fledgling weight
only, and an effect of fledging date only. For model comparison,
we used the Pareto-smoothed importance sampling (PSIS) cross-
validation approximation implemented within the rethinking R
package [for more details, see (55)]. PSIS provides feedback about
its own reliability by emphasizing observations with very high
weight (i.e., Pareto k values > 0.5) that might make the PSIS
scores unreliable. Here, no Pareto k values > 0.5 were noted, and
comparison showed that the model including effects for both fledg-
ing date and fledgling weight had the lowest PSIS score (PSIS with
SEs = 1084.79 ± 61.72; table S36). However, the difference between
the best and second-best model, the model including an effect for
fledgling weight only, was 1.3 with an SE of the difference of 4.68,
indicating that both models performed similarly well.

As fledging date is suggested to affect recruitment probability
(30), we designed the experiment with the aim to rear selection
line individuals in a common environment in which early and
late selection line individuals did not differ in their realized hatch
date and subsequent fledging date. We formally tested this assump-
tion, and the analysis is described in text S7. Moreover, we tested for
a difference in fledgling weight of early and late selection line fledg-
lings; hence, a difference might be a correlated response to genomic
selection for lay date. The analysis is described in text S8.

The above-described model for local recruitment probability
(Eq. 4) allowed us to assess the local recruitment probability of se-
lection line fledglings in comparison to local fledglings but did not
allow us to estimate the local recruitment probability for female se-
lection line fledglings, as the sex of fledglings was only determined
(via molecular markers; see above) for selection line fledglings, but
nor for all other fledglings at the local study site. The 318 early se-
lection line fledglings included 159 females and 158 males, and the
331 late selection line fledglings included 167 females and 164 males
(note that for one early selection line fledgling, the molecular sex
determination failed, such that one early selection line fledgling
was excluded from the analysis). As the sex of local fledglings that
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did not recruit remained unknown, we fitted another model that
retained only data from selection line fledglings. This way, we
could estimate the sex-specific local recruitment probability for se-
lection line fledglings. We used the same model structure as for the
above-described model (Eq. 4) but additionally specified an effect of
sex using a weakly regularizing prior (i.e., normal distribution with
mean = 0 and SD = 1.5). The posterior distributions of the recruit-
ment probability for early and late female selection line fledglings
were used to estimate the total fitness (see the “Consequences of
genomic selection on total fitness” section).

Lifetime number of fledglings produced. We used the lifetime
number of fledglings produced by female fledglings that recruited
into the local study population as a proxy for reproductive
success. We calculated the lifetime number of fledglings produced
by female recruits for all females with known lay dates (n = 9 for
female recruits from the early and n = 9 for female recruits from
the late selection line and n = 433 for local female recruits; see
the “Lay dates” section). We first calculated the lifetime number
of fledglings produced within each year and performed a within-
year standardization, then imputed the total number of fledglings
for local female recruits where one or more broods were potentially
affected by research-related manipulations (which is only the case
for local females recruits, not for female selection line recruits) and,
last, used the within-year standardized total number of fledglings
for each year to calculate the sum across years resulting in the stan-
dardized lifetime number of fledglings (for details see text S9). This
way, our final dataset included eight and nine female recruits from
the early and late selection line, respectively, and 254 local female
recruits.

We first focused on female selection line recruits to test for a dif-
ference in reproductive success between the selection lines (which is
later used for calculating the total fitness; see the “Consequences of
genomic selection on total fitness” section). We estimated the pos-
terior distribution of the standardized lifetime number of fledglings
produced by female selection line recruits by specifying a linear re-
gression model (Eq. 5). Within the regression model, we specified
an intercept α and an effect of the selection line βlLine[i] with weakly
regularizing priors

LNFi ≏ Normalðμi; σÞ
μi ¼ αþ βlLine½i�

α ≏ Normalð0; 1:5Þ
βlj ≏ Normalð0; 1:5Þ; for j ¼ 1::3

σ ≏ Half � Normalð0; 1Þ

ð5Þ

To test for an effect of lay date on the lifetime number of fledg-
lings produced by fledglings that recruited into the local study pop-
ulation, we fitted another model using the data from local (i.e.,
nonselection line) female fledglings that recruited into the local
study population. To estimate the posterior distribution of the stan-
dardized lifetime number of fledglings produced by local female re-
cruits, we specified a linear regression model (Eq. 6). Within the
regression model, we specified an intercept α and an effect of lay

date βd with weakly regularizing priors

LNFi ≏ Normalðμi; σÞ
μi ¼ αþ βd�Lay date½i�

α ≏ Normalð0; 1:5Þ
βd ≏ Normalð0; 1:5Þ

σ ≏ Half � Normalð0; 1Þ

ð6Þ

In addition to the lifetime number of fledglings produced by
female selection line fledglings that recruited into the local study
population as a proxy for reproductive success, we also assessed
the quality of fledglings produced in terms of fledgling weight,
tarsus length, and P3 length (all measured at d15). The analyses
are described in text S10.

Moreover, we tested whether the genomic selection experiment
for early and late lay dates resulted in other correlated responses (in
addition to lay dates) that might affect fitness in their own right such
as the daily energy expenditure during chick feeding or daily chick
feeding frequency. The analyses are described in texts S3 and S4,
respectively.

Consequences of genomic selection on total fitness. To derive esti-
mates of the total fitness, we multiplied the posterior distribution of
the standardized lifetime number of fledglings produced by female
selection line recruits with the posterior distributions of the recruit-
ment probability of female selection line fledglings to estimate the
posterior distribution of the total fitness of selection line fledglings
while propagating the uncertainty of the estimates.

Supplementary Materials
This PDF file includes:
Texts S1 to S10
Figs. S1 to S44
Legends for tables S1 to S36

Other Supplementary Material for this
manuscript includes the following:
Tables S1 to S36

View/request a protocol for this paper from Bio-protocol.
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PLANETARY SC I ENCE

Giant tidal tails of helium escaping the hot Jupiter HAT-
P-32 b
Zhoujian Zhang1,2*, Caroline V. Morley2, Michael Gully-Santiago2, Morgan MacLeod3,
Antonija Oklopčić4, Jessica Luna2, Quang H. Tran2, Joe P. Ninan5, Suvrath Mahadevan6,7,8,
Daniel M. Krolikowski2,9, William D. Cochran10, Brendan P. Bowler2, Michael Endl11,
Gudmundur Stefánsson12, Benjamin M. Tofflemire2, Andrew Vanderburg13, Gregory R. Zeimann14

Capturing planets in the act of losing their atmospheres provides rare opportunities to probe their evolution
history. This analysis has been enabled by observations of the helium triplet at 10,833 angstrom, but past
studies have focused on the narrow time window right around the planet’s optical transit. We monitored the
hot Jupiter HAT-P-32 b using high-resolution spectroscopy from the Hobby-Eberly Telescope covering the
planet’s full orbit. We detected helium escaping HAT-P-32 b at a 14σ significance,with extended leading and
trailing tails spanning a projected length over 53 times the planet’s radius. These tails are among the largest
known structures associated with an exoplanet. We interpret our observations using three-dimensional hydro-
dynamic simulations, which predict Roche Lobe overflow with extended tails along the planet’s orbital path.
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INTRODUCTION
Atmospheric escape is the primary physical process sculpting the
population of short-period, irradiated exoplanets. One piece of ob-
servational evidence of this process is the observed dearth of short-
period Neptune-mass planets (1). Several mechanisms likely con-
tribute to the atmospheric escape, including photoevaporation
and core-powered mass loss (2–9), which predict distinct correla-
tions between mass-loss rates and properties of the radiation envi-
ronment [e.g., x-ray and ultraviolet (UV) fluxes of host stars] and
planets (e.g., equilibrium temperatures). Directly measuring mass
loss for a large ensemble of exoplanets can differentiate between
these processes, and these measurements have been enabled by
the helium 10,833-Å triplet (10–12), which is a robust probe of exo-
spheres accessible from the ground and immune to high absorption
from the interstellar medium that hampers similar studies based on
Lyman α.
Using the Habitable-zone Planet Finder Spectrograph (HPF)

(13–15) on the Hobby-Eberly Telescope (HET) (16–18), we ob-
served HAT-P-32 b with time-series high-resolution (R ≈ 55,000)
spectra to detect a helium outflow and investigate atmospheric
escape. HAT-P-32 b is a hot Jupiter transiting a late-F star, HAT-
P-32 A, on a 2.15-day orbit with an in-transit duration of 3.12

hours (19, 20). This planet has an inflated radius (1.79 ± 0.03
Jupiter radii) that almost fills its Roche lobe. A recent study (21)
found hydrogen and helium outflows escaping HAT-P-32 b using
the Calar Alto high-Resolution search for M dwarfs with Exoearths
with Near-infrared and optical Échelle Spectrographs (CAR-
MENES) (22) on the Calar Alto 3.5-m telescope. They collected
high-resolution (R ≈ 80,000) spectra of the host star over two
nights right around the planet’s optical transits and monitored for
6 hours each night centered on the middle of transits, leading to the
detection of the planet’s excess helium absorption with a maximum
transit depth of 5.3%.
With HET/HPF, we monitored HAT-P-32 Ab with time-series

spectroscopy, covering orbital phases spanning the planet’s full
orbital period. We collected spectra during three planet transits
on 9 August 2020 universal time (UT), 19 September 2020 UT,
and 6 October 2020 UT and during out-of-transit periods within
2 days of each transit. We also monitored the stellar activity of
HAT-P-32 A with irregular cadence from 1 August 2020 UT to 25
December 2020 UT (Table 1). Our data were reduced using the HPF
pipeline code Goldilocks and the muler Python package (23–26),
which perform bias and nonlinearity corrections, cosmic-ray rejec-
tion, flat fielding, wavelength calibration, and careful subtraction of
sky emission features. We obtained a total of 77 high-quality spectra
with a median signal-to-noise ratio (S/N) of 85 per pixel (142 per
resolution element) near 10,833 Å. All spectra were shifted to the
stellar rest frame based on barycentric corrections and our comput-
ed absolute radial velocities (RVs).

RESULTS
We measured helium equivalent widths (EWs) for all HPF spectra
of HAT-P-32 A + b and detected a long-duration (12 hours), statisti-
cally significant (14σ) excess absorption feature near the transit of
HAT-P-32 b (Fig. 1). The helium excess is not correlated with any
stellar activity indicators (fig. S1) and spans ≈4× longer than the
planet’s optical transit duration. To facilitate the transmission spec-
troscopic analysis, we divided the data into five subsets according to
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their orbital phases ϕ (Fig. 1), which we denote as START (−0.5≤ ϕ≤
−0.15; 23 spectra), PRE (−0.15 < ϕ ≤ −0.03; 6 spectra), TRANSIT
(−0.03 < ϕ < +0.03; 18 spectra), POST (+0.03 ≤ ϕ ≤ +0.08; 7
spectra), and END (+0.08 < ϕ ≤ +05; 23 spectra). We constructed
the out-of-transit reference spectra for each of the three transits
by combining the corresponding START and/or END spectra (fig.
S2) and used them to normalize the other data to produce transmis-
sion and residual (=transmission − 1) spectra.
We detected strong excess helium absorption from PRE, TRANSIT,

and POST residual spectra and measured the time-dependent wave-
length shift for each subset to characterize the velocity of HAT-P-32
b’s escaping atmosphere (Fig. 2). Wemodeled the excess helium ab-
sorption feature in each residual spectrum (figs. S3 and S4) using a
Gaussian profile to determine its transit depth and central wave-
length, and then we converted the latter into an RV of the escaping
atmosphere (in the stellar rest frame) by comparing with the rest
wavelength of the helium triplet. As shown in Fig. 2, RVs of the
helium excess during the optical transits of HAT-P-32 b are consis-
tent with those of the planet’s orbital motion, reaffirming the

planetary origin of the helium; the observed features have slightly
higher RVs (i.e., toward the star) than the planet’s orbital RV,
which could result from mass transfer from the planet to its host
star. These observations are consistent with both Roche lobe over-
flow and mass loss controlled by planetary and stellar magnetic
fields [e.g., (27)]. Before (PRE) and after (POST) the planet’s optical
transit, the observed escaping atmosphere does not track the
planet’s orbital motion and, instead, has only a small line-of-sight
velocity shift in the stellar rest frame, suggesting that the helium gas
from the planet’s upper atmosphere mostly moves within the sky
plane perpendicular to the observers’ line of sight; this property is
consistent with the spatially extended geometry of the gas (as indi-
cated by the long duration of our detected helium excess; see Fig. 1),
with gas far from the planet orbiting the star. Helium excess features
in POST residual spectra are noticeably blue-shifted, implying that
material trailing the planet is moving outward in the plane-
tary system.
The maximum depth of the detected helium excess is measured

to be ≈8.2% during the optical transit of HAT-P-32 b; the helium

Table 1. The HET/HPFobserving log of HAT-P-32 Ab. For each date, we list the number of the observed spectra (Nspec) and their mean S/N (per pixel) near 10,833
Å, as well as the range of air mass and orbital phase covered by these data. Each spectrumwas acquired with an exposure time of 820 s. The HPF spectral resolution
element contains a median of 2.8 pixels. We also divide our spectra into five subsets based on their orbital phase as indicated in the “Type” column, including START

(with the orbital phase in [−0.5, −0.15]), PRE ([−0.15, −0.03]), TRANSIT ([−0.03, +0.03]), POST ([+0.03, +0.08]), and END ([+0.08, +0.5]).

Date (UT) Type Nspec Mean S/N Air mass Orbital phase

Transit event 1

7 August 2020 POST 3 57 [1.31, 1.20] [+0.05, +0.06]

8 August 2020 START 4 91 [1.30, 1.19] [−0.49, −0.48]

9 August 2020 TRANSIT 6 68 [1.36, 1.16] [−0.03, −0.01]

Transit event 2

18 September 2020 START 3 89 [1.14, 1.20] [−0.37, −0.36]

19 September 2020 TRANSIT 6 84 [1.35, 1.16] [−0.01, +0.01]

19 September 2020 END 2 112 [1.16, 1.18] +0.10

20 September 2020 START 4 93 [1.15, 1.24] [−0.44, −0.43]

22 September 2020 END + START 4 95 [1.15, 1.24] [+0.49, +0.51]

Transit event 3

5 October 2020 END 4 96 [1.29, 1.18] [+0.42, +0.43]

6 October 2020 PRE 6 74 [1.31, 1.14] [−0.12, −0.10]

6 October 2020 TRANSIT 6 93 [1.14, 1.31] [−0.02, 000]

7 October 2020 END 4 96 [1.15, 1.24] [+0.45, +0.46]

8 October 2020 START 4 83 [1.29, 1.18] [−0.19, −0.18]

Stellar activity monitoring

1 August 2020 END 2 99 [1.21, 1.18] +0.28

4 September 2020 POST 4 59 [1.31, 1.19] [+0.04, +0.05]

5 September 2020 START 1 84 1.17 −0.48

11 October 2020 END 2 116 [1.18, 1.21] +0.31

12 October 2020 START 4 100 [1.17, 1.27] [−0.23, −0.22]

2 December 2020 END 2 66 [1.30, 1.26] +0.32

9 December 2020 START 2 90 [1.17, 1.20] [−0.33, −0.32]

23 December 2020 END 2 71 [1.20, 1.23] +0.17

25 December 2020 END 2 74 [1.17, 1.20] [+0.09, +0.10]

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Zhang et al., Sci. Adv. 9, eadf8736 (2023) 7 June 2023 2 of 14



excess in the 12-hour period surrounding optical transit is 5 to 6%
(Fig. 3). Our in-transit helium excess depth is about 1.5 times higher
than the value (5.3%) measured by CARMENES because their “out-
of-transit data” were taken when the escaping helium is still in
transit. Our detected excess helium absorption spans 3 to 4 Å in
the stacked TRANSIT residual spectrum, comparable with the ob-
served residual spectra from CARMENES (21), and spans 1.5 to 2
Å in the stacked PRE and POST residual spectra. While other planets
show trailing tails of material (12, 28–30), HAT-P-32 b has both a
(longer) leading and (shorter) trailing tail.

DISCUSSION
Helium outflow from three-dimensional
hydrodynamic models
Comparing our observations to three-dimensional (3D) hydrody-
namic simulations of the HAT-P-32 A + b system provides physical
insight into the geometry of the outflow. We generated 3D hydro-
dynamic models following (31) to examine the interactions between
the planetary outflow and stellar winds in the tidal gravitational field
of the HAT-P-32 A + b system (Fig. 4). Because of the small orbital
separation and high star-to-planet mass ratio, HAT-P-32b nearly
fills its Roche lobe. Our models show extended, columnar tails of
planetary outflow both leading and trailing the planet along the

orbital path. These tails provide excess helium absorption even at
phases far from the planet’s optical transit that match our observa-
tions. Our model also predicted that the mass loss rate of the planet
is ≈1.7 × 10−14 M⊙ year−1, implying that the planet will lose its at-
mosphere over a time scale of Mp= _Mp � 4� 1010 years.
As shown in Fig. 1, our 3Dmodel does not accurately explain the

observed relative depth of the PRE and POST phases as compared to
the mid-transit, which we used as a point of reference. However, as
traced in Fig. 2, the model predicted that the extended tidal tails lie
in approximately the stellar rest frame, not the planet’s rest frame, as
seen in our HPF data. Our simulations (Figs. 2 and 4) reveal how
these extended tails span the star-planet environment of the HAT-
P-32 A + b system. Sophisticated models that account for the mo-
mentum deposition by the stellar radiation field on the planetary
outflow, orbital eccentricity of the planet, ram pressure of stellar
wind, and the thermodynamics of the planetary outflow will be
useful to probe the range of physical processes shaping this
interaction.

The exceptional escaping helium of HAT-P-32 b
HAT-P-32 b’s escaping helium atmosphere is exceptional among
known detections: It has the largest depth and longest duration
found to date. The duration of the helium transit implies the tidal
tails have a sky-projected length of 53 times the planet’s radius
(seven times the host star’s radius), among the largest structures
ever observed in a planetary system. Our study verifies the impor-
tance of long-baseline monitoring of planet-host systems to charac-
terize systems with extended tails. Many surveys have targeted K-
type planet-host stars since their UV spectra can readily populate

Fig. 1. Measured helium excess in HAT-P-32 A+b planetary system. EWs of the
helium 10,833-Å triplet, measured from the observed spectra of HAT-P-32 A + b
(top) and computed residual spectra of HAT-P-32 b (bottom), exhibit long-duration
(12 hours), significant (14σ) excess near the planet’s transits. Solid circles represent
data obtained within two nights of each optical transit, and open circles represent
the stellar variability monitoring data obtained from out-of-transit periods. We
divided the data into five categories in terms of orbital phase, with boundaries
highlighted by gray-shaded regions. Our three-dimensional (3D) hydrodynamic
simulation is shown as the gray solid line. The time-series helium EWs are asym-
metric with respect to the planet’s optical transit (dark gray), demonstrating the
leading tail of the helium atmosphere escaping HAT-P-32 b.

Fig. 2. Measured central wavelengths and RVs of HAT-P-32 b’s escaping
helium atmosphere as a function of orbital phase in the stellar rest frame.
The observed helium excess features in PRE (blue), TRANSIT (red), and POST (orange)
residual spectra were fitted by Gaussian profiles to determine the central wave-
lengths and the standard deviations (circles with horizontal bars), which were
then converted to RVs of the escaping atmosphere based on the rest wavelength
of the two strongest components of the helium triplet (vertical dotted line at
10,833.26 Å). Circle symbols have the same format as those shown in Fig. 1. The
gray dashed line represents the planet’s RV. The central wavelength and SD of
helium excess from our simulations are shown as the gray solid line with shadow.
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the helium metastable state (32); HAT-P-32 Ab’s strong helium
excess empirically demonstrates that F stars also provide a suitable
environment for mechanisms triggering the planets’mass loss. Our
observations of HAT-P-32 b show that this planet-star configura-
tion, where the planet largely fills its Roche lobe, can lead to extend-
ed outflowing material.

On the potential variability of HAT-P-32 b’s helium excess
We examined the potential variability of HAT-P-32 b’s escaping
helium atmosphere by comparing measured helium excess EWs
across different dates (Fig. 5). During the planet’s optical transit,
the helium excess EWs mostly varied by less than 0.03 Å across
three events. Near the planet’s egress (observed during the second
transit event) and slightly after the optical transit (shown by the POST
subset), EWs of helium excess varied by less than 0.02 Å. In the PRE
subset, all our observations were collected on the same night with
the third transit event. In this subset, the measured helium excess
EWs varied by 0.06 Å, and the helium excess absorption appears to
become stronger with the increasing orbital phase. More observa-
tions of HAT-P-32 A + b over the orbital phase of the PRE subset will
be useful to assess the variability of the planetary helium outflow

slightly before the optical transit. To conclude, these HPF observa-
tions do not suggest a significant variability of HAT-P-32 b’s helium
excess over our monitoring baseline from 7 August 2020 to 25 De-
cember 2020. As a point of comparison, in our 3D hydrodynamic
simulations, the overall column density of metastable helium and its
mean RV do not appear significantly variable despite instabilities at
the interface between the planetary and stellar winds.
Comparing the helium excess revealed by the HPF spectra with

those from the CARMENES data (21), observed on 1 September
2018 and 9 December 2018, will examine the longer-term variabil-
ity of the planet’s helium excess. The published CARMENES spec-
troscopic observations span from about 4 hours before (≈−0.08 in
orbital phase) to 3 hours after (≈+0.06 in orbital phase) the mid-
point of the planet’s optical transit, meaning they coincide with
the PRE, TRANSIT, and POST subsets in our analysis (Fig. 1). New CAR-
MENES observations that cover a longer time baseline (especially
with orbital phases of our START and END subsets) than those
already acquired by (21) will construct the reference spectra that
are needed to reanalyze the CARMENES-based helium excess.
Comparing these results with the HPF measurements will investi-
gate the long-term variability for HAT-P-32 b’s outflow.

The diversity of planetary systems with escaping helium
atmospheres
We compared properties of HAT-P-32 Ab with all other planetary
systems that have either detections or upper-limit constraints of the

Fig. 3. Stacked residual spectra of HAT-P-32 b. Before the stacking, each residual
spectrum has been corrected by its RV of the escaping helium atmosphere, such
that their helium excess features all line up with the rest wavelength of the stron-
gest component of the helium triplet. We detected strong excess helium absorp-
tion from TRANSIT (top), PRE (middle), and POST (bottom) residual spectra, spanning 1.5
to 4 Å in wavelength with a maximum depth of 8.2%, 6.4%, and 5.2%, respectively.
The rest wavelength of the helium triplet is marked by vertical dotted lines. Telluric
absorption features with a transmission of <99.9% are shown as gray shades.

Fig. 4. Slice through the orbital plane of a simulated system approximating
HAT-P-32 A + b. The frame rotates with the planetary mean motion, so the posi-
tion of observers rotates clockwise, with regions of START, PRE, TRANSIT, POST, and END

shown in observations divided by black dotted lines. The logarithm of gas
density is shown in the color scale. A low-density but relatively fast stellar wind
expands from HAT-P-32 A at the coordinate origin and interacts with the
outflow from HAT-P-32 b. The outflow from HAT-P-32 b is stretched into long,
column-like tails leading and trailing the planet along the orbital path. These
tidal tails are shaped by the advection of slow-moving planetary outflow in the
star-planet gravitational field.
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escaping helium atmospheres, to investigate what physical parame-
ters are causing the unusually extended helium atmosphere of HAT-
P-32 b and driving the mass loss of exoplanets in general. We com-
piled all these systems in table S1. Following (12), we computed the
equivalent height of each planet’s helium atmosphere δRp and its
ratio to the planet’s atmospheric scale height at the equilibrium
temperature Heq, leading to a metric, δRp/Heq, that quantifies the
strength of the helium excess signal [also see (33–35)]. The census
was divided into two subsets with planetary radii above and below
0.4 RJup, which represent gas giants and sub-Neptunes, respectively.
In Fig. 6, we investigated δRp/Heq as functions of the planets’ Roche-
lobe filling, planetary surface gravity, the planet’s bolometric equi-
librium temperature, incident x-ray and UV (XUV) flux from the
host stars, and the host stars’ effective temperatures. Here, the
Roche-lobe filling stands for the ratio between the planetary radii
Rp to the Roche lobe radii RRL, with the latter computed via equation
2 of (36).
With the existing census, Fig. 6 does not suggest clear trends

between δRp/Heq and other physical properties investigated here.
Among gas giants, HAT-P-32 b has the largest δRp/Heq and the
longest-duration helium excess. This property lines up with its
much larger Roche-lobe filling, lower surface gravity, and higher
XUV incident flux, all of which are expected to foster the planet
mass loss. However, several planets (e.g., WASP-69 b and WASP-
107 b) with lower Roche-lobe fillings and XUV incident fluxes
achieved comparable δRp/Heq as HAT-P-32 b. In addition,

WASP-76 b has very similar properties as HAT-P-32 b, but its po-
tential helium outflow was not significantly detected as shown by
(37), although partially due to the contamination of the telluric ab-
sorption near the helium triplet.
Note that the three planets with the deepest helium excess

depths, WASP-69 b, WASP-107 b, and HAT-P-32 b, also have
longer-duration extended excess absorption than the planets’
optical transits. A variety of system physical properties must con-
spire to create extended, deep helium signals; surface gravity—
and therefore escape velocity—seems to be important since these
three planets have some of the lowest in the sample. The observed
diversity calls for further observational and theoretical studies of
planets with both detections and nondetections of excess helium
absorption with long-baseline monitoring, to probe the mass loss
mechanisms of exoplanets.

MATERIALS AND METHODS
Known properties of the HAT-P-32 system
Located at a distance of 283 ± 2 pc (38), HAT-P-32 A is a moderately
rapidly rotating (v sin i = 20.7 ± 0.5 km s−1) late-F dwarf with a near-
solarmetallicity ([Fe/H]=−0.04 ± 0.08 dex) and an isochrone-based
age of 2 to 4 Ga [e.g., (19, 39)]. The hot Jupiter HAT-P-32 b was
found by Hartman et al. (19) from optical transit light curves and
the host star’s multiepoch RVs. The observed RV jitter (≈80 m s−1)
of HAT-P-32 A prevents precise measurements of the planet’s
orbital eccentricity, so Hartman et al. (19) provided two sets of
orbital solutions for HAT-P-32 b by assuming a circular orbit
(i.e., e = 0) or allowing the eccentricity to vary (leading to e =
0.163 ± 0.061). On the basis of new RV data and/or transit light
curves, Wang et al. (20) and Knutson et al. (40) refined the
planet’s orbital eccentricity as e ¼ 0:159þ0:051� 0:028 and e ¼ 0:20þ0:19� 0:13; re-
spectively. However, the secondary eclipse timing of the planet de-
tected by Zhao et al. (41) clearly suggests a lower e ¼ 0:007þ0:070� 0:006:

Throughout this work, we thus adopt a circular planet orbit for
HAT-P-32 b. Various orbital analyses converge on the planet’s
orbital semi-major axis of ≈0.034 arbitrary units (au) (19, 20, 41).
HAT-P-32 b has a mass of 0.59 ± 0.03 MJup, a radius of 1.79 ± 0.03
RJup, a low density of 0.14 ± 0.02 g cm−3, and a high equilibrium
temperature of 1836 ± 7 K (19, 21). With HAT-P-32 b’s mass and
irradiation, a core-less planet (the limiting case that provides the
highest possible radius) would have a radius of 1.1 to 1.2 RJup
[e.g., (42)], meaning that HAT-P-32 b is an inflated hot Jupiter.
This planet likely has a polar orbit, with a sky-projected obliquity
of 85.0° ± 1.5°, based on the Rossiter-McLaughlin effect (43). The
HAT-P-32 A + b system also has an M1.5 stellar companion, HAT-
P-32 B, with a projected separation of 2.94″ or 830 au (41, 44, 45).
With such a wide orbit, HAT-P-32 B is not responsible for the de-
tected significant RV trend (−38 ± 5 m s−1 year−1) of HAT-P-32 A
(20, 40).

HET/HPF observations, data reduction, and postprocessing
HET is designed with a fixed elevation of 55° and a tracking window
of ±8° (16, 17). As a consequence, HAT-P-32 (declination =
46.687852°) is only observable over a track length of 1.5 to 3.3
hours per night. The strategy of our survey is to observe the target
over the full track when the planet’s optical transit occurs and to
collect out-of-transit spectra on both of the two nights before and

Fig. 5. The measured helium EWs of HAT-P-32 A + b and the helium excess
EWs of HAT-P-32 b from different dates are consistent over a given range
of the planet’s orbital phase. The data presented here are exactly the same as
Fig. 1 but are color-coded by observation dates, including those observed during
the first (blue), second (orange), and third (purple) transit event, as well as the long-
term stellar activity monitoring (green). More observations slightly before the
planet’s optical transit are needed to examine whether the planet’s helium
excess is variable in the PRE subset.
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two nights after the transit event to construct the reference spectra
used to calibrate the transmission spectra.We also monitored HAT-
P-32 A + b from 1 August 2020 UT to 25 December 2020 UT with
irregular cadence to investigate its stellar activity. Our observing log
is summarized in Table 1.
Our raw HPF data were reduced using the Goldilocks pipeline

(23–25), which extracts the 1D simultaneous spectra from the
target fiber, sky reference fiber, and the laser frequency comb
(LFC) fiber from 2D images, spanning from 8100 to 12,800 Å.

Given the relaxed requirement about the RV precision for the
science goal of our survey and to avoid any scattered light in the
target star fiber, the LFC was turned off. We applied standard 1D
postprocessing for these spectra using our newly developed muler
framework (26) that also provides quick-look quality assurance.
To remove sky emission lines, we combined the observed spectra

from both the target and the sky fibers. These two types of fibers
have different throughputs, so the direct/naive subtraction
between target and sky fiber spectra is not sufficient. The sky-to-

Fig. 6. Census of planetary systems with detections and upper-limit constraints of excess helium absorption (table S1), divided into gas giants (orange) and
sub-Neptunes (blue). The y axes of all panels present the objects’ equivalent heights of helium upper atmosphere in units of the scale height at equilibrium temper-
atures, δRp/Heq. The x axis in (A) is Roche-lobe filling Rp/RRL, which is the radius ratio between the planet and its Roche lobe. The x axes in (B to E) represent these planets’
surface gravities, equilibrium temperatures, incident XUV flux from their host stars, and their host stars’ effective temperatures, respectively. Symbol size for detections is
proportional to the ratio between the transit duration of helium excess and that of the planets’ optical transits. Most systems have such ratios as 1, while WASP-69 b (12),
WASP-107 b (28), and HAT-P-32 b have larger ratios of 1.2, 1.4, and 3.8, respectively, meaning that their helium upper atmospheres are extended. In addition, TOI 2076 b
exhibited excess helium absorption until 50 min after the planet’s egress; we computed a ratio of 1.3 although the monitoring baseline did not extend the full optical
transit and preingress periods (60). Furthermore, Gaidos et al. (61) recently cautioned that the excess helium absorption signature of TOI 2076 b is likely due to its host
star’s variability. In addition, TOI 1430 b exhibits excess helium absorption slightly before the planet’s ingress (60); longer-baseline monitoring would validate this feature
so we simply assumed a ratio of 1.
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target throughput calibration was determined by our muler frame-
work. Specifically, we analyzed twilight flats regularly acquired
during the HPF operations. In this configuration, both target and
sky fibers were illuminated by the scattered sunlight. Computing
the ratio of the solar spectra acquired by these two fibers, we thus
derived a wavelength-dependent scaling factor that should be
applied to the sky fiber before the sky subtraction. We found the
sky fiber has a ≈7% more throughput than the target fiber. We
further validated this sky-to-target throughput calibration using
another dataset acquired during the HPF nighttime operations. In
this dataset, both target and sky fibers were pointed at blank patches
of the sky, leading to two sets of spectra populated with only sky
emission lines. Comparing the strengths of these skylines from
both fibers led to a similar calibration term determined from the
twilight flats (also see the documentation and tutorials of muler).
Overall, the sky subtraction based on muler leads to 14 improve-
ments over the naive sky subtraction, with negligible residual struc-
ture seen in most bright skylines near the helium triplet. The
performance of our sky subtraction is also verified by another inde-
pendent method that can derive the sky-to-target throughput cali-
bration using a given target’s observed spectrum without requiring
twilight flats or blank sky observations (46). As an additional step to
further minimize the impact of skylines on our analysis, we masked
a skyline doublet that is close to the helium spectral feature; this
doublet is located at 10,832.103 and 10,832.412 Å (47). For each
spectrum, we first converted a wavelength range of 10,832.103 to
10,832.412 Å into its stellar rest frame (see below) and then used
linear interpolation to approximate the fluxes.
Corrections to telluric absorption were not performed given we

planned our observations strategically when telluric bands were
widely separated from the helium spectral feature of HAT-P-32
Ab, as shifted by Earth’s barycentric motion (see Fig. 3).
Our reduced spectra are all in vacuum wavelengths. All spectra

have S/Ns above 45 per pixel, i.e., >75 per resolution element, near
the helium triplet at 10,833 Å; the median S/N is 85 per pixel.
During the observation, the stellar companion B is outside the
HPF target fiber, the radius of which (0.85′′) is only 29% of the
angular separation between A and B components (2.94′′) (44, 45).
In addition, the B-to-A flux ratio is about 0.017 near the helium
triplet at 10,833 Å [see figure 4 of (41)]; this ratio is comparable
to the noise-to-signal ratio of A’s observed fluxes, with a median
of 0.012 (=1/85). Thus, the stellar companion would have compara-
ble fluxes with A’s flux uncertainties, even if both stellar compo-
nents were observed by the same fiber. Therefore, the stellar
companion HAT-P-32 B has negligible contamination to our obser-
vations of HAT-P-32 A + b.

HPF relative RVs of HAT-P-32 A
We measured the relative RVs of HAT-P-32 A from the HET/HPF
spectra following (48). We first applied the barycentric correction to
all spectra using Astropy (49, 50) and thenmultiplied each spectrum
by a third-order polynomial, with coefficients determined in the
steps described below, to match the fluxes of the science spectrum
(observed on 19 September 2020 UT) with the highest S/N among
our entire dataset. To create a master template, we carried out a
cubic basic (B-spline) regression to data points from all these
scaled spectra via the least-squares minimization implemented
with a κ-sigma clipping that removes significant outliers from the
residuals. We then jointly fitted the relative RV and the third-

order polynomial coefficients for each spectral order of each spec-
trum by minimizing the χ2 between the given spectrum and the
master template, over a grid of velocities (from −5 to +5 km s−1
with steps of 50 m s−1) following (51). During this process, we
also masked the telluric absorption and sky emission features. We
determined the RV value and variance of a given spectral order
based on the χ2-velocity parabola and computed the final relative
RV for each spectrum as the weighted mean and SE of RVs
among all spectral orders. The spectrum with the highest S/N in
our dataset thus provides the baseline for the measured relative
RVs. Our resulting HPF relative RVs has typical uncertainties of
131 m s−1.
Given that HAT-P-32 A has an absolute RV of −23.21 ± 0.26 km

s−1 based on (19), we thus added this value to the relative RV of each
spectrum to obtain an absolute RV, with uncertainties added in
quadrature. The computed absolute RVs of our data have a
typical uncertainty below 0.3 km s−1, corresponding to a wavelength
shift of only <0.01 Å near the helium triplet. We used the computed
absolute RV of each spectrum to shift it into the stellar rest frame.

EW measurements of helium and the calcium infrared
triplets
We measured the EWs of the helium triplet in the stellar rest frame
by integrating the line flux over 10,831.5 to 10,834.5 Å, with the
pseudo-continuum approximated by a linear fit of the fluxes from
two surrounding wavelength regions of 10,824 to 10,826 Å and
10,840 to 10,841 Å. The flux uncertainties are propagated into
our resulting EWs in an analytical fashion. We also measured the
EWs of the calcium infrared triplet (Ca II IRT) at 8500, 8544, and
8644 Å, which probe the stellar chromospheric activity. These lines
are thus used to validate that our observed significant excess helium
absorption has a planetary rather than stellar origin [e.g., (21, 52)].
To compute the EW of each triplet component, we defined the line
wavelength as 8498 to 8503 Å with the pseudo-continuum estab-
lished from 8491 to 8495 Å and 8505 to 8509 Å for Ca II λλ8500;
line wavelength as 8540 to 8549 Å with the pseudo-continuum
from 8536 to 8537.5 Å, 8552 to 8556 Å, and 8562 to 8570 Å for
Ca II λλ8545; and line wavelength as 8661 to 8668 Å with the
pseudo-continuum from 8658 to 8660 Å, 8672 to 8676 Å, and
8680 to 8688 Å for Ca II λλ8665. For a given spectrum, we
adopted the EWof the Ca II IRT as the sum of all three components’
EWs. As shown in fig. S1, our measured Ca IRT EWs of spectra in
PRE, TRANSIT, and POST subsets, when the escaping helium atmosphere
and/or the planet are in transit, are all consistent with those of out-
of-transit data in START and END subsets. Therefore, the observed
helium excess spectral features likely originate from the planet’s
upper atmosphere. This conclusion is supported by the observed
low activity level from the ground-based optical light curves [e.g.,
(53)] and was also drawn by Czesla et al. (21) based on CARMENES
data.

Construction of the reference, transmission, and
residual spectra
We resampled each spectrum in the stellar rest frame to the same
wavelength grid of the spectrum that has the highest S/N at
10,833 Å. Then, we normalized the spectrum in the neighborhood
of the helium triplet, with the pseudo-continuum established from a
linear fit of fluxes from 10,824 to 10,826 Å and 10,840 to 10,841 Å as
used in our EW measurements. For data collected from each of the
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three transit events and also from the long-term stellar activity mon-
itoring, we derived a reference spectrum by computing the average
of all spectra corresponding to orbital phases below −0.15 (i.e.,
START) or above +0.08 (i.e., END). We propagated the flux uncertain-
ties in an analytical fashion and obtained a total of four reference
spectra. As shown in fig. S2, our computed reference spectra all
have consistent shapes and values in the neighboring wavelengths
of the helium triplet, with different fluxes from the telluric absorp-
tion lines that are clearly separated from the helium feature.We then
divided each normalized PRE, TRANSIT, and POST spectrum by its cor-
responding reference spectrum to produce transmission and resid-
ual (transmission 1) spectra (figs. S3 and S4). A telluric band,
spanning 10,835 to 10,840 Å in the stellar rest frame, is near but
separated from the helium feature in our residual spectra. Thus,
our analysis cannot detect if there is any helium excess from a
clump of the planet’s escaping atmosphere with an RV toward the
host star with values of 48 to 187 km s−1; such signal is not predicted
by our subsequent 3D hydrodynamic simulation for our target
(see below).

Gaussian models of the excess helium absorption
The observed wavelengths of helium excess reflect the
RVs of helium upper atmosphere escaping HAT-P-32 b. To
identify these wavelengths, we fitted a Gaussian profile
GðλÞ ¼ � AG exp ½� ðλ � μGÞ

2
=2σ2G� to each residual spectrum over

10,825 to 10,840 Å, withAG, μG, and σG describing the transit depth,
central wavelength, and SD wavelength of each excess absorption
feature. We excluded telluric bands redward of the helium triplet,
as well as wavelengths of sky emission lines whose fluxes were
replaced by linear interpolation during the data processing. Some
residual spectra observed near the end of the planet’s optical
transit show broad absorption features that have slightly shorter
wavelengths and shallower depths than the helium excess (e.g.,
the residual spectrum of the second transit event with the orbital
phase near 0.012; fig. S3). These features line up with the weakest
component of the helium triplet (Fig. 3) but contain an absorption
component that is even more blueshifted [also see (21)]. We chose
to exclude wavelengths of such feature in our fitting process, given
that the goal of fitting Gaussian profiles is to identify wavelengths of
the primary component of the excess helium absorption.
On the basis of our fitted AG values, the depth of helium excess

from each residual spectrum in the PRE (6 spectra in total), TRANSIT
(18 spectra in total), and POST (7 spectra in total) subsets spans 2 to
3%, 4 to 7%, and 2 to 4%, respectively. The transit depth in each
subset is further increased after stacking all residual spectra (Fig.
3). In addition, our observed helium excess has full widths at half
maximum of 1.5 to 3 Å (i.e., 2.355σG), comparable with the detected
helium excess in other planetary systems [e.g., (11, 12)]. To compute
the RV of the escaping helium atmosphere of HAT-P-32 b, we
further compared the fitted central wavelength μG of each residual
spectrum with the mean rest wavelength of the strongest two com-
ponents of the helium triplet at 10,833.26 Å. Our fitted μG, σG, and
computed escaping RVs are presented in Fig. 2.

Planetary orbital RV in the stellar rest frame
We computed the planet’s RV in the stellar rest frame as a function
of the planet’s orbital phase (ϕ) based on the following equation

RVpðφÞ ¼ � 1þ
1

Mp=M�

� �

� K� fcos ½vðφÞ þ ω��

þ e cos ω�g ð1Þ

where Mp/M� is the planet-to-star mass ratio, K� is the semiampli-
tude of the host star’s RV, ω� is the argument of the periastron of the
host star ’s orbit induced by the exoplanet, and e is the planet’s
orbital eccentricity. The true anomaly, v, is converted from a
given orbital phase based on the planet’s orbital period (P) and ec-
centricity (e), time of periastron (TP), and the time of the planet’s
optical transit (TC).
We computed RVp(ϕ) for a circular planet orbit and adopted

Mp/M� = 4.81 × 104 (21), K� = 83.4 m s−1 (21), P = 2.1500082
days (20), and TC = 2,456,237.031 BJDTDB (20). We simply
assumed ω�0� and TP = TC − P/4 for using Eq. 1. We did not incor-
porate the uncertainties of orbital parameters in our calculation,
given our analysis compares the planet’s RV with measured RVs
of the escaping helium atmosphere under a qualitative perspective.
Our computed RVp(ϕ) is presented in Fig. 2.

Stacked residual spectra and the light curve of excess
helium absorption
We shifted all residual spectra to an “escaping atmospheric rest
frame” based on the computed RVs of the helium upper atmosphere
escaping HAT-P-32 b, such that the helium excess feature in each
shifted residual spectrum all lines up with the rest wavelength of the
strongest component of the helium triplet at 10,833.26 Å. We then
computed the stacked residual spectrum based on the weighted flux
mean and uncertainty of all data in each of the PRE, TRANSIT, and POST
subsets (Fig. 3). In addition to the excess helium absorption fea-
tures, the stacked PRE residual spectrum shows a deep absorption
feature near 10,835 Å, which is caused by the telluric absorption
mainly contributed by the PRE residual spectrum with an orbital
phase of −0.098 and −0.111 (fig. S4). The wavelength of this
feature is outside the wavelength range used to compute the
helium EWs (Fig. 1). To compute the light curve of excess helium
absorption (Fig. 1), we integrated each residual spectrum in the es-
caping atmospheric rest frame over a window centered at 10,833.26
Å (the mean rest wavelength of the strongest two components of the
helium triplet) with a width of ±1.8 Å (corresponding to an RV
range of ±50 km s−1), with spectral uncertainties propagated in
an analytical fashion.

3D hydrodynamic models
Our 3D hydrodynamic models made use of the Athena++ (magne-
to)hydrodynamics code (54), which uses an Eulerian algorithm
with active and static mesh refinement capabilities. Our models
simulated the properties of the interaction between the planetary
outflow (with properties based on parameterized assumptions)
and the stellar wind and the planet-star gravitational field [e.g.,
(31)]. We adopted a nearly isothermal ideal-gas equation of state
with an adiabatic index γ = 1.0001 (allowing each of the stellar
and planetary outflows to be nearly isothermal but with very differ-
ent temperatures) and ignored any possible effects of stellar or plan-
etary magnetic and radiation fields.
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We solved the hydrodynamics equations in a rotating reference
frame centered on the host star HAT-P-32 A. Our frame rotates with
the planetary mean motion to minimize the orbital advection of
planetary outflow across the coordinate mesh. We used a spheri-
cal-polar mesh that covers the full 4π of solid angle and extends
in radius from HAT-P-32 A’s stellar radius of R� ≈ 9.5 × 1010 cm
[or 1.37 ± 0.03 R⊙ as determined by (20)], to about 100 × R� of 9
× 1012 cm. With a semimajor axis of 0.034 au ~5 × 1011 cm (19, 20,
41) or 5.3 R�; the orbit of HAT-P-32 b is covered by this coordinate
mesh. Our base mesh uses 144 × 96 × 192 zones in the r, θ, ∅ co-
ordinate, with the planet placed at θ = π/2. To increase the resolu-
tion of simulations near the planet’s orbit, we add static mesh
refinement. Specifically, we refined an equatorial torus extending
2 × 1011 to 8 × 1011 cm in r, π/4 − 3π/4 in θ, and 0 − 2π in ∅ by
one level above the base mesh or a factor of two higher spatial res-
olution. We also refined a box surrounding the planet location on
the mesh by four levels of refinement (i.e., 16× higher spatial reso-
lution than the base mesh) to capture the planet-scale outflow with
sufficient resolution in our simulation.
We set our model parameters based on orbital properties (with e

= 0) that have been derived for HAT-P-32 b (19, 21). To model the
planetary outflow, we used the hydrodynamic escape parameter

λ ¼
GMp

Rpc2s
ð2Þ

where Mp is the planet’s mass, Rp is the planet radius, and cs is the
sound speed of the outflow.We adopted λ = 8 for the planetary wind
in our models, implying an outflow temperature of≈5750 K. This is
a free parameter of our current models, and we find that λ particu-
larly affects the stream kinematics, as well as the inferred planetary
mass loss rate (55). To model the much hotter (≈106 K), fast-ex-
panding stellar wind, we adopted λ = 15 and replaced Mp and Rp
to be the mass and radius of the host star, respectively, in the Eq.
2. The planetary mass loss rate in our model is 1.07 × 1012 g s−1
(≈1.7 × 10-14 M⊙ year−1). This implies a loss time scale for the

planetary envelope of Mp= _Mp � 3:8� 1010 year. The stellar mass
loss rate in our model, ≈7 × 10-14 M⊙ year−1, is on the order of
typical main sequence mass loss rates (56).
We postprocessed these snapshots by iterating to find the stellar

and planetary outflow ionization states in the stellar radiation field.
To construct the spectral energy distribution of the host star, we
combined the published XUV spectrum of τ Boo (0 to 1200 Å)
(57), which has the same spectral type as HAT-P-32 A, and the
BT-Settl model spectrum (>1200 Å) with an effective temperature
of 6300 K and logarithmic surface gravity of log(g) = 4.5 dex; we
further scaled this spectrum based on the XUV flux estimates
from (21). We then cast rays from the star through the domain to
an observer. The full methodology is presented in (31).
Figure 4 demonstrates a slice of gas density through the simula-

tion model domain centered on HAT-P-32 A, showing that an
outflow from HAT-P-32 b extends nearly along the orbital path
both leading and trailing the planet. This outflow is shaped by its
interactions with the much-faster stellar wind (as is visible from un-
stable interfaces between the higher-density planetary outflow and
the lower-density stellar wind). However, the primary force shaping
the planetary outflow is the tidal gravity of the star-planet system,
which is particularly strong for HAT-P-32 b because the planet is
nearly filling its Roche lobe (21). As a result, the planetary
outflow is slow-moving by comparison to the planet’s orbital
speed. The differential orbital frequency as a function of the dis-
tance from the star means that gas in the planetary outflow is ad-
vected into leading and trailing arms of the planet’s upper
atmosphere.
The consequences for the observable properties of excess helium

absorption of this outflow geometry are marked. Figure 7 presents
the number density of metastable helium and the RV of gas in the
region surrounding the planet. Overlying contours show the cumu-
lative, radial optical depth from the host star in the metastable
helium line. These contours show that the columnar structure of
planetary outflow maintains relatively high optical depth even at

Fig. 7. Number density and RVof themetastable helium in 3D simulations. The left panel shows the showing number density ofmetastable helium (left) and and the
right panel shows the RV in a postprocessed simulation snapshot (same as Fig. 4) . Contours show the cumulative radial optical depths of 0.01 to 1 in half-dex steps (light
to dark). The dotted contour shows the surface of nHef310

−3 cm−3. The extended tidal tails of mass loss in this HAT-P-32 Ab analog system imply significant optical depth
of the planetary mass loss even far from the planet itself, in significant contrast to a more-spherical pattern of mass loss. Further, these tidal tails orbit the host star with
little RV (or line-of-sight velocity for an observer) implying that their absorption signatures lie close to the stellar rest frame, which is in excellent agreement with ob-
servations (see Fig. 2).
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large distances from the planet. This can be contrasted to a spherical
outflow, in which the optical depth drops steeply with distance
above the planetary surface. For the observable properties of
HAT-P-32 b’s transit, this means that the extended absorption in
PRE and POST phases (e.g., Fig. 1) can be attributed to columns of
planetary outflow that are strongly shaped by orbital advection
into leading and trailing tails.
Figure 7 also shows the RV of material with the same overlying

contours of optical depth. We see that on the leading arm, planetary
material has a slight redshift, implying flow toward the host star,
while material in the trailing arm is slightly blueshifted. The RVs
of gas are low compared to the planet’s orbital velocity (~170 km
s−1). The leading and trailing tails of the planet’s escaping atmo-
sphere, therefore, lie close to the stellar rest frame as most of its
motion is along the orbit, perpendicular to an observer during
transit. Several properties of the model affect the kinematics of
the tidal tails of planetary mass loss. We find that one of the stron-
gest effects is the characteristic temperature of the planetary outflow
(controlled by the parameter λ in our models). Cooler tidal tails are
shaped more strongly by the tidal potential and are broadened less
by their own thermal expansion. This suggests that more sophisti-
cated modeling that fully reproduces the EW light curve (Fig. 1) and
kinematics as a function of phase (Fig. 2) will be very constraining
about the planetary outflow’s thermodynamics.
The PRE and POST tails of material need not share an identical

temperature (as they currently do in our hydrodynamic models).
We find that cooler POST tails better reproduce the redshifts observed
several hours after mid-transit. In addition, it is important to high-
light that there are physical processes not included in our models
that could influence tidal tail kinematics. We have not included mo-
mentum deposition by the stellar radiation field on the outflow di-
rectly in our models, nor have we systematically varied the orbital
eccentricity, the relative strength of the stellar wind, or the thermo-
dynamics of the planetary outflow. Stellar wind and radiation pres-
sure act similarly, applying a roughly r−2-scaled radial pressure away
from the star. Increasing these effects blueshifts the trailing tail and
can erode the leading tail until the outflow forms a cometary mor-
phology (31). Eccentricity introduces waves into the tails, perhaps
including subtle RV signatures. Because these effects interact non-
linearly, sophisticated hydrodynamic simulations are needed to
explore this phase space and to determine to what degree the obser-
vational constraints uniquely determine HAT-P-32 A + b’s
properties.
We also supplemented our 3Dmodeling with 1D hydrodynamic

models [following (58, 59)] of planetary outflows of varying temper-
atures, with otherwise equivalent assumptions. At identical temper-
atures and EW, these 1D models predict ~2× higher planetary mass
loss rate because they neglect the compression of material into tidal
tails. The 1D models also suggest that the best-fitting mass-loss rate
scales as _Mp / T (i.e., _Mp /

1
p λ
� 1
p ; where T is the outflow temper-

ature), thus giving an indication of how varying the uncertain plan-
etary outflow thermodynamics affects the inferred planetary mass
loss rate [also see (55)].
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GEOCHEMISTRY

Dominance of benthic fluxes in the oceanic beryllium
budget and implications for paleo-denudation records
Kai Deng1*, Jörg Rickli1, Tim Jesper Suhrhoff1, Jianghui Du1, Florian Scholz2, Silke Severmann3,
Shouye Yang4, James McManus5, Derek Vance1

The ratio of atmosphere-derived 10Be to continent-derived 9Be in marine sediments has been used to probe the
long-term relationship between continental denudation and climate. However, its application is complicated by
uncertainty in 9Be transfer through the land-ocean interface. The riverine dissolved load alone is insufficient to
close the marine 9Be budget, largely due to substantial removal of riverine 9Be to continental margin sediments.
We focus on the ultimate fate of this latter Be. We present sediment pore-water Be profiles from diverse conti-
nental margin environments to quantify the diagenetic Be release to the ocean. Our results suggest that pore-
water Be cycling is mainly controlled by particulate supply and Mn-Fe cycling, leading to higher benthic fluxes
on shelves. Benthic fluxes may help close the 9Be budget and are at least comparable to, or higher (~2-fold) than,
the riverine dissolved input. These observations demand a revised model framework, which considers the po-
tentially dominant benthic source, to robustly interpret marine Be isotopic records.
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INTRODUCTION
Earth’s environment gradually moved from greenhouse conditions
to an icehouse state in the Cenozoic, concurrent with a decline in
atmospheric CO2 concentrations (1, 2). A long-standing hypothesis
to explain these observations invokes enhanced removal of CO2
from the atmosphere via increased silicate weathering. It is
further posited that this weathering is driven by mountain uplift
and erosion as inferred from an increase in oceanic isotope ratios
of elements such as strontium (87Sr/86Sr) and lithium (7Li/6Li) (3,
4). However, it is also well-established that a small excess of CO2
output by silicate weathering (C sink) relative to volcanic degassing
(C source) could potentially remove all atmospheric CO2 in a few
million years (5). Recent studies have sought to resolve this contro-
versy in two ways, by invoking either CO2 release from a compen-
satory source (6) or an increase in the weathering feedback strength
without requiring a higher weathering flux (7, 8).

In recent years, marine sedimentary records of beryllium iso-
topes (10Be/9Be) have been used as a tracer for continental denuda-
tion, which is the sum of chemical weathering and physical erosion
(9, 10). Since estimates are available for the past atmospheric deliv-
ery of 10Be to the oceans (11), the ratio can, in principle, quantify
fluxes of 9Be delivered by rivers in dissolved and particulate forms
(10). Compared to other weathering tracers mentioned above (3, 4),
which may mostly be sensitive to weathering style and/or the
isotope composition of the source rather than weathering flux,
the major potential advantage of 10Be/9Be lies in its direct link
with the continental input flux of 9Be (8, 12). The discrepancy
between proxy behaviors might help explain the inconsistency
between the marked change in Sr-Li isotopes and relatively stable
10Be/9Be ratios. The latter proxy suggests a small variability in

fluxes of chemical weathering and/or denudation in the late Ceno-
zoic (8, 9).

The promising applications of 10Be/9Be ratios are currently ham-
pered by an incomplete understanding of the Be budget of the
oceans, particularly the efficiency of 9Be transmission through the
continent-ocean interface (13, 14). Recent modeling efforts have
brought this uncertainty into the spotlight, emphasizing that differ-
ent parametrizations of estuarine removal of dissolved 9Be lead to
contrasting expectations for the response of oceanic 10Be/9Be ratios
to continental denudation (15, 16). However, riverine dissolved 9Be
alone is insufficient to close the oceanic 9Be budget (14, 16). One
potential missing source could be the early diagenetic release of par-
ticulate-bound reactive 9Be deposited on continental margins (10,
14). This benthic flux generated at the sediment-water interface is
substantial for the marine budget of a number of other particle-re-
active metals, such as iron (17) and rare earth elements (REE) (18).

A quantification of such benthic sedimentary fluxes is key to un-
derstanding the sensitivity of oceanic 10Be/9Be to changing conti-
nental denudation and/or weathering and the time scales on
which the ocean responds to changes in continental inputs.
However, direct constraints on benthic Be fluxes from marine
pore-water data are extremely scarce (19) and still absent for conti-
nental shelves where most terrigenous sediment is deposited. Here,
we present depth profiles of pore-water Be from different continen-
tal margins across variable water depth and redox conditions, which
allow the derivation of a comprehensive quantitative constraint on
this source. We seek to reveal the controls on pore-water Be concen-
trations and to quantify the benthic Be flux. We show that the
benthic flux could be the major pathway by which 9Be enters the
dissolved pool of the oceans and provide an alternative interpreta-
tive framework for the small variability in Cenozoic Be isoto-
pic records.

Sedimentary environment background
We studied stations in the East China Sea (depth: 6 to 46 m), the
Baltic Sea (depth: 23 to 24 m), the Mexico margin (site: Soledad;
depth: 542 m), and the California margin (sites: Catalina, San
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Clemente, and Patton Escarpment; depth: 1300 to 3707 m), cover-
ing a wide range of water depths from the continental shelf to the
deep sea. These sites (Fig. 1 and table S1) are characterized by var-
iable sedimentation rates (<0.1 to >10 mm/year) and redox condi-
tions (oxic to anoxic), implying distinct diagenetic regimes.

The East China Sea shelf is one of the widest shelves worldwide,
with a maximum width of >500 km and an area of ~5 × 105 km2. It
receives large amounts of terrestrial sediment, with sedimentation
rates ranging from ~0.1 to >3 cm/year (20). The water column is
dominantly oxic, with occasional occurrence of seasonal hypoxia
(21). The Baltic Sea is one of the largest brackish water basins glob-
ally, and the studied Kiel Bight is a semi-enclosed basin in its south-
west. It is at the other end of the redox scale, with anoxic and
potentially sulfidic conditions commonly established at the sedi-
ment-water interface in summer through fall, that terminated in
late fall by lateral advection of well-oxygenated water (22). Manga-
nese and Fe shuttling takes place throughout the anoxic season.
During the well-oxygenated season, terrigenous Mn and Fe oxides
are also likely to be an important carrier phase for tracemetals to the
sediments (23). The major sediment source in the Kiel Bight is
erosion of proximal coastal cliffs (24), resulting in a sedimentation
rate of 0.2 to 0.9 cm/year (25). The Californian andMexican margin
sites encompass a range of redox situations broadly intermediate
between the above two sites as well as a broad spectrum of particu-
late input. Soledad on the slope of the Mexico margin is character-
ized by anoxic conditions in bottom water and reduced particulate
Mn supply to the sediments (26, 27). The southern California
margin sites (slope to deep sea) see bottom water conditions
ranging from hypoxia to well oxygenated (bottom water O2: 19 to
132 μmol/liter) and sediment accumulation rates ranging from 3 to
15 mg cm−2 year−1 (28).

RESULTS
Pore-water Be and its controls
At each sampling station, pore-water samples were separated from
core sediments at ~cm resolution for the preconcentration and de-
termination of Be concentrations. A detailed description of the
sampling and analysis is provided in Materials and Methods.
Pore-water and bottom water Be concentrations, together with
Mn and Fe concentrations, are presented in Fig. 2 and table S2.
Pore-water Be concentrations ([Be]diss) range from seawater-like
values of ~20 pM to a maximum of ~1000 pM. At shallow depths
(e.g., <5 cm), [Be]diss is commonly elevated compared to bottom
water or near-interface pore-water (Fig. 2). This observation sug-
gests that pore-water Be is released from sediments into overlying
seawater. In general, pore-water [Be]diss reaches the highest values
in the Baltic Sea (685 pM on average), intermediate values in the
East China Sea (239 pM), and lowest values in the California (60
pM) and Mexico (46 pM) margins. At most stations, [Be]diss
shows little variability at depth in contrast to its rapid rise just
beneath the sediment-water interface.

Labile Be is mainly bound with reactive Mn-Fe oxyhydroxides in
riverine andmarine sediments (29, 30). On the East China Sea shelf,
the pore-water peak in [Fe]diss or [Mn]diss generally shallows with
increasing water depth, together with a decrease in maximum con-
centration (Fig. 2). These features are also observed for [Be]diss, sug-
gesting a Be source linked to Mn-Fe mobilization through
reduction. Likewise, [Be]diss and [Mn]diss show similar increases
at shallow core depth (≤6 cm) in the Baltic Sea. However, the
slight decrease in [Mn]diss at depth and overall low [Fe]diss point
to sinks for both elements, such as Mn carbonate and Fe sulfide
(23). These sinks do not appear to affect [Be]diss.

Fig. 1. Pore-water sampling stations. (A) An overview of all the stations with pore-water Be data. Basic information on each station is provided in table S1. Locations with
literature pore-water Be data are also shown (19). Study regions with more than one sampling station are enlarged, including (B) the California margin, (C) the Baltic Sea,
and (D) the East China Sea.
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For the Mexico-California margin sites, the depth profiles of
[Be]diss do not correlate as closely with those of [Mn]diss or
[Fe]diss, perhaps because of contrasting cycling processes for Fe
and Mn at these sites. For example, negligible [Mn]diss in Soledad
is due to limitedMn oxide supply from thewater column (26), while
negligible [Fe]diss in Patton Escarpment is explained by a deep O2

penetration depth and low organic carbon remineralization rate
(28). Hence, changes in individual sources and sinks of each
element may obscure the link between Be and Mn or Fe. Neverthe-
less, Fig. 3 illustrates a systematic relationship between pore-water
Be andMn during early diagenesis: [Be]diss remains at relatively low
levels under low [Mn]diss, while it strongly increases when reduction

Fig. 2. Pore-water and bottom seawater Be, Mn, and Fe concentrations. Dissolved metal concentrations are shown for stations in (A) the East China Sea, (B) the Baltic
Sea, and (C) the Mexico-California margin. Bottom water samples are plotted at a depth of 0 cm (gray dashed line). Note that the x axis is on a log scale.
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of Mn oxides is prominent. Most samples fall within an envelope
explained by mixing between a seawater end-member and two
pore-water end-members whose sources are potentially located at
the depth of Mn reduction.

Overall, [Be]diss is much lower on the continental slope and in
the deep sea than on the shelf (Fig. 2). We suggest that abundant
particle supply (20), in particular, Mn-Fe oxides (23), coupled to
strong redox cycling in pore-water, could play a major role in the
strong diagenetic Be release on the continental shelf.

Benthic Be fluxes in the oceans
We calculate the diffusive flux of Be across the sediment-water in-
terface at each station (Fig. 4A), using Fick’s first law and the pore-
water [Be]diss gradient (details in Materials and Methods). Litera-
ture data from two deep-sea stations are included (19). The diffusive
Be flux varies over two orders of magnitude, ranging from 0.8 pmol
cm−2 year−1 at the Mexico margin to 85.5 pmol cm−2 year−1 in the
Baltic Sea (AL543-12). If diffusive Be fluxes were strictly controlled
of the oxidation-reduction potential of the sediment package, then
they would be negatively correlated with bottom water O2, but such
correlation is insignificant in our dataset (P > 0.1; Fig. 4A). For
example, in the Baltic Sea, the suboxic site shows a higher flux
than the anoxic site, potentially because it is located within a sub-
marine channel and may receive more terrestrial sediment (31). At
the Mexico-California margins, the lower Be flux in anoxic Soledad
is likely caused by limitedMn and Be supply from the water column
(26). Nevertheless, any potential relationship between sediment
supply and diffusive Be flux cannot easily be inferred from our
dataset. For example, the diffusive Be fluxes show a small range

(2.7 to 3.2 pmol cm−2 year−1) at the three Californian margin
sites despite a fivefold variability in sedimentation rates (28).

In brief, benthic Be fluxes on shelves are much higher than those
on the slope and in the deep sea (Fig. 4A), consistent with the
general spatial pattern of, e.g., benthic Mn fluxes (32). Furthermore,
advection caused by bioirrigation and dynamic hydrological condi-
tions, rather than diffusion, may dominate benthic fluxes of trace
metals on shelves (33), suggesting that the actual fluxes could be
even higher than diffusion-based estimates. Hence, our observa-
tions argue for an important role of continental shelves in the
benthic Be source.

DISCUSSION
Updated framework of oceanic Be cycling
On the basis of pore-water data from this study and from the liter-
ature (19), a first-order estimate of the global benthic Be flux can be
provided. We use benthic Be fluxes at a range of stations (table S3)
for areal extrapolation at different water depth intervals. For global
continental shelves (0 to 200 m), the studied East China Sea shelf, as
one of the widest shelves worldwide (~2% of global shelf area), is
adopted as the representative setting. When calculating the
benthic Be flux on shelves, advection processes including bioirriga-
tion and kinetic energy dissipation from, e.g., shear flow (33) need
to be taken into account. Here, this is done by multiplying the
change in [Be]diss across the sediment-water interface by the advec-
tive water exchange rate (v) determined around our study region
using 224Ra/228Th disequilibria (Eqs. 3 and 4 and Materials and
Methods) (33). The suggested shelf benthic Be flux for areal extrap-
olation is 140 ± 107 pmol cm−2 year−1, much higher than the dif-
fusion-based estimates at the same stations of the East China Sea
shelf as expected (13.9 ± 4.2 pmol cm−2 year−1; table S3). We con-
sider this advection-based estimate to be reasonable, because the
range of v on shelves used here (18 ± 13 m/year) agrees well with
the range of the apparent pore-water exchange velocity across the
sediment-water interface (2 to 34 m/year) calculated from several
shelf settings in North America (34–36).

At deeper water depth, the global benthic flux on the slope and in
the deep sea (water depth: 0.2 to 4 km) is calculated as the average
diffusive flux at three nonanoxic stations (1300 to 3707 m) on the
California margin (2.9 ± 0.3 pmol cm−2 year−1; Fig. 4A). In addi-
tion, the global benthic flux in the abyssal basins (>4 km) is derived
from the diffusive flux in the deep Pacific at 4910 m (1.4 ± 0.2 pmol
cm−2 year−1) (19). In general, the sedimentary (sedimentation rate)
and diagenetic (related to organic carbon delivery/oxidation) envi-
ronments at the selected stations are close to globally representative
conditions at the corresponding depth intervals or fall within the
representative parameter range (table S4). The calculation of a
global-scale flux estimate based on areal extrapolation (37) is
given in table S5. When only considering diffusion processes over
the global scale as a conservative estimate, the total benthic Be input
is calculated as 1.1 ± 0.1 × 107 mol/year. In comparison, after ac-
counting for advection processes on shelves, the global integrated
benthic Be input reaches 4.5 ± 2.9 × 107 mol/year. In particular,
continental shelves with abundant terrestrial particle supply
account for 84% of the total benthic source.

We revisit the oceanic Be budget based on these updated con-
straints on the benthic source (Fig. 4B; calculation details in table
S5). The oceanic Be sources include riverine dissolved loads,

Fig. 3. Pore-water concentrations of Be versus Mn. Note that the x axis is on a
log scale. The envelope of seawater–pore-water mixing is modeled using a sea-
water end-member, i.e., Pacific deep water (55, 56), and two high [Be]diss-[Mn]diss
pore-water end-members that are potentially dominated byMn reduction. Sources
and sinks of Mn and Be do not entirely overlap. For example, formation of Mn car-
bonate could cause decrease in [Mn]diss (23) at high [Be]diss. Hence, we include two
scenarios using a pore-water sample with the highest [Mn]diss and another with
the highest [Be]diss (red circles), leading to the lower and upper limits of the
envelop, respectively.
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eolian dust, and benthic fluxes, while the major sink is scavenging
onto marine particulates. The effective riverine input to the oceans
(1.8 ± 0.4 × 107 mol/year) is calculated using compiled riverine dis-
solved Be flux data (table S6) and the average estuarine removal
(56%) (14). The dust input (0.9 ± 0.06 × 107 mol/year) is estimated
using the global dust flux (38), the Be concentration in dust same as
that of the upper continent crust (39), and the soluble fraction
(~9%) of dust Be (13). The diffusion-based benthic Be fluxes are
of the same magnitude as the riverine input and would account
for 28% of the total oceanic Be input. If advective fluxes on
shelves are included as estimated above, then the benthic input

becomes the largest source to the oceans (62% of the total input
on average) and ~2-fold higher than the effective riverine dissolved
input.

The sediment burial output of 9Be (6.9 ± 1.7 × 107 mol/year) can
be calculated (40) on the basis of global atmospheric 10Be input (as-
suming a negligible continental 10Be input; see the sensitivity test in
the Supplementary Materials), the assumption of input-output
balance for oceanic 10Be, and the global average deep-sea 10Be/9Be
(10, 41). This estimate of oceanic 9Be output, if valid, would result in
an oceanic 9Be residence time of 485 ± 120 year, which falls within
the range for the ocean-wide scavenging residence time of Be (480

Fig. 4. Updated framework of oceanic Be cycling. (A) Diffusive sedimentary Be flux variation with water depth. The symbols are colored by bottomwater O2 (DO). Axes
and color bars are on a log scale. Literature data (red crosses) are from (19). Details on flux calculations are provided in table S3. (B) First-order estimate of oceanic Be
budget. The major sources are river dissolved load, eolian dust, and benthic flux, while themajor sink is sediment burial. Inputs (7.2 ± 2.9 × 107 mol/year) and outputs (6.9
± 1.7 × 107 mol/year) match within uncertainty. Calculation details and references are provided in table S5.
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to 1250 years) estimated by other methods (42, 43). Because the 9Be
sources (7.2 ± 2.9 × 107 mol/year in total) and the 9Be sink are con-
strained by independent approaches, it is encouraging that they
agree within uncertainty (<10% mismatch; Fig. 4B).

Given different scenarios for the benthic flux calculation and the
uncertainty therein, we perform a sensitivity analysis on their effect
on the resulting benthic 9Be input and the ratio of benthic to river-
ine 9Be input (fig. S2). The calculated benthic 9Be flux through dif-
fusion processes only (1.1 × 107 mol/year) is equivalent to ~60% of
the riverine dissolved input. This flux estimate is in itself substantial
but not enough to close the oceanic 9Be budget, which requires an
input flux of 4.2 ± 1.7 × 107 mol/year from sources other than rivers
and dust according to the 9Be burial output (table S5). In compar-
ison, the benthic flux that takes advection on shelves into account
(4.5 ± 2.9 × 107 mol/year) would meet the required missing source.
Even when considering the large uncertainty propagated from esti-
mates on water advection, the benthic flux is close to, or higher
than, the riverine dissolved load (minimum ratio: 0.8; average
ratio: 2.4) and accounts for 62 ± 16% of the total 9Be input. In ad-
dition, a fraction of pore-water tracemetals released viawater advec-
tion might immediately be rescavenged near the sediment-water
interface (44). It is difficult to quantify the effect of this process
without in situ observations. However, on the basis of our con-
straints on 9Be mass balance, a minimum benthic flux that could
be affected by rescavenging and still meet the total 9Be output
within uncertainty (lower bound: 5.2 × 107 mol/year; table S5) is
2.4 × 107 mol/year. Even in this case, the benthic flux that ultimately
enters the ocean is 130% of the riverine dissolved load and 47% of
the total input (fig. S2), emphasizing its potential control on oceanic
Be cycling.

Implications for the Cenozoic oceanic Be isotopic records
The updated framework for the oceanic Be budget (Fig. 4B) is valu-
able for the interpretation of marine isotope records. Recent debate
has centered on the uncertainties in the riverine dissolved input and
its estuarine removal (15, 16). However, in the budget presented
above, this riverine dissolved source is not the most important
and may not control variability in paleo-records. Secular records
are here predicted to respond more to the benthic source, either
in a diffusion-only scenario or more plausibly in a scenario includ-
ing advection processes on shelves. In addition, because pore-water
Be only reflects a minor fraction (<0.1%) of the sediment reactive
pool (e.g., ~20% of bulk sediment Be) (10), the benthic source has
the potential to change with time in response to sedimentary pro-
cesses. Key factors might include (i) changing pore-water Mn-Fe
redox cycling, potentially controlled by organic carbon delivery
(32), and perhaps (ii) changing sediment delivery (10). Both pro-
cesses are likely dynamic on continental shelves and would
respond to environmental changes (e.g., sea-level fluctuation), al-
though the relative importance of each process is still to be
established.

Late Cenozoic 10Be/9Be records showminor temporal variability
(relative SD of ocean 9Be input: 20 to 30%) and have been interpret-
ed in terms of a relatively stable rate of continental denudation and/
or weathering (8–10). However, because the riverine dissolved input
is unlikely to be a major 9Be source, we suggest that there are alter-
native views of the paleo-isotope records. For example, if the
benthic source is kept constant at 4.5 × 107 mol/year, then a ~2-
fold increase in denudation rate in the late Cenozoic [inferred

from, e.g., globally compiled thermochronometric age data (45)
and modeling results (8) based on C-Li-Be-S-O data], together
with the assumption of a linear relationship between effective river-
ine dissolved input and denudation rate (10), would lead to an in-
crease of less than 20% in the total 9Be input, consistent with the
minor paleo-record variability. Moreover, a potential decrease in
the benthic source resulting from the sea-level fall and smaller
shelf area in the late Cenozoic (46) could counterbalance an increase
in riverine dissolved input. Overall, the realization of a substantial
benthic flux of Be implies a more indirect and complex response of
oceanic 9Be to continental denudation fluxes than previously
assumed (15, 16). The paleo-records of oceanic 10Be/9Be may not
mimic the evolution of one single source. Instead, individual
sources—benthic processes, rivers, and dust—could show different
responses to climatic-tectonic factors, with their integrated effect
potentially resulting in the observed small oceanic 10Be/9Be vari-
ability back through time (9).

Overall, our marine pore-water Be results provide direct evi-
dence for a benthic Be flux to overlying seawater over the full
depth range of the ocean basins (shelf-slope-deep sea). This
benthic source provides a resolution to the oceanic Be imbalance,
and it may dominate the present-day oceanic input. More marine
pore-water Be data, especially on advection-dominated continental
shelves, will still be required to refine our proposed Be budget and
reduce the flux uncertainty. On the basis of this updated framework
for the oceanic Be budget, we propose that oceanic Be cycling may
be governed “bottom-up” (benthic process) rather than “top-down”
(river or dust) (47). Hence, the hypothesis of a dominant riverine
dissolved Be input to the oceans needs to be revisited (15). Given
the strong cycling of pore-water Be on shelves and distinct Be
isotope ratios of marine and continental sources, Be isotopes may
have the potential to distinguish between the two types of reactive
pools in marine sediments, allowing the investigation of boundary
exchange processes in the modern ocean (48, 49). For a robust in-
terpretation of open-ocean paleo-isotopic records, a revised model
framework considering the potentially dominant benthic source is,
however, still required.

MATERIALS AND METHODS
Details on pore-water Be separation and determination
At each sampling station, sediment cores (10 to 25 cm) were re-
trieved using multi- or mini-corers. Overlying bottom water was
first drained and filtered. Pore-water was separated using methods
previously described in detail (31, 50) at ~cm resolution, either by
centrifuging sliced core sediment under anaerobic conditions fol-
lowed by filtration (Baltic Sea samples: 0.2-μm filters and Mexico-
California margin samples: 0.45-μm filters) or by in situ extraction
via precleaned Rhizon samplers (East China Sea samples: 0.15-μm
filters). Water samples were acidified for storage (pH ≤ 2).

Separation and determination of Be were performed at ETH
Zürich. Berylliummeasurement in pore-water samples is analytical-
ly challenging due to the low concentrations (picomol/liter level)
and the small available sample volumes (e.g., several milliliters).
We developed a procedure that can separate three components,
which are, salt matrix, Be, and other trace metals such as REE on
the same sample, optimizing the usage of precious pore-water
samples. To do so, we coupled a well-established REE
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preconcentration protocol (50, 51) with an additional procedure for
the preconcentration of Be from the remaining seawater matrix
(14, 52).

About 5 to 20 ml of filtered and acidified pore- or seawater was
used to preconcentrate most trace metals (called TM fraction) using
ethylenediaminetriacetic acid chelating resin, i.e., NOBIAS PA1
(51). Concentrated ammonium acetate buffer was added to each
sample to reach an acetic acid concentration of 0.1 M, and the
sample pH was adjusted to 5.5 to 6.0 using concentrated
ammonia and HCl. Subsequently, samples were loaded onto pre-
cleaned and preconditioned NOBIAS columns with a resin bed of
~100 μl, and the matrix cations were eluted from the column with
16 to 20 ml of 30 mM ammonium acetate buffer. The loaded sample
and the matrix-eluting buffer solutions were collected as the B frac-
tion. Beryllium is overwhelmingly in this fraction (> ~95%) (51), as
it is commonly not retained by the resin at a pH of 5.5 to 6.0. Trace
metals including REE (TM fraction) were lastly eluted from the
resin in 4 ml of 1 M HCl.

We added FeCl3 in concentrated HCl immediately to the B frac-
tions to lower the pH to <2, and the samples were shaken for some
time to reach equilibrium. Beryllium was then coprecipitated with
Fe hydroxides at a pH of 7.5 to 8.2. After >12 hours with mild
shaking, the precipitates were separated from the supernatants by
centrifugation and rinsed twice with pH-adjusted Milli-Q water
(pH = ~8). Beryllium was separated from Fe using anion resin
(AG MP-1, 1-ml resin bed), and the dried B fraction was oxidized
using 14.5 M HNO3 and 30 volume % H2O2. An additional purifi-
cation step using cation resin (AG 50W-X8, 0.8-ml resin bed) was
applied (53) to further reduce remaining matrix cations such as Ca
and Mg in the B fraction.

Beryllium concentrations of the B fractions were measured in 0.5
to 1 ml of 2% HNO3 doped with 1 part per billion of indium (as an
internal standard) on a Thermo Fisher Element XR [inductively
coupled plasma mass spectrometry (ICP-MS)] in low-resolution
mode. Given the low Be concentrations, the ICP-MS was coupled
with a desolvating sample introduction system (Aridus 1) to boost
instrument sensitivity and to increase the signal-to-noise ratio. The
intensity data were corrected for machine blank and machine drift.
Final Be concentrations were also corrected for procedural blanks of
the corresponding batches, which reflect the Be accumulated during
chemical processing and account for ~2% of the average [Be] of all
samples (0.05 ± 0.05 parts per trillion, 1 SD; n = 16; the processed
volume is the same as the sample volume of the given batch). Note
that the TM fractions were also measured for Be concentrations
using an ICP-MS setup as described in (50) to check whether a
minor amount of Be was retained on the NOBIAS PA1 resin.
When this fraction of Be was not negligible (accounting for ~6%
of total [Be] on average), it was added to the Be measurement of
the B fraction to derive a final Be concentration.

An in-house seawater standard Jstd-1 of known Be concentra-
tion (1 nM) (14) was processed in each sample batch to assess ac-
curacy and precision. The total Be amount of each standard
processed (from 5 to 10 ml of solution) is similar to that of the
pore-water samples with high Be concentrations. The average Be
yield of this standard was 95 ± 8% (n = 11, 1 SD). Hence, we prop-
agated a relative uncertainty of 10% for all pore-water Be
measurements.

In addition, an aliquot of each original pore-water sample was
diluted ~40 times for the determination of Fe and Mn

concentrations. Accuracy and precision were assessed using river
standard SLRS-6 from the National Research Council Canada.
Repeat measurements of SLRS-6 show an SD of <10% and also
agree with certified values within ~10%. All element concentrations
were measured using a Thermo Fisher Element XR at ETH Zürich,
except Mn data in the Baltic Sea that were measured at GEOMAR
(Germany) using ICP optical emission spectrometry (VARIAN
720-ES). Note that pore-water Fe and Mn data from the stations
in the East China Sea were published before (50).

Calculation of benthic Be flux
Early diagenetic reactions can produce a [Be]diss gradient in sedi-
ment pore-waters, which is used for quantifying the diffusive Be
flux (JBe−diff ) following Fick’s first law of diffusion (36)

JBe� diff ¼ φ� Dsed
Be �

∂CBe

∂z
ð1Þ

where ∂CBe
∂z is the maximum concentration gradient in Be from

shallow pore-water to bottom water (mol liter−1 cm−1) in the
pore-water profile, φ is the porosity (assuming as a constant of
0.9) (19, 54), and Dsed

Be is the effective diffusion coefficient of Be in
sediments (cm2/s). Dsed

Be is calculated using the diffusion coefficient
of Be in seawater (Dsw

Be in cm2/s) and tortuosity (θ2; estimated from
porosity as given in the denominator of Eq. 2) (36)

Dsed
Be ¼

Dsw
Be

1 � lnðφ2Þ
ð2Þ

The empirical relationship between Dsw
Be and bottom water tem-

perature (T in degrees Celsius) is provided by Boudreau (36), i.e.,
Dsw

Be = (2.57 + 0.14 T ) × 10−6 cm2/s (R2 = 0.99), and applied here,
and site-specific Dsed

Be is provided in table S3. Diffusive Be fluxes
from this study and the literature are provided in table S3.

In an advection-dominated setting, additional processes, e.g., bi-
oirrigation and shear flow, can dominate solute exchange across the
sediment-water interface. The advection-based Be flux (JBe−add) is
then calculated by the equation modified from (33)

JBe� add ¼ v� Δ½Be� ð3Þ

where ∆[Be] is the concentration difference between uppermost
pore-water (1 cm) and bottom seawater, and v is the interfacial
water exchange rate (in m3 m−2 d−1). An exponential relationship
between water depth (Z in meters) and v determined from
224Ra/228Th disequilibria was proposed in China coastal seas (33).
We here reprocessed the literature data (33) to generate a data fit
and an estimate of its uncertainty (Eq. 4 and fig. S1).

v ¼ 0:049þ 0:856e� 0:134Z ð4Þ

The coefficient of determination (R2) of the fit is 0.97, and the
root mean square error is 0.030. To estimate the advective Be flux on
the shelf, we first calculated the mean gradient in [Be]diss at the sedi-
ment-water interface from the East China Sea stations at a water
depth of ≥12 m, where pore-water depth patterns of Be (Fig. 2)
and REE (50) are similar. We then multiplied this gradient with
the advective water flux (0.049 ± 0.036 m3 m−2 d−1) derived from
Eq. 4 for the global average shelf depth (65 m) (37), which is similar
to the average depth of the East China Sea shelf (72 m). Overall, v is
relatively stable at ~0.05 m3 m−2 d−1 when Z is >40 m.
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PLANETARY SC I ENCE

Origin of biological homochirality by crystallization of
an RNA precursor on a magnetic surface
S. Furkan Ozturk1*, Ziwei Liu2, John D. Sutherland2, Dimitar D. Sasselov3

Homochirality is a signature of life on Earth, yet its origins remain an unsolved puzzle. Achieving homochirality
is essential for a high-yielding prebiotic network capable of producing functional polymers like RNA and pep-
tides on a persistent basis. Because of the chiral-induced spin selectivity effect, which established a strong cou-
pling between electron spin andmolecular chirality, magnetic surfaces can act as chiral agents and be templates
for the enantioselective crystallization of chiral molecules. Here, we studied the spin-selective crystallization of
racemic ribo-aminooxazoline (RAO), an RNA precursor, on magnetite (Fe3O4) surfaces, achieving an unprece-
dented enantiomeric excess (ee) of about 60%. Following the initial enrichment, we then obtained homochiral
(100% ee) crystals of RAO after a subsequent crystallization. Our results demonstrate a prebiotically plausible
way of achieving system-level homochirality from completely racemic starting materials, in a shallow-lake en-
vironment on early Earth where sedimentary magnetite deposits are expected to be common.
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INTRODUCTION
Understanding the origins of biomolecular homochirality is essen-
tial for understanding the origins of life, and the origin of homo-
chirality remains a long-standing mystery since Pasteur (1) found
themolecular asymmetry of organic compounds in 1848. Achieving
a homochiral state early in the prebiotic synthesis of the monomers
would be very beneficial for successful polymerization and the
overall robustness of the entire synthetic network (2, 3). The prebi-
otic need for high yields combined with high selectivity requires a
persistent and well-matched pair of a chiral symmetry-breaking
agent and an amplification mechanism.
Multiple studies [see (4, 5) for review] have identified ways to

induce an initial chiral imbalance, by a symmetry-breaking agent,
like parity-violating energy difference (6), selective adsorption on
surfaces (7), conglomerate resolution (8, 9), circularly polarized
light (10), and longitudinally spin-polarized electrons and muons
(e.g., in cosmic ray showers) (11, 12). Others have focused on the
amplification of such initial imbalance to reach homochirality
[see (13, 14) for review]. A few studies (e.g., Viedma ripening)
have realized a spontaneous symmetry breaking in racemizing com-
pounds, followed by amplification by means of conglomerate crys-
tallization to reach homochirality (15, 16). Blackmond and
colleagues realized that reaching homochirality in a single com-
pound per se is not sufficient to reach system-level homochirality
and studied the interchange of enantiomeric excess (ee) between
amino acids and sugars (17–19). However, no studies have shown
a way to pair a nondestructive chiral agent with a chiral amplifica-
tion scheme to achieve a persistent, system-level homochiral state,
especially in prebiotically relevant chemistry.
One of the central molecules for prebiotic synthetic networks

emerged in 1970 from the work of Sanchez and Orgel (20), who
identified the aminooxazolines (ribo, arabino, xylo, and lyxo) as
organic intermediates useful for the synthesis of a wide variety of

nucleotides, the monomers of nucleic acids (RNA and DNA).
Later studies by Sutherland’s group (21, 22) culminated in the pre-
biotic synthesis of pyrimidine nucleotides (23) with aminooxazo-
lines as the precursors and the consequent development of an
entire synthetic network for nucleotides and amino acids (24).
Follow-up studies highlighted ribo-aminooxazoline (RAO) as a
key compound to resolve the origin of homochirality due to its cen-
trality in the synthesis of nucleotides and crystallization properties
(22, 25–27). Hein et al. (17) further emphasized the importance of
RAO and obtained enantiopure RAO crystals directly from glycer-
aldehyde by kinetic resolution of the latter with enantioenriched
proline. However, the search for a prebiotically plausible mecha-
nism that can both induce and amplify a chiral bias in an RNA pre-
cursor from a fully racemic starting material has remained to be an
open problem.
Biological systems comprise many homochiral molecules. In

principle, such a state could be achieved by separately resolving
each individual chiral compound. However, a more attractive solu-
tion would be to establish the homochirality in a compound from
which propagation of homochirality to the whole system could
occur. Emergence of homochirality at the stage of RAO sets the
stage for the propagation of homochirality through RNA to pep-
tides and thence through enantioselective catalysis to metabolites.
In our recent work, we proposed a symmetry-breaking agent that

can trigger such an amplification in the reduction reactions, leading
up to the production of the chiral 3-carbon sugar glyceraldahyde
(itself the precursor to RAO). Our proposed mechanism uses the
strong coupling between the electron spin and molecular chirality
as established by the chiral-induced spin selectivity (CISS) effect
(28). We identified evaporative lakes with authigenic iron-oxide
sediments as prebiotically plausible settings (29), in which enantio-
selective reduction reactions can occur close to the magnetized
surface by spin-polarized photoelectrons released from the magne-
tite by solar ultraviolet (UV) light.
In this work, we demonstrate that the spin-polarized surfaces

themselves can function as chiral agents, breaking the chiral sym-
metry in a further expansion of the role of the CISS effect (30–32).
The simultaneous conglomerate crystallization provides the
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amplification of the induced ee at the surface, necessary to reach a
homochiral state (Fig. 1). Here, we report the spin-selective homo-
chiral crystallization of a ribonucleotide precursor, RAO, on mag-
netite surfaces, from its completely racemic solution (Figs. 2 and 3).

Homochirality of RNA and the central role of RAO
RNA is thought to have played two major roles in the origin of life.
The sequence of the nucleobases attached to the sugar phosphate
backbone constitutes genetic information that can be passed from
generation to generation by replication via a complementary strand
through Watson-Crick base pairing. The sequence of an RNA also
dictates its shape, and it is the adoption of a wide variety of shapes
that endows RNA with its catalytic ability. Enantiomeric purity of
the nucleotide components of RNA is crucial to both its roles. Rep-
lication via a complementary strand proceeds by way of an A-form
duplex, and this is not possible if the nucleotide components deviate
significantly from enantiomeric purity. Incorporation of a nucleo-
tide of opposite handedness into an RNA strand changes its shape,
and this might endow a different or improved catalytic ability, but
the chirality switch cannot be passed to subsequent generations by
replication, so the potentially beneficial change is nonhereditable.
Establishing a mechanism whereby the nucleotide building blocks
of RNA might have been synthesized enantiomerically pure is thus
crucial to understanding how Earth’s RNA-based life originated.
Peptides too depend on the enantiomeric purity of their component
amino acids. In extant biology, the correlation of D-ribonucleotides
with L-amino acids is established in two principal ways. Ribonucle-
otides and chiral amino acids are biosynthesized with high stereo-
selectivity, and L-amino acids are attached to transfer RNA (tRNA)
composed of D-ribonucleotides by stereoselective aminoacyl-tRNA
synthetases. The idiosyncratic behavior of amino acids makes the
synthesis of all L-amino acids under early Earth conditions a

daunting challenge, but recent findings suggest that this hurdle
might be side-stepped. Prebiotically plausible chemical means of at-
taching amino acids to tRNA analogs have been found and proceed
with high-level control of relative stereochemistry. Thus, for
example, the L- over D-stereoselectivity for attachment of alanine
to a tRNA acceptor stem mimic composed of D-ribonucleotides is
of the order of 10:1 (33). This suggests that the overall homochirality
problem of prebiotic chemistry might be reduced to the problem of
making ribonucleotides in enantiopure form; racemic amino acids
might suffice.
RAO emerged as a potentially important ribonucleotide precur-

sor more than 50 years ago, but there remained several issues to be
dealt with before its true potential was realized. Sanchez and Orgel
(20) showed that RAO (which they synthesized from ribose and cy-
anamide) was a highly crystalline compound that underwent reac-
tion with cyanoacetylene to generate α-cytidine, but subsequent
conversion to the natural β-anomer was very inefficient. Further-
more, the synthesis of ribose is one of the persistent challenges of
prebiotic chemistry; although the formose reaction is now very well
understood, it still cannot be controlled to produce more than a
trace of ribose as part of a complexmixture. Nevertheless, the attrac-
tiveness of RAO prompted further research, and Springsteen and
Joyce (21) showed that it could be sequestered from simpler mix-
tures of sugars than those made by the formose reaction by reaction
with cyanamide followed by crystallization. Joyce also reported
more on the crystallization behavior of RAO and showed that it
crystallized in the chiral P212121 space group and that crystals
grown from solutions of rac-RAO were composed of twinned clus-
ters with individually homochiral domains. The problem with the
provenance of ribose was solved when Sutherland and colleagues
showed RAO could be obtained, along with lesser amounts of the
other pentose aminooxazolines, by reaction of glyceraldehyde

Fig. 1. The mechanism of spin-selective crystallization due to the CISS effect and the experimental setup. (A) As molecules approach a surface, they transiently
acquire an induced charge polarization. Because of the CISS effect, transient charge polarization of a chiral molecule is accompanied by spin polarization. The spin state
associated with the charge poles is determined by the handedness of the chiral molecule. Because themagnetic surface itself is spin-polarized, it kinetically favors (akin to
a seed crystal) the enantiomer whose transient spin state results in a lower-energy spin-exchange interaction. The lower-energy overlap with the magnetic surface is
singlet-like (red, ↑↓) and the higher-energy overlap is triplet-like (blue, ↑↑). The energy difference between these two configurations is higher than the room temperature,
kBT; therefore, the effect robustly manifests itself. (B) Schematic of the setup used in the crystallization experiments and a samplemicroscope image of the RAO crystals on
a magnetite surface from a direct crystallization experiment. The image shows the magnetite surface as the black background and the needle-shaped conglomerate
crystals of RAO formed on the surface, as well as the twinned crystals with stochastically arranged needles of D- and L-RAO, and racemic RAO in the form of a flaky powder
suspended in the water column above the surface.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Ozturk et al., Sci. Adv. 9, eadg8274 (2023) 7 June 2023 2 of 10



with 2-aminooxazole, the latter itself deriving from the reaction of
glycolaldehyde with cyanamide (22). The same group also found
that nonracemic solutions of RAO gave rise to crystals with in-
creased ees, and, above a threshold ee, enantiopure crystals were ob-
tained. This behavior is consistent with a conglomerate susceptible
to twinning. The conglomerate nature of RAO was lastly proven by
Powner (34). Then, high-yielding prebiotic syntheses of ribonucle-
otides from aminooxazolines were reported by Sutherland and col-
leagues. First, it was shown that arabino-aminooxazoline could be
elaborated to pyrimidine nucleoside cyclic phosphates (23); then, it
was shown that RAO could be converted to pyrimidine nucleotides
by a reaction sequence involving a photochemical inversion of the
anomeric stereocenter (25). In the meantime, Blackmond and col-
leagues had shown that enantiomerically enriched proline could
participate in the reaction of 2-AO with glyceraldehyde and give
enantiopure RAO after crystallization (17). What has remained
elusive, however, is how racemic compounds could give rise to
enantiopure RAO purely by means of a process controlled only by
the environment.

CISS and spin-selective chemistry
The CISS effect has established a robust coupling of electron spin to
molecular chirality. The initial experiments have shown that the
electron transfer through a chiral monolayer is spin-dependent
and that the preferentially transferred spin state depends on the
handedness of the monolayer (35, 36). The experiments have
achieved near-perfect spin filtering at room temperature, showing
the robustness of the coupling (37). Later work has proved that
the coupling established by the CISS effect can be manifested in
various ways from spintronic applications to long-range electron
transfer in biology (38–40). More recent studies have shown that
spin-selective behavior exists for freely diffusing molecules near
magnetic surfaces (41, 42) and even for achiral reagents (43, 44).
These studies have motivated us to consider the spin-selective pro-
cesses near magnetic surfaces due to the CISS effect to impose a
chiral bias on prebiotic chemistry.
Recently, we proposed closed-basin evaporative lakes with authi-

genic ferrimagnetic sediments (e.g., magnetite and greigite) as plau-
sible prebiotic environments in which enantiospecific processes can
be carried out because of the CISS effect (28). Our mechanism used
UV-ejected photoelectrons frommagnetite surfaces as chiral agents
in reductive synthesis because of the helical character of such elec-
trons in the close vicinity of the magnetic surface [figure 1 of (28)].
We proposed that these helical electrons can achieve kinetic resolu-
tion in the reduction of chiral molecules for which the reaction rates
for enantiomers differ by exp 2HSO

kBT

� �
. Here, HSO is defined as the ef-

fective coupling due to a combination of spin-orbit and spin-ex-
change interactions of a chiral molecule with an electron, kB is the
Boltzmann constant, andT is the temperature [figure 2 of (28)]. As a
suitable chemistry to apply our idea, we proposed cyanosulfidic
chemistry that uses photoejected hydrated electrons to drive the re-
ductive synthesis of sugars (24, 45). In particular, we focused our
attention on the spin-selective reduction of the cyanohydrin of

Fig. 2. Stereoselective and enantioselective crystallization of RAO. (A) Amicro-
scope image of the nearly enantiopure RAO crystals formed on amagnetite surface
from their racemic solution. (B) Circular dichroism (CD) spectra of the crystals
formed on the magnetite surface. The red (blue) spectrum corresponds to D-
RAO (L-RAO) crystals formed when the magnetite surface is magnetized parallel
(antiparallel) to the surface normal. Both spectra are obtained when racemic
RAO is recrystallized, and they show a cumulative ee of about 60% for the whole
surface. The black spectrum corresponds to crystallization on a nonmagnetic,
silicon surface in the presence of a magnetic field, and it shows no selectivity.
The latter control experiment shows that the enantioselective effect is due to
the spin-exchange interaction, not due to the applied magnetic field. (C) 1H
nuclear magnetic resonance (NMR) spectrum (400 MHz; H2O/D2O, 90:10) before
and after the direct crystallization of RAO. Before the crystallization, the solution
is a mixture of four aminoxazolines: RAO/AAO/LAO (f for furanose and p for pyra-
nose)/XAO (42:30:18:10). After the crystallization, the redissolved crystals only
contain RAO within the limits of 1H NMR detection. Thereby, mere crystallization
on the magnetic surface stereoselectively and enantioselectively purifies RAO.
ppm, parts per million.

Fig. 3. Recrystallization of enantioenriched and racemic RAO on magnetite.
(A) When we crystallized enantioenriched solutions of RAO, we observed a
marked increase in the enantiomeric excess (ee), and, from about 25%, ee we
could reach a homochirality state. The 25% enriched D-RAO (red) is crystallized
on an up-spin magnetite, and we obtained homochiral D-RAO. Similarly, 20% en-
riched L-RAO (blue) is crystallized on a down-spin magnetite, and we obtained
nearly homochiral (80%) L-RAO. (B) Repeated recrystallization of racemic RAO is
done to accumulate statistics. DL-RAO is crystallized on up- and down-spin mag-
netite. Red curves correspond to up-spin and blue curves to down-spin. Black lines
are the control experiments done on a silicon surface in the presence of the mag-
netic field. The ee for the down-spin experiments is calculated to be 59, 36, and 18
(mean, 38%). The ee for the up-spin experiments is calculated to be−10,−22,−41,
and −54 (mean, −32%). The ee for the control experiments is calculated to be 5.5,
0.9, 0.6, and−3.4 (mean, 0.9%). We estimate an error of ±5% for the ee calculations.
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glycolaldehyde that is producing glyceraldehyde, the first chiral
sugar, and an RNA precursor, after the hydrolysis of the resultant
imine. Although this proposed reduction is still a worthy experi-
ment, the isomerization of glyceraldehyde to dihydroxyacetone
and the cyanide liberating equilibrium of the reagent cyanohydrin
make it a harder reaction to study. Moreover, freely diffusing mol-
ecules with a single chiral center are likely to display less enantiose-
lective behavior due to the reduced coupling of the electron spin to
the molecular frame. Therefore, in this work, we studied the crys-
tallization of the stable RNA precursor, RAO, as a static process with
higher selectivity, on a magnetic surface.
We should emphasize that, if realized, enantioselective synthesis

of glyceraldehyde reinforces the spin-selective crystallization of
RAO as glyceraldehyde’s chirality directly determines the chirality
of RAO as can be seen in the blue box in Fig. 4B. However, the crys-
tallization process does not rely on starting from an enantioen-
riched solution of RAO; therefore, our results presented here are
self-sufficient to achieve a homochiral RNA world.

Magnetic surfaces as chiral agents
Magnetic surfaces themselves can be chiral agents due to the CISS
effect, and surface processes such as crystallization or adsorption on
a magnetic surface can be enantioselective. As demonstrated by the
early CISS experiments, electron flow from a surface through a
chiral monolayer is spin-dependent. The same effect manifests
itself when a chiral molecule acquires an induced charge polariza-
tion because the latter is nothing but a transient electron flow inside
a chiral potential. In addition, because of the CISS effect, charge po-
larization is accompanied by spin polarization. This transient,

induced charge polarization can be due to intermolecular interac-
tions among chiral molecules or between a chiral molecule and a
surface (39, 46).
When a chiral molecule approaches a surface, the electron

density of the molecule redistributes itself, which gives rise to an
induced charge dipole. In addition, for a chiral molecule, this tran-
sient electron flow is spin-dependent due to the CISS effect and
gives rise to a transient spin polarization as shown in Fig. 1A.
This spin polarization is realized along the chiral molecular axis,
and it is dependent on the handedness of the chiral molecule. In
Fig. 1A, the right-handed (D) enantiomer has the minority spin
(↓) on its positively charged pole (δ+), whereas the left-handed
(L) one has the majority spin (↑). This is how the chiral symmetry
is broken by a magnetic surface, which is itself spin-polarized: The
spin-exchange interaction between the surface electron spins and
the transiently spin-polarized chiral molecules is higher or lower de-
pending on the handedness of the molecule. The favorable, lower
energy interaction with the surface corresponds to a singlet-like
(↑↓), and the penalized, higher energy interaction corresponds to
a triplet-like (↑↑) overlap of the spins. Therefore, a spin-polarized
surface kinetically traps an enantiomer based on its spin polariza-
tion and breaks the chiral symmetry. In other words, a magnetized
surface can be considered as a crystal seed, breaking the chiral sym-
metry by promoting the crystallization of one enantiomer.
However, it should be noted that this is a kinetic entrainment–
like phenomenon and not a thermodynamic effect. Therefore, if
all molecules are allowed to crystallize, then the enantioselective
effect cannot be observed.

Fig. 4. An evaporative lake with magnetic sediments can accommodate spin-selective processes between an RNA precursor and a magnetized surface. (A) An
evaporative lake contains authigenic magnetite sediments magnetized by the Earth’s magnetic field. An incoming stream with racemic aminooxazolines scours the
muddy material off the surface. As the lake evaporates, D-RAO selectively crystallizes on the magnetic surface. (B) An incoming stream carries the reaction products
of racemic glyceraldehyde and 2-aminooxazole: racemic RAO, AAO, XAO, and LAO. Initially, the magnetic sediments are authigenically magnetized and carry a bias
along the Earth’s field. This natural bias enables the enantioselective crystallization of RAO, which also sterically purifies RAO from the mixture of aminooxazolines.
After a small enantiomeric imbalance is induced, sporadic water flow redissolves the RAO crystals, and, in a subsequent dry phase, RAO recrystallizes on the surface
with higher enantiomeric excess (ee). As these nearly pure conglomerate crystals accumulate more material, they cover a larger area of the surface and flip the spin
of magnetic domains along the chiral molecular axis. This chirality-induced magnetization process increases the magnetization of the surface and allows for a positive
feedback loop between the magnetic surface and the chiral crystals. As a result, the surface with higher magnetization induces higher ee for the upcoming crystalliza-
tions, and, eventually, enantiopure D-RAO is obtained.
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Enantioselective behavior on magnetic surfaces due to the CISS
effect has been demonstrated with the adsorption of chiral mole-
cules like double-stranded DNA and L-cysteine on magnetized fer-
romagnetic films (30). Moreover, enantioseparation on magnetic
surfaces by conglomerate crystallization has been realized by Tassi-
nari et al. (31) with a moderate ee. This pioneering study lays the
groundwork for our current research, as we use the same effect
with a higher efficiency while also ensuring its relevance to prebiotic
conditions. Therefore, we use magnetite (Fe3O4) surfaces available
on early Earth and stable under ambient conditions and work with a
compound (i.e., RAO) central to the synthesis of RNA, from which
the propagation of homochirality to the entire prebiotic network is
possible.
Naturally, the CISS-driven interaction between chiral molecules

and magnetic surfaces work both ways around: A chiral molecule
can also selectively spin polarize a magnetic surface and the direc-
tion of this polarization is determined by the handedness of the
chiral molecule. This effect has also been demonstrated by the chir-
ally selectivemagnetization switching in a ferromagnet upon the ad-
sorption of chiral molecules (47). In that work, Ben Dor et al. (47)
have shown that chiral molecules can robustly affect the magnetiza-
tion of surfaces due to the long-range spin-exchange interaction.
Chirality-induced magnetization switching combined with the pre-
sented results pave the way for positive feedback between chiral
molecules and magnetic surfaces that can purify the magnetization
of the iron-oxide sediments and thus promote the homochiral crys-
tallization of RAO.

Feedback between the magnetic surface and RAO
Using the CISS-based interaction between magnetic surfaces and
chiral molecules, it is possible to envision a positive feedback loop
between the magnetite surfaces and RAO in a prebiotic setting as
shown in Fig. 4B.
Magnetite is the most abundant natural magnetic mineral on

Earth, as well as the strongest one (48, 49). In a wide range of
natural depositional environments, authigenic magnetite sediments
form and magnetize under the Earth’s field, resulting in a chemical
remanent magnetization (50). Sediments that acquired a chemical
remanence after the most recent geomagnetic reversal are expected
to have a statistically uniform remnant magnetization on a hemi-
sphere scale within a shallow depth interval (51). This initial
natural bias of the magnetic domains can break the chiral symmetry
if racemic RAO crystallizes on the magnetic surface. However,
because of the imperfect alignment of the magnetic domains, the
first crystallization attempt can only induce a small enantiomeric
imbalance. However, after the enriched crystals are dissolved due
to a sporadic water flow and recrystallize on the magnetic surface
again, the selectivity will be higher due to the asymmetric crystalli-
zation of RAO (22) and further magnetic seeding due to the CISS
effect (Fig. 4). When these nearly pure RAO conglomerates grow on
the surface, they can simultaneously interact with the surface spins
and switch the magnetization of the surface. This process can purify
the magnetic domains along the chiral molecular axis of RAO. In
addition, because these sedimentary rocks are no longer small
superparamagnetic particles, this CISS-induced magnetic diagene-
sis can permanently lock the surface spins along one direction,
unless a large (much larger than Earth’s field) coercive field is
applied. When the surface spins are locked once and for all, they
can induce efficient enantioselectivity for the upcoming

crystallizations and the magnetized surface can separate homochiral
RAO crystals in just a few cycles.
This feedback mechanism can be more effectively realized over a

small area such as the scouring zone of an incoming stream as
shown in Fig. 4A. At the scouring zone, the authigenic magnetic
sediments are exposed, wet-dry cycles are more frequently realized
(like a shore), and an incoming stream can constantly feed the
surface with racemic RAO. With the described feedback mecha-
nism, magnetized magnetite sediments at the scouring zone can
filter out homochiral RAO crystals from the incoming
racemic stream.

RESULTS
We have studied the crystallization of RAO from its racemic solu-
tion on magnetite surfaces. We fabricated the magnetite surfaces as
thin films (200 nm) on silicon substrates following the procedure by
Jubb and Allen (52) (see also section S5). We used electron beam
evaporation to deposit 100-nm iron on silicon (100) surface and
then heated the sample at 175°C for 4 hours to promote the oxida-
tion of iron, producing a magnetite film of about 200 nm. We char-
acterized the samples by Fourier transform infrared spectroscopy
and confirmed the complete conversion of iron to magnetite (fig.
S5). We further analyzed the surface roughness and magnetic prop-
erties of the samples by atomic force microscopy (AFM) and super-
conducting quantum interference device (section S6). We placed
the magnetite surfaces horizontally in a petri dish and placed a
magnet just below the surface as shown in Fig. 1B. We used the
magnet to spin-polarize the magnetite surface and measured the
magnetic field to be 325 mT at the surface location. It is important
to place the magnet such that the magnetization direction is parallel
to the surface normal to maximize the helical character of the
surface electrons.
The 1H nuclear magnetic resonance (NMR) spectra confirmed

the stereoselective crystallization of RAO, as has been previously re-
ported (21, 22). Having identified the composition of the crystals by
NMR, we measured the chiro-optical properties by circular dichro-
ism (CD) spectroscopy. We obtained a nonzero CD signal for the
individual needle-shaped crystals of RAO; however, the rosette-
shaped crystals did not consistently give a CD signal. We further
analyzed the rosette-shaped crystals by x-ray crystallography and
found that the individual arms of the rosettes contain only one en-
antiomer yet the crystal as a whole is racemic. Therefore, we found
that the rosettes formed because of the twinning of needle-shaped
homochiral domains. When we analyzed rosettes with less homo-
chiral domains, we obtained a nonzero CD signal with a randomly
varying sign. However, the rosettes with more branching did not
give a CD signal. We also did a control experiment by crystallizing
the enantiopure compound and still observed the formation of
rosette-shaped crystals. Therefore, we concluded that the twinned,
rosette-shaped crystals formed because of a stochastic arrangement
of homochiral domains. Because this stochastic twinning occurs on
an existing crystal face, it nullifies the enantioselection seeded by the
magnetic surface. For the experiments in which we primarily ob-
tained needles on the surface (fig. S12), we observed a surface-
wide ee (in addition to the ee of the individual crystals); however,
for most of the cases, we could not consistently avoid the formation
of the twinned crystals. Therefore, we did not observe consistent se-
lectivity for direct crystallization experiments on magnetite
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surfaces. However, if the rosette formation can be avoided by the
change of conditions, such as concentration, buffer, or pH, then
it should be possible to observe selectivity for direct crystallization.
We proceeded with the recrystallization of RAO.We synthesized

racemic RAO by the reaction of D- and L-ribose with cyanamide on a
large scale. We confirmed that synthesized RAO is fully racemic
with a CD measurement before the crystallization experiments
(fig. S18). We then prepared a 65 mM solution of the racemic
RAO in pure water and placed it on the magnetized magnetite
surface. We followed the same crystallization procedure described
above and obtained diamond-shaped crystals on the magnetite
surface as shown in Fig. 2A. We collected the crystals with tweezers,
dissolved them in pure water, and obtained their CD spectra: first
individually and after for the whole surface. We confirmed that
diamond-shaped crystals of RAO are individually homochiral by
CD and x-ray diffraction measurements. These diamond-shaped
crystals and the individual needle-shaped ones both gave identical
x-ray diffraction patterns, and they all belong to the P212121 chiral
space group. However, with the diamond-shaped crystals, we did
not observe twinning when the crystallization is stopped soon
after the crystals are observed. When we waited longer, as the crys-
tals grew in size, we observed that a crystal face became a seed for the
other enantiomer. However, these twinned crystals mostly con-
tained two to three macroscopic, homochiral domains unlike the
rosettes containing many arms, for which each arm is an individual,
homochiral domain. In addition, for the recrystallization experi-
ments, twinned diamond crystals appeared well after the individual
diamonds were formed and visible; therefore, we could stop the ex-
periment before the twinning started to take over. However, for the
direct crystallization experiments, rosettes appeared almost simulta-
neously with the needles so there was no slow progression of the
twinning that we could control.
Having confirmed that diamond-shaped crystals are individually

homochiral, we dissolved all the crystals on the magnetite surface
together in water and obtained the CD spectrum for the whole
surface. To our delight, not only the individual crystals showed
optical activity but also the entire surface did. As the smoking
gun of the CISS-driven phenomenon, when we reversed the mag-
netic field direction (therefore, the spin state of the surface elec-
trons), the observed CD signal reversed in sign. As shown in
Fig. 2B, left-handed RAO crystals (blue curve) dominated the
down-spin (↓, south pole) surface and the right-handed ones dom-
inated the up-spin (↑, north pole) surface. We obtained an ee of
about 60% for the entire surface, for both spin directions starting
from a completely racemic solution of RAO. (Check section S8.3
on how the ee is calculated.) For this step, it was crucial to collect
the crystals early, as the enantioselectivity of the magnetic surface is
a kinetic entrainment effect, and, beyond a certain point, ee de-
creased with the increasing crystallization yields and due to enan-
tiomorphous twinning. Crystals were usually visible after several
hours, and we collected them after about 6 hours to a day. We col-
lected 48 and 16 individual crystals for the up-spin and down-spin
experiments, respectively, for the data shown in Fig. 2B. Because of
the high number of crystals and the repeatability of the results
(Fig. 3B), we can rule out the presence of a net ee due to statistical
fluctuations of homochiral crystals.
We investigated the reason why recrystallization of RAO gives

crystals with different morphology (diamond-shaped) compared
to direct crystallization of the reaction products of glyceraldehyde

and 2-aminooxazole (needle-shaped) and crystallized RAO with
added aminooxazolines [arabino-AO (AAO), lyxo-AO (LAO),
and xylo-AO (XAO)] one by one. We found that, in the presence
of XAO, RAO crystallizes as needle-shaped crystals, whereas AAO
and LAO do not visibly modify the crystallization habit of RAO.
Moreover, we observed a concentration-dependent formation of
the rosette-shaped twinned crystals only when RAO is crystallized
in the presence of XAO (fig. S26). At higher concentrations, when
XAO is present in the solution, RAO forms rosette-shaped crystals,
and the crystal morphology is altered by the relative amount of XAO
(fig. S26); therefore, we conclude that XAO is a crystal habit mod-
ifier for RAO [see scheme 1 of (53)]. We also found that, at higher
relative concentrations (e.g., 1:1), XAO is embedded in the crystal
lattice structure of RAO as an impurity with 4.8(4)% abundance,
as detected by x-ray diffraction analysis (fig. S31). Last, we found
that XAO affected the RAO crystallization only when the relative
stereochemistries matched (e.g., D-RAO with D-XAO); we did
not observe any effect of XAO when we crystallized L-RAO with
D-XAO. These findings show the necessity of recrystallization to
observe enantioenrichment to enantiopurity, as, by removing
XAO from the solution, racemizing stochastic twinning is
circumvented.
As a control experiment, we recrystallized RAO on a nonmag-

netic, silicon surface in the presence of a magnetic field of the
same strength, and we collected the crystals from the nonmagnetic
surface and obtained the black spectra in Fig. 2B. As seen, the
surface with no net spin polarization does not induce any enantio-
selectivity in the presence of a magnetic field, as shown by Pasteur
(1). The control experiment confirms that the observed selectivity is
not due to the magnetic field but due to the spin-exchange interac-
tion. The control experiments on the nonmagnetic surface and the
consistent flipping of the ee (Fig. 3B) with the flipping magnetic
pole direction ensure that the obtained ee is physical and not due
to the contamination of surfaces with chiral impurities.
We repeated the recrystallization experiment on magnetite for

both pole directions multiple times and found that, on average,
we can get around 35% ee for the entire magnetite surface. We
then considered this value as a typical outcome from a racemic sol-
ution and then crystallized the enriched crystals on the magnetic
surface one more time. We found that, above a starting ee of
about 25%, we can obtain completely enantiopure crystals
(Fig. 3A). Therefore, in just two crystallization steps on the magnet-
ic surface, we could achieve homochirality from a completely
racemic mixture.

DISCUSSION
We have demonstrated an efficient mechanism to resolve racemic
RAO, an important RNA precursor, on a prebiotically available
mineral surface, magnetite (Fe3O4), and obtained homochiral crys-
tals of RAO in two crystallization steps.
Our mechanism features the two requisites to reach homochir-

ality: chiral symmetry breaking by the magnetic surface due to the
CISS effect and self-amplification by conglomerate crystallization.
The symmetry breaking by magnetic surfaces is prebiotically plau-
sible, nondestructive, and robust at room temperature and in solu-
tion. Although the demonstrated symmetry breaking is a surface
effect [two-dimensional (2D)], conglomerate crystallization allows
for the extension into the bulk (3D). Therefore, the attained
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selectivity at the surface level can be seamlessly carried into the bulk
of the solution.
Our mechanism requires a well-defined magnetic surface (fig.

S10), and the crystallization on colloidal magnetic particles is not
enantioselective. A detailed discussion on this can be found in
section S7.1. In light of this fact, we consider sedimentary rock sur-
faces similar to those found in the Gale crater (54), as opposed to
colloidal muds, as likely sites to realize our mechanism. In these en-
vironments, magnetite is present as inclusions in silica-based rocks
(magnetite-silica facies) and is highly magnetic, especially as single-
domain particles (49, 54). In such a setting, we envision a kinetically
favored crystallization of RAO onmagnetized magnetite inclusions.
With the feedback effect that we suggested, our mechanism

offers a persistent and deterministic chiral bias to prebiotic chem-
istry as opposed to a singular and stochastic trigger (e.g., spontane-
ous symmetry breaking). The advantage of this over a spontaneous
one is that, at various stages of prebiotic chemistry, the same chiral
bias is present in the environment in a persistent basis, reinforcing
the previously attained ee. In addition, by combining the symmetry
breaking with a well-matched, simultaneous amplification, we have
shown a direct way to reach the homochiral state from a completely
racemic starting point.
The mechanism is a kinetic entrainment–like effect, and the

magnetic surface acts as a chiral seed based on its magnetization di-
rection. Because of the kinetic nature of the effect beyond a certain
point, enantioselectivity will decrease with increasing crystallization
yields, as the system approaches to the thermodynamic equilibrium.
Because of this, the mechanism can benefit from the presence of
flow as previously considered by Ritson et al. (55). As such, we
can conceive of the enantioselective crystallization of RAO on the
scouring zone of an evaporative lake by an incoming stream carry-
ing the racemic solution of sugar aminooxazolines. In this scenario,
the crystallization takes place on the shallow shores of the magnetite
lake, which can undergo multiple wet-dry cycles, allowing several
crystallization-dissolution cycles of RAO. The flow also scours the
soft, muddy material off the surface and exposes the authigenic
magnetite sediments on which enantioselective processes can take
place. Moreover, while the flow feeds the magnetic surface with a
racemic solution of RAO, it simultaneously washes the other enan-
tiomer in the solution and the racemic powder suspended in the
bulk away from the zone and allows for higher enantioselectivity.
It seems more convenient to conceive of the feedback loop that

we propose on a smaller region rather than the whole surface of the
lakebed. With selective crystallization and magnetization cycles, the
spin purity of the magnetic surface around the scouring zone can be
locked with less material, and this small bottleneck region over
which the material flows can act as a chiral filter for the incoming
RAO. Nevertheless, achieving our enantioseparation mechanism is
not a fine-tuned geochemical scenario, and one can come up with
other (or more refined) prebiotically plausible scenarios compatible
with this process. We, therefore, emphasize the robustness and the
strength of ourmechanism rather than the specific geochemical sce-
nario that can accommodate the enantioseperation process.
The efficiency of the enantioseparation by magnetic surfaces is

concentration-dependent, and it works best around or below the
solubility limit of the compound. At higher concentrations, the se-
lectivity goes down as the eutectic equilibrium forces the crystalli-
zation. Therefore, the slower the crystallization process and the
lower the concentration, the higher the enantioselectivity. The

low solubility of RAO in water allowed for obtaining its crystals at
low concentrations; therefore, we could achieve high enantioselec-
tivity in just one crystallization in comparison to the previous work
by Tassinari et al. (31) with highly soluble amino acids in water. Our
results can be further improved if the magnetic surface is placed ver-
tically such that the crystals forming in the bulk do not fall on the
magnetic surface and reduce the selectivity, as demonstrated by
Bhowmick et al. (32).
In addition, we used magnetite as the magnetic substrate with

near-unity spin polarization at its Fermi level (56) in comparison
to commonly used Ni/Au substrates with lower intrinsic spin polar-
ization (around 20%) and protective gold layer further reducing the
spin polarization (31, 32). Therefore, we have shown that magnetite
surfaces can be used effectively in the CISS experiments due to their
optimal spin polarization properties.
Similar to the previous work by Tassinari et al. (31), we used

magnetic substrates to resolve chiral compounds, yet our work is
constrained by prebiotic relevance, and our results differ from
theirs in multiple aspects. First, we obtain higher ee’s and achieve
homochirality due to the low solubility of RAO in water and high
spin polarization of magnetite. Because of the high solubility of con-
glomerate-forming amino acids in water, Tassinari et al. (31) used
supersaturated solutions prepared at 80°C, resulting in lower ee’s. In
contrast to this, RAO is poorly soluble (∼0.01 g/ml) in water, and its
conglomerate crystallization does not require supersaturation or
extreme conditions that are prebiotically implausible. In addition,
they achieve the selective crystallization of racemic amino acids
from their aqueous solutions only by asparagine as they could not
resolve racemic threonine, and glutamic acid is resolved as its hy-
drochloric acid (HCl) salt in high concentrations of HCl. This
harsh condition is prebiotically unlikely, and HCl is known to dis-
solve magnetite, creating iron chlorides. Therefore, the pioneering
work by Tassinari et al. (31) establishes the feasibility of the enan-
tioseperation mechanism using magnetic substrates however does
not account for the origin of biological homochirality.
Although we used stronger magnetic fields to spin-polarize the

magnetite surfaces than what was likely available on early Earth,
similar spin polarizations under weak fields can be achieved if mag-
netite forms as small (∼100 nm in diameter) superparamagnetic
particles. Such authigenic magnetite particles have been shown to
have remanent magnetizations of above 10 kA/m even when they
form under weak magnetic fields (0.1 mT ≈0.08 kA/m) comparable
to the Earth’s (49). Because our mechanism is based on spin-ex-
change interaction rather than a magnetic field effect, the figure
of merit is not the magnetic field strength but the degree of spin
alignment (magnetization) at the active surface. Hence, one
should pay attention to the prebiotically relevant remanent magne-
tizations available in natural magnetic minerals rather than early
Earth’s magnetic field strength. Having said that, with the described
feedback mechanism between the chiral molecules and the magnet-
ic surface, even higher magnetizations can be realized.
RAO is not just like any chiral compound; it has a central role in

the synthesis of ribonucleotides, and its chirality directly determines
the chirality of RNA. The attained homochirality at RNA can then
be spread to peptides by the stereoselective binding of amino acids
to the tRNA analogs (33). Moreover, RAO is very stable against
isomerization unlike sugars like ribose or glyceraldehyde as well
as against thermal degradation and UV damage. Therefore, it is a
very suitable molecule to lock the chirality in prebiotic chemistry.
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Combining this with the fact that it crystallizes as a conglomerate,
RAO is an ideal molecule to apply the described enantioseparation
mechanism. However, as shown by Tassinari et al. (31), the mech-
anism is versatile and applicable to other chiral molecules forming
conglomerate crystals (e.g., asparagine).

MATERIALS AND METHODS
Reagents and solvents were obtained from Acros Organics, Santa
Cruz Biotechnology, and Sigma-Aldrich and were used without
further purification unless otherwise specified. We performed all
of the experiments under ambient conditions unless otherwise
specified.

Method for synthesizing RAO, AAO, XAO, and LAO
Ribo-, arabino-, xylo-, and lyxo-aminooxazolines were synthesized
by the reaction of two equivalents of cyanamide with one equivalent
of the corresponding aldopentose sugar. Cyanamide (5 g, 0.12 mol,
2 eq) was added to a solution of sugar (9 g, 0.06 mol, 1 eq) in
aqueous ammonia (3.5%, 10 ml). Then, the resultant mixture was
swirled at room temperature, and all solid material was dissolved.
After 30 min, the solution was maintained at 60°C for another
hour. The reaction mixture was then cooled to room temperature,
and methanol (10 ml) was added to promote crystallization. After
16 hours at 4°C, the crystals were collected by filtration, washed with
ice-cold methanol (20 ml), and dried under vacuum.
We separately purchased the L and D sugars and synthesized the

L and D aminooxazolines in large amounts (gram level for each en-
antiomer). We then weighed the enantiomer on the scale, ground
them into powder, and mixed them in equal amounts to make
the racemic pentose aminooxazolines. We confirmed that the ami-
nooxazolines are racemic by CD measurements.

Method for fabricating magnetite surfaces
We fabricated the magnetite films by evaporating a 100-nm iron
layer on 0.625-mm-thick silicon (100) wafers using electron beam
evaporation under a high vacuum of 5 × 10−6 torr. Following the
evaporation, we baked the samples at 175°C for 4 hours in the air
and promoted the oxidation of iron (Fe) to magnetite (Fe3O4). We
then cleaned the sample surfaces with acetone and subsequently in
ethanol before every experiment.

Method for crystallization experiments
For the direct crystallization experiments, we prepared a 0.5:0.5 M
solution of racemic glyceraldehyde and 2-aminooxazole in 2 ml of
water. We incubated the solution at 40°C for 12 hours and obtained
a yellow-brown solution of aminooxazoles. For the recrystallization
experiments, we prepared a 65 mM solution of racemic RAO in 2ml
of water.
We placed the magnetite surfaces horizontally in a polystyrene

petri dish (35 mm by 10 mm) on a magnet such that the surface
normal is parallel to the magnetization direction. The magnetic
field strength at the sample position was measured to be 325 mT
with a Hall probe. We then filled the petri dish with the incubated
solution and made sure that the magnetite surface is covered with
the liquid. We then placed the setup in the fridge kept at 12°C and
waited until the first crystals appear. This process can take several
hours to a few days. Afterward, we slowly filtered out the mother
liquid and washed three times the surface and crystals with pure

water such that the racemic liquid is washed away.We then collected
the crystals with tweezers under a stereomicroscope. We discarded
the crystals formed on the plastic surface of the petri dish and on the
rough edges of the silicon substrate and collected the rest formed on
the magnetite surface. We fully dissolved all of the collected crystals
in pure water and analyzed the solution.

Method for CD measurements
We took the CDmeasurements in a quartz cuvette after diluting the
solution in 2 ml of water until the UV/visible (Vis) absorption peak
is below optical density of 1 for accurate measurements.We used the
Jasco J-815 Circular Dichroism Spectropolarimeter with an active
temperature control connected to a water bath with a temperature
set to 20°C. The temperature feedback is performed by a Jasco PFD-
425S/15 controller with a Peltier control unit. Before the measure-
ments, we took a baseline measurement of the water and cuvette
background. We simultaneously measured the CD and UV/Vis ab-
sorption of the sample together with the photomultiplier voltage to
ensure that the spectrometer is not operating beyond its specified
voltage range of 600 units. We took the measurements in the 185-
to 210-nm wavelength range and used the auto-baseline subtraction
feature. We used a data pitch of 0.2 nm, a bandwidth of 1 nm, a data
integration time of 1 s, and a scanning speed of 20 nm/min. We av-
eraged each measurement five times. We normalized the CD signal
amplitude on the basis of the UV/Vis absorption and calculated the
ee using the calibration procedure described in section S9 (57–62).

Supplementary Materials
This PDF file includes:
Materials and Methods
Sections S1 to S11
Figs. S1 to S32
Tables S1 to S11
Legend for movie S1
Legends for data S1 to S3

Other Supplementary Material for this
manuscript includes the following:
Movie S1
Data S1 to S3
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PLANETARY SC I ENCE

Complex organosulfur molecules on comet 67P:
Evidence from the ROSINA measurements and insights
from laboratory simulations
Ahmed Mahjoub1,2*, Kathrin Altwegg3, Michael J. Poston4, Martin Rubin3, Robert Hodyss1,
Mathieu Choukroun1, Bethany L. Ehlmann5, Nora Hänni3, Michael E. Brown5, Jordana Blacksberg1,
John M. Eiler5, Kevin P. Hand1

The ROSINA (Rosetta Orbiter Spectrometer for Ion and Neutral Analysis) instrument aboard the Rosetta mission
revolutionized our understanding of cometary material composition. One of Rosetta’s key findings is the com-
plexity of the composition of comet 67P/Churyumov-Gerasimenko. Here, we used ROSINA data to analyze dust
particles that were volatilized during a dust event in September 2016 and report the detection of large organo-
sulfur species and an increase in the abundances of sulfurous species previously detected in the coma. Our data
support the presence of complex sulfur-bearing organics on the surface of the comet. In addition, we conducted
laboratory simulations that show that this material may have formed from chemical reactions that were initiated
by the irradiation of mixed ices containing H2S. Our findings highlight the importance of sulfur chemistry in
cometary and precometary materials and the possibility of characterizing organosulfur materials in other
comets and small icy bodies using the James Webb Space Telescope.
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INTRODUCTION
The Rosetta mission’s visit to the comet 67P revealed a remarkable
diversity of organic molecules in the comet’s materials (1). During
the Rosetta mission, organics were detected by the remote sensing
instrument VIRTIS (Visible and Infrared Thermal Imaging Spec-
trometer) (2) as well as in situ instruments, including ROSINA
(Rosetta Orbiter Spectrometer for Ion and Neutral Analysis) (3),
Ptolemy (4), and COSAC (Cometary Sampling and Composition
experiment) (5). ROSINA measurements substantially improved
our understanding of the complex organic chemistry in the come-
tary materials, and ROSINA measurements during enhanced dust
emission events offered insights into the composition of the semi-
volatile phases of the comet 67P. These phases can be regarded as a
bridge between the gas phase composition of the comet coma and
the nonvolatile refractory organics. Measurements from such events
have already proven to be very informative, leading to the detection
of complex organic molecules (6), the detection of ammonium salts
(7), and, more recently, the detection of high abundance of ammo-
nium hydrosulfide salt NH4+ SH− (8).
Reactions on the surfaces of icy grains are believed to play a

pivotal role in the chemistry of dense molecular clouds and solar
nebulae (9). These reactions are mainly initiated by ultraviolet
(UV) photons (either external or from the young star) or by bom-
bardment by energetic particles. Hence, analysis of the cometary
materials could enhance our understanding of this grain-surface
photo- and radiolytic chemistry. Laboratory simulations of this
chemical processing are needed to decipher the link between com-
etary molecules detected by Rosetta and the reservoirs from which

comets are formed. Growing evidence suggests that H2S was a
highly abundant molecule in the presolar nebula (8, 10). The
Rosetta mission to comet 67P demonstrated that H2S is the fifth
most abundant molecule in the coma after H2O, CO, CO2, and
O2 (10). A recently published analysis of ROSINA-DFMS
(Double Focusing Mass Spectrometer) data during multiple dust
events shows a very high abundance of NH3 and H2S, believed to
result from the decomposition of ammonium hydrosulfide (8).
During some of these dust events, H2S and NH3 were more abun-
dant than even water (8). Despite the importance of H2S and the
potential of sulfur chemistry to considerably affect the chemical re-
activity in mixed ices, little has been published exploring this chem-
istry. We recently demonstrated that H2S could markedly affect the
chemistry (11, 12) and spectroscopy (13, 14) of mixed ices relevant
to small icy bodies—particularly Kuiper belt objects (KBOs) and
Jupiter Trojans (15). Sulfur chemistry could also play an important
role in prebiotic chemistry and abiotic synthesis of biomolecules
such as amino acids (16).
Here, we discuss data from Rosetta/ROSINA measurements ob-

tained during an event of enhanced dust impacts into the instru-
ment and interpret these data as showing the presence of large
organosulfur molecules with low volatility embedded in the dust
grains in comet 67P. We also report laboratory simulations of
organic chemistry initiated by irradiation of simple ice mixtures
with and without H2S. This laboratory work shows that sulfur dom-
inates the chemistry when H2S is included and points toward a pos-
sible ice-chemistry origin of the diversity of sulfur-bearing species
detected in the cometary material.

RESULTS
The dust event
In the last few weeks of the mission before landing on the comet,
Rosetta flew elliptical orbits with the pericenter altitude gradually
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lowered (and the apocenter altitude increased, keeping the size of
the ellipse constant). On 5 September 2016, around 22:00 UTC,
the spacecraft reached its closest distance from the comet, 3.9 km
from the comet center (approximately 1.9 km above the surface).
Shortly before that, Rosetta was most probably hit by a chunk of
ice and dust, showing high-density gas peaks for more than 3
hours in the vicinity of the ROSINA-COPS [COmetary Pressure
Sensor; more details about ROSINA instruments can be found in
the study by Balsiger et al. (17)] nude gauge with its field of view
of 340°. Around 19:00 UTC, the nude gauge was saturated. The
COPS ram gauge, measuring ram pressure and pointing toward
the comet, showed large pressure spikes around 18:00 UTC, most
likely dust-ice grains entering the equilibrium chamber and subli-
mating inside the gauge. The ROSINA-DFMS also registered the
event. The data from the ROSINA-COPS were very reproducible,
suggesting very stable outgassing before the dust event took place
around 18:00 UTC. During the event, the total density, as measured
by ROSINA-COPS, increased by about one order of magnitude;
shortly after 20:00 UTC, the density returned to normal values.
More details about the dust event are given in the references (7, 18).

ROSINA measurements of sulfur-rich organics
Figure 1 shows the abundances of various sulfur-bearing molecules
before and after the dust event. Samples of mass spectra from which
these abundances were determined are given in the Supplementary
Materials (figs. S2 to S6). Abundances are given in arbitrary units
but corrected for instrumental effects (mass-dependent sensitivity).

The ROSINA-DFMS instrument had previously detected multiple
sulfurous molecules in the undisturbed coma of comet 67P, as re-
ported by Calmonte et al. (19); ROSINA’s high mass resolution
enabled precise molecular assignments. However, during the dust
event (on 5 September 2016), ROSINA-DFMS measured an in-
crease by a factor between 10 and 100 for many of these molecules,
compared to the abundance just before the event around 17:00. S2,
S3, and H2S increased in abundance by a factor of 100, 10, and 100,
respectively. Sulfur dioxide (SO2) also increased by about two
orders of magnitude. SO has an abundance during the event com-
parable to that of SO2; however, its abundance right before the event
could not be determined because of corruption of the spectrum.
Carbonyl sulfide (COS) and carbon disulfide (CS2) are the only
species that did not increase during the dust event. These molecules
are much more volatile than the other S species considered here,
which could explain the depletion of these two molecules.
Hereafter, we focus on the plethora of sulfurous molecules that

are not detected in the undisturbed coma but detected by the
ROSINA-DFMS instrument during the dust event that establish
the presence of semivolatile organo-sulfurous molecules on the
surface of comet 67P. These are mainly heavy molecules (or frag-
ments due to dissociation of larger molecules) that are not volatile
enough to be detected in the gas phase. Their detectability was en-
hanced during the dust event because of volatilization upon impact
with the Rosetta spacecraft and sublimation inside ROSINA, which
was warmer than the comet. During the dust event, particles entered
the instrument’s ion source at 273 K (18). Semivolatile molecules

Fig. 1. Sulfur-bearing species detected by ROSINA (Rosetta Orbiter Spectrometer for Ion and Neutral Analysis)–DFMS (Double Focusing Mass Spectrometer)
before and during the dust event on 5 September 2016, ~2 km above the nucleus surface. 17:xx denotes measurements made before the dust impact between
17:15 and 17:55 UTC (depending onmass), and 18:xx denotes measurements during the dust impact (18:09 to 18:50). (A) CnHmSl bearing species, n = 0 to 4;m = 0 to 6, l =
1 to 2. (B) CnHmOlS- and CHnNS-bearing species, n = 0 to 3; m = 0 to 6, l = 1 to 2. Species are ordered by mass/charge ratio (m/z) but not spaced accordingly (x axis not
linear). The value, pre-event, for SO could not be derived as the spectrum is corrupted. Abundances are given in arbitrary units (a.u.) but corrected for instrumental effects
(mass-dependent sensitivity). Caution: During the impact, coma background densities decreased over the 40 min needed to cover the mass range. Higher masses are
therefore underestimated compared to low masses.
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sublimated slowly over the course of many hours at this
temperature.
Detected S-bearing species can be categorized into three fami-

lies: CnHmSl-bearing molecules with elemental abundances (n = 0
to 4;m = 0 to 6, l = 1 and 2), CnHmOlS (n = 0 to 3;m = 0 to 6, l = 1 to
2) and CHnNS (n = 1 to 2). Among the CnHmSl family, only CH4S
and C2H6S had previously been detected in the coma (19). During
the dust event, more complex species with up to four carbon atoms
were identified. For n = 1 (one carbon atom) detected species are
CS, CHS, CH2S, CH3S, CH4S, and CH5S. CH4S had previously
been detected in the coma and was assigned as methanethiol
(CH3SH) because the fragments and protonated species expected
from impact ionization (CH3S and CH3SH2) were also detected.
CH2S could be assigned to thioformaldehyde, which could exist
in the cometary material as a monomer or as a result of dissociation
of a larger polymer (thioformaldehyde is known to be unstable at
room temperature and to quickly polymerize). This interpretation
is supported by the detection of the thioformaldehyde dimer
(2∙CH2S) in the n = 2 family (see Fig. 1).
For CnHmSl with n and/or l greater than 1, species containing up

to four carbon atoms were observed with notable abundances, while
in the undisturbed coma, only C2H6S2 was observed. These species
could be products of dissociation of larger polymers that are not
stable at T = 273 K, and some of them could also be products of
fragmentation by electron impact inside the mass spectrometer.
For the family CnHmOlS, only COS has been detected in the undis-
turbed coma. During the dust event, multiple species were detected
within this family. Most of these species contain only one oxygen
atom (CnHmOS) with up to three carbon atoms. These species re-
semble hydrocarbons substituted with an OS group. Each of these
species could correspond to a large variety of isomers, and their
fragmentation patterns are complex; therefore, it is hard to disen-
tangle the parent molecules from the daughter species produced
by dissociative reactions. Another important result from the
ROSINA data is the detection of CHnNS in the coma of comet
67P. While NS was tentatively detected by Calmonte et al. (19),
CHNS and CH2NS are the first species containing C, N, and S
atoms to be detected.

Laboratory simulations
The ROSINA-DFMS data recorded during the dust event and pre-
sented above indicate a sulfur chemistry more complex and diverse
than previously anticipated from the measurements in the undis-
turbed coma (19). The variety of sulfur-bearing molecules detected
in the cometary material by the ROSINA instrument is believed to
be a result of ice chemistry involving H2S (20). To investigate the
effect of H2S on this chemistry, we performed electron irradiation
experiments on ice mixtures with and without H2S. Details about
the protocols and apparatus used for this laboratory simulation
are summarized in Materials and Methods below. Briefly, the
setup is a high-vacuum stainless steel chamber that reaches a pres-
sure of approximately 1 × 10−8 torr. The ices were deposited on a
gold substrate attached to the cold finger of a helium cryostat using a
gas manifold to prepare gas mixtures. An electron gun wasmounted
on the chamber perpendicular to the substrate, and a Faraday cup
was used to monitor the electron beam current. The chemical evo-
lution of the samples was monitored using a Fourier transform in-
frared (FTIR) spectrometer.

Two ice samples “without sulfur” CH3OH:NH3:H2O (3:3:1) and
“with sulfur”CH3OH:NH3:H2S:H2O (3:3:3:1) were deposited under
vacuum at T = 50 K and irradiated with a 10-keV electron gun. Both
samples were irradiated for 20 hours with a beam current of 0.5 μA
corresponding to a total fluence of electron energy ∼2 × 1021 eV
cm−2. After irradiation, both samples were warmed up to 120 K
at a rate of 0.5 K min−1 and held there for one additional hour
under continued electron irradiation. Both samples were then
warmed to room temperature at a rate of 0.5 K min−1. The gases
sublimating from the irradiated ices were detected with a Stanford
Research System RGA (Residual Gas Analyzer) 200 quadrupole
mass spectrometer, operated with 70-eV electron impact ionization
and mass resolution <0.5 amu. The refractory thin films remaining
after warming to room temperature were characterized by infrared
(IR) spectroscopy. The ice mixtures presented here are depleted in
water compared to the composition of comets and protoplanetary
disks and interstellar ices. This was necessary to increase the detect-
ability of minor irradiation products that would otherwise be hard
to detect at very low abundances. A separate test was conducted with
a more representative mixture of CH3OH:NH3:H2S:H2O
(10:1:1:100), and the results presented and discussed in the Supple-
mentary Materials.
Our laboratory simulations investigate the sulfur chemistry trig-

gered by energetic processing of ice grains in the presolar nebula.
According to Ciesla and Sandford (21), these grains are exposed
to temperatures ranging from 30 K to approximately 120 K, based
on their dynamical evolution. We conducted our irradiation exper-
iment under temperatures within this range. Our working pressure
is also relevant to the outer solar nebula, estimated to be <10−6 bar
(22). To initiate the radiolytic chemistry, we used 10-keV electrons.
At this electron energy, the penetration depth is approximately 2.6
μm (into water ice), which is close to the thickness of our ice films
(~2 μm) and ensures that most of the beam energy is deposited in
the film. The total fluence received by irradiated samples is ∼2 ×
1021 eV cm−2, corresponding to a dose of 600 eV/16 amu. This ir-
radiation dose is scalable to an irradiation time in the presolar
nebula between 3.7 and 37 million years (Ma) (see details in Mate-
rials and Methods). It is worth noting that UV (23), x-ray (24), and
ion (25) irradiations, among other sources, likely played a role in the
processing of icy grains in the presolar nebula. We intend to carry
out further studies to compare the impact of different energy
sources on the sulfur chemistry.
Figure 2 shows a comparison between the mass spectra at T =

275 K of species desorbed from the “with sulfur” and the
“without sulfur” irradiated ices. The two spectra are quite different
especially at high mass/charge ratio (m/z), indicating the important
role of sulfur chemistry. The spectrum of the “with sulfur” sample
displays multiple additional peaks clearly undetected in the sample
“without sulfur.” This implies that these species are sulfur-bearing
molecules. These additional peaks dominate the mass spectrum of
the “with sulfur” sample, indicating a very rich sulfur chemistry.
This was confirmed by IR spectroscopy of the residues left at
room temperature, as discussed later. Note that the mass resolution
of our mass spectrometer is much lower than the ROSINA-DFMS
instrument and could not resolve the different species that might
contribute to the signal at each m/z. The assignment of peaks dis-
played in Fig. 2 is limited to species confirmed by IR spectroscopy
(11) or by Temperature Programmed Desorption (TPD) verifica-
tion of fragmentation patterns (12).

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Mahjoub et al., Sci. Adv. 9, eadh0394 (2023) 7 June 2023 3 of 9



Fig. 2. Comparison between mass spectra of species desorbed from “with sulfur” (blue) and “without sulfur” (red) irradiated ice mixtures in the laboratory
experiments. Both spectra are recorded at T = 275 K, and both samples received similar irradiation doses. m/z, mass/charge ratio.

Fig. 3. Comparison between the infrared (IR) spectra of “without sulfur” residue (red spectrum) and “with sulfur” residue samples (blue spectrum). Both samples
were produced by irradiating ice films with a 10-keV electron beam for 20 hours at 50 K. This irradiation time is equivalent to a total fluence of 2 × 1021 eV cm−2. Initial ices
are made of CH3OH:NH3:H2S:H2O (3:3:3:1) (“with sulfur”) and CH3OH:NH3:H2O (3:3:1) (“without sulfur”). a.u., arbitrary units.
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We focus our comparison of the mass spectra between the
ROSINA data and the laboratory measurements on S-bearing
species with an abundance >1 a.u. (~1/200 the abundance of H2S)
(Table 1). For all these species, a peak was observed in the mass
spectrum of the laboratory “with sulfur” sample, but the assignment
could not be confirmed for all of them. In the Supplementary Ma-
terials, we discuss the possible contributors of each peak based on

the National Institute of Standards and Technology (NIST) data-
base for mass spectra of sulfur-bearing molecules. Many of the mol-
ecules, such as COS, SO2, CS, and CS2 (11), have previously been
confirmed in the IR spectrum of the irradiated ice mixtures.
Sulfur allotropes have also been confirmed by TPD measurements
(12). Among the 25 species detected by ROSINA and listed in
Table 1, we are able to confirm the production of 11 molecules in
our laboratory simulation. The species C2HnS (n = 2 to 5) are prob-
ably fragments of C2H6S2 that was previously detected, and it is
likely that these species contributed to the mass spectrum, but we
cannot confirm the detection of these species. Although we cannot
firmly confirm the production of all sulfurous species detected by
ROSINA, our laboratory work can reproduce the three families of S-
bearing molecules found in comet 67P (see Fig. 1).
At room temperature, organic residues remained on the gold

substrates for both samples. These organic refractory materials are
proposed as analogs of the refractory organics in cometary materi-
als. The COSIMA (COmetary Secondary Mass Analyzer) instru-
ment has provided insight into the characterization of refractory
organics in particles from comet 67P, revealing the detection of
high–molecular weight organic matter (26). In addition, the detec-
tion of sulfur atoms (as well as possibly S2 and S3 allotropes) in these
particles has also been confirmed by COSIMA (27). However, it has
been challenging to determine the source of sulfur, as it could have
been derived from either organics, minerals, or a combination of
both. The semivolatile organics such the one detected by Hänni
et al. (6) and the S-bearing molecules reported here are believed
to be a link between the gas phase and the refractory organics in
comet 67P as measured by COSIMA. Consequently, we also char-
acterized the residues produced in our laboratory samples “with
sulfur” and” without sulfur” using IR spectroscopy (Fig. 3; table
S1 summarizes all bands observed in both samples with tentative
assignments to particular vibrational modes).
Comparison between these two spectra shows a clear difference

over the entire spectrum, suggesting a marked change in the chem-
ical composition of the residue when H2S participates in the reac-
tion chemistry. The strong NH and OH bands at 3200 and 3300
cm−1 as well as the CN and CO bands around 1600 and 2200
cm−1 were clearly decreased in the “with sulfur” sample compared
to the “without sulfur” sample; the same decrease is also observed
for bands around 3000 cm−1, assigned to CH stretching modes. For
example, the C═O absorption band at 1660 cm−1 is three times
deeper in the “without sulfur” sample, while the broad band
between 3000 and 3200 cm−1 is two times deeper. The shape of
this band around 3100 cm−1 is also different between the two
samples, with the center shifted to higher wave numbers by 110
cm−1 in the “with sulfur” residue. The decrease of CO, CN, CHx,
NHx, and OH strongly implies a depression of carbon-, nitrogen-
and oxygen-containing compounds in the residue when H2S is
added to the ice composition.
A clear difference between the two spectra is the strong band at

2057 cm−1 in the “with sulfur” sample that is totally absent in the
“without sulfur” sample. This band is correlated to sulfur and could
be tentatively assigned to the N═C═S group. This band may be a
good probe for the sulfur residue, although CO3 also has a weak ab-
sorption feature at this wavelength. In the fingerprint region, the
“with sulfur” residue displays strong bands between 500 and 700
cm−1 and between 1000 and 1500 cm−1, which are not observed
in the “without sulfur” sample. These absorption features are

Table 1. List of sulfur-bearing species detected by ROSINA (Rosetta
Orbiter Spectrometer for Ion and Neutral Analysis)–DFMS (Double
Focusing Mass Spectrometer) instrument with abundance > 1
arbitrary units (a.u.) compared to detections in mass spectra from the
laboratory experiment. Because of the fragmentation inside the ROSINA-
DFMS instrument, many of the species detected could be fragments of
larger parent molecules (see discussion in the ROSINA data paragraph).m/
z, mass/charge ratio

Detection by
ROSINA
(abundance
>1 a.u.)

Detection in
laboratory

Detection by
ROSINA

(abundance
>1 a.u.)

Detection in
laboratory

CS (m/z 44) Confirmed
by IR

CH2S2 (m/z 78) Assignment
cannot be
confirmed

CSH (m/z 45) Assignment
cannot be
confirmed

CH4S2 (m/z 80) Assignment
cannot be
confirmed

CH2S (m/z 46) Assignment
cannot be
confirmed

C2H6S2 (m/z 94) Confirmed
by TPD

CH3S (m/z 47) Confirmed by
fragment
patterns

S3 (m/z 96) Confirmed
by TPD

CH4S (m/z 48) Confirmed by
fragment
patterns

SO (m/z 48) Confirmed
by IR

C2H2S (m/z 58) Assignment
cannot be
confirmed

CHNS (m/z 59) Confirmed by
comparison
with NIST data

C2H3S (m/z 59) Assignment
cannot be
confirmed

COS (m/z 60) Confirmed
by IR

C2H4S (m/z 60) Assignment
cannot be
confirmed

CH4OS (m/z 64) Assignment
cannot be
confirmed

C2H5S (m/z 61) Assignment
cannot be
confirmed

SO2 (m/z 64) Confirmed
by IR

S2 (m/z 64) Confirmed
by TPD

C2H4OS (m/z 61) Assignment
cannot be
confirmed

C3H5S (m/z 73) Assignment
cannot be
confirmed

CH2O2S (m/z 78) Assignment
cannot be
confirmed

CS2 (m/z 76) Confirmed
by IR

C3H6OS (m/z 90) Assignment
cannot be
confirmed

CHS2 (m/z 77) Assignment
cannot be
confirmed
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assigned to sulfur containing CS, SO, and SS vibrational modes. A
group of these features is compatible with polymers of CH2S (thio-
formaldehyde): Bands at 670, 986, 1247, and 1446 cm−1 are compat-
ible with the strongest bands of CH2S dimer and trimer (28). Also,
weak bands observed at 477 and 876 cm−1 are in good agreement
with symmetric and asymmetric SS stretching modes in H2Sx
species as measured by IR spectroscopy for H2S3 and H2S4 (29).
The vibrational modes SS and CS usually result in weak absorption
bands below 900 cm−1 (30).
The magnitude of the observed bands in the spectrum of the

“with sulfur” sample suggests that molecules/functional groups
rich in sulfur dominate the composition of the residue “with
sulfur.” One hypothesis to explain the impact of H2S on the chem-
istry of the ice samples is the difference in dissociation energies
among H2S, water, and methanol. The dissociation energy of the
SH bond in H2S [376.2 kJ/mol (31)] is substantially lower than
those of the OH bond for water [492.6 kJ/mol (31)] or methanol
(463 kJ/mol). The rapid dissociation of H2S compared to methanol
and water will produce a high concentration of radical HS and free
sulfur atoms compared to the concentrations of OH and O pro-
duced by dissociation of water and methanol. These reactive
sulfur-bearing radicals, present at high concentration quickly after
the beginning of irradiation, will react with CO and CH3 and CH2
radicals produced by dissociation of methanol. This could affect the
chemistry in the ice films and enhance the production of molecules
rich in CS, OS and SS bonds.

DISCUSSIONS
These results show that the effect of H2S on the refractory residue is
important and should be considered in the characterization of
organic heteropolymers in small icy bodies and interstellar icy
grains. The similarity between the large, low-volatility sulfur-con-
taining molecules detected in the 67P cometary dust grains and
those produced in our laboratory experiments suggests that H2S
ice chemistry is likely responsible for the observed species.
However, it is worth noting that other pathways could also contrib-
ute to the formation of organosulfur compounds in both the diffuse
interstellar medium and the solar nebula. For instance, laboratory
simulations have shown that a variety of sulfur-bearing organic
compounds are formed by sulfur ion bombardment of astrophysical
ices containing carbon, oxygen, and nitrogen sources (32, 33). The
residue from these experiments contained more than 9000 mole-
cules, and 12% of them contain sulfur atoms. The range of masses
detected in those studies ism/z > 147 Da, which preclude their com-
parison to the sulfurous species detected by ROSINA-DFMS during
the dust event in the range m/z < 100 Da.
Our work supports the hypothesis that organosulfur residues

could be an important reservoir for sulfur in molecular clouds
(23). The abundance of gaseous sulfur in dense clouds and circum-
stellar regions is only a small fraction (0.3 to 0.1%) of its cosmic
abundance, a discrepancy that is known as The Sulfur Depletion
Puzzle (34, 35), while in diffuse clouds, the sulfur abundance
agrees with the cosmic abundance (36). The fact that sulfur-con-
taining organic heteropolymers are not volatile means that they
cannot be detected with ground-based submillimeter telescopic ob-
servations. While a paucity of production rates for sulfur residues
have hindered evaluation of the S sink in the modeling of the hot
molecular cores (37), the results from ion irradiation experiments

(25), this work, and recent gas-grain astrochemical modeling (37)
indicate that organosulfur molecules made of CNOH atoms
mixed with S could be the main sink for sulfur in the dense
clouds. We also suggest that organic sulfurous species should be
considered in accounting for some of the 89 ± 8% of elemental
sulfur in refractory form, estimated for disks from the accretion-
contaminated photospheres of stars, in addition to a hypothesized
sulfide mineral sink (38).
Tracing organosulfur molecules in meteoritic materials also

points to a potential key role for H2S ice. Recent samples returned
by the Hayabusa-2 mission from asteroid Ryugu have revealed the
presence of a wide range of sulfur-bearing species (39). Molecules
containing CHS, CHOS, and CHONS functional groups have been
detected in the soluble organic matter, and the estimated total sulfur
bulk composition is approximately 3.3 weight %, corresponding to a
C/S ratio of ~1.15. Organosulfur molecules have also been detected
in the insoluble organic matter of Murchison and Allende meteor-
ites, even though the chemistry creating these species is not known
(40). A carbon-rich clast with exceptionally high sulfur was found in
a carbonaceous chondritemeteorite andmay have originated from a
comet containing H2S ice (41), and Vacher et al. (42) identified
sulfur isotope anomalies in unique minerals within a primitive car-
bonaceous chondrite, which they hypothesized may have resulted
from UV irradiation of H2S ice in the solar nebula, subsequently
incorporated into the parent asteroid of the meteorite.
The JamesWebb Space Telescope (JWST) is expected to substan-

tially increase our understanding of the chemistry of the solar
system (43) including comets (44), asteroids (45), and KBOs. The
large wavelength coverage of 0.6 to 28.5 μm and the high sensitivity
(10× to 100× that of current facilities) will help reveal the compo-
sition of a considerable number of small icy bodies and the similar-
ities and differences between their compositions. This in turn will
enable the evaluation of hypotheses about the formation and evolu-
tion of the solar system. Sulfur chemistry is particularly interesting
in this context and could provide a rich source of knowledge about
the formation and evolution of the solar system. For example,Wong
and Brown (46) demonstrated that the sublimation line of H2S is
located within the belt of primordial planetesimals. Therefore,
these objects would have been divided into two groups: those that
retained H2S for enough time to develop a sulfur-containing
organic crust and those that did not. The clear effect of adding
H2S to the irradiation chemistry of mixed ices of simple molecules
and the very pronounced difference between the spectra of “with
sulfur” and “without sulfur” residue samples (Fig. 3) open an op-
portunity to distinguish H2S retention in a wide range of small
icy bodies. The high resolving power of the MIRI (Mid-infrared In-
strument) of JWST (2200 < λ/Δλ < 3500) will enable detailed char-
acterization of the surface composition. The NIRSpec (Near
Infrared Spectrograph) instrument with its 0.6- to 5.0-μm spectral
range and its high resolving power will provide access to measure-
ments of the interesting 3.2-μm region as well as the 1.8-μm feature
that is present only in the “with sulfur” sample (14). All these ab-
sorption features provide a fingerprint of the sulfur chemistry that
make it highly discernable from other materials expected in comets
and other small icy bodies surfaces such as water ice and minerals.
In conclusion, the fate of sulfur in the building blocks of the solar

system and its incorporation into various small bodies is still not
fully understood. However, it holds the potential to provide
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answers regarding the origin and evolution of these small bodies
and test the links between them.

MATERIALS AND METHODS
Laboratory simulations
Electron irradiation experiments were carried out in the Ocean
Worlds Lab (http://oceanworldslab.jpl.nasa.gov). A detailed de-
scription of the facilities and the capabilities of this laboratory can
be found in (47). The experimental setup consists of a high-vacuum
stainless steel chamber pumped by a Varian Turbo pump and
backed by oil-free pumps (pressure after overnight pumping
about 1 × 10−8 torr). The ices were vapor-deposited on a substrate
attached to the cold finger of a closed-cycle helium cryostat (ARS
model DE-204). An attached gas manifold was used to prepare
gas mixtures before deposition. The ice films were grown by
leaking the gas mixture onto the mirror substrate at a controlled
rate through capillary tubes just above the sample, forming ices
on the substrate, which was held at 50 K. Two different ice mixtures
are considered in this study, and they were made from two different
gas mixtures: “without sulfur” CH3OH:NH3:H2O (3:3:1) and “with
sulfur” CH3OH:NH3:H2S:H2O (3:3:3:1). The composition of the ice
films could be slightly different because of the different sticking ef-
ficiency of each type of molecule in the mixture.
High-energy electrons (10 keV) were directed at the ice with a

typical beam current of 0.5 μA. All studied ices were subjected to
the same fluence of electron energy ∼2 × 1021 eV cm−2. Radiation
fluences were scaled to the outer solar system based on the electron
flux at 1 au, which was deduced from values given by Bennett et al.
(48). We found that the total fluence received by our ice samples
corresponds to a time scale of 0.2 Ma for an object at 5 au and 1.8
Ma at 15 au. This energy could also be scaled to energy received by
icy grains in presolar nebula using the cosmic ray flux as reported by
Yeghikyan (49). We found an irradiation time between 3.7 and 37
Ma depending on the density of the nebula. The processes simulated
here are processes in the presolar nebula.
After irradiation for 20 hours at 50 K, samples were warmed to

120 K at a rate of 0.5 Kmin−1 and held there for one additional hour
under continued electron irradiation. After the electron irradiation
was concluded, the samples were warmed at a rate of 0.5 K min−1 to
300 K. The resulting residue films were characterized at room tem-
perature by specular reflectance spectroscopy, using an FTIR
spectrometer.

ROSINA-DFMS data analysis
Details on data analysis methods for ROSINA-DFMS are given in
(3, 19). ROSINA-DFMS steps through integer masses with an inte-
gration time of 20 s per mass. The neutral molecules are ionized by
45-eV electrons, which leads to parent ions as well as fragment ions.
The detector has two times 512 anodes, which register the incoming
ions. The peak shape on the detector can be described very well by a
double Gaussian, whereby the second Gaussian has a width about
three times the width of the first one and the amplitude is <10% of
the peak amplitude. For small peaks, the smaller Gaussian is often
not seen. Thewidth is not dependent on the location on the detector
as long as it is relatively close to the center. This means that if we
have several peaks, we can use the same width for all of them. Once
species have been identified, we also know their exact masses. This
allows the disentanglement of even several masses close together

with high confidence. Figures S2 to S6 show five representative
spectra for CHNS (m/z 59), C3H6S (m/z 62), S2 (m/z 64), C3H6OS
(m/z 78), and S3 (m/z 96). Given are spectra from before the impact
(blue) and after the impact (black). Because at that time, the pres-
sure inside the ion source of ROSINA-DFMS was still changing
rapidly, peak heights cannot easily be compared between masses.
An example for the Gaussian fits is given in fig. S1 for m/z = 59
where we fit five masses, all with the same width. In this case, the
second Gaussian is mostly unimportant as it affects only the tails of
the peaks. From such fits, we obtain the peak heights and the peak
areas. For the other spectra, we do not plot the fits for readability
reasons. In the present analysis, we use peak height in arbitrary
units and correct them for the mass (energy)–dependent sensitivity
of the instrument.

Supplementary Materials
This PDF file includes:
Supplementary Text
Table S1
Figs. S1 to S7
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SPACE SC I ENCES

A structured jet explains the extreme GRB 221009A
Brendan O’Connor1,2,3,4*†, Eleonora Troja5,6*†, Geoffrey Ryan7, Paz Beniamini8,9,
Hendrik van Eerten10, Jonathan Granot8,9,1, Simone Dichiara11, Roberto Ricci12,13,
Vladimir Lipunov14, James H. Gillanders5, Ramandeep Gill15, Michael Moss1, Shreya Anand16,
Igor Andreoni17,3,4, Rosa L. Becerra18, David A. H. Buckley19,20, Nathaniel R. Butler21,
Stephen B. Cenko4,17, Aristarkh Chasovnikov14, Joseph Durbak3,4, Carlos Francile22,23,
Erica Hammerstein3, Alexander J. van der Horst1, Mansi M. Kasliwal16, Chryssa Kouveliotou12,
Alexander S. Kutyrev3,4, William H. Lee24, Gokul P. Srinivasaragavan3, Vladislav Topolev14,
Alan M. Watson14, Yuhan Yang5, Kirill Zhirkov14

Long-duration gamma-ray bursts (GRBs) are powerful cosmic explosions, signaling the death of massive stars.
Among them, GRB 221009A is by far the brightest burst ever observed. Because of its enormous energy (Eiso ≈
1055 erg) and proximity (z ≈ 0.15), GRB 221009A is an exceptionally rare event that pushes the limits of our
theories. We present multiwavelength observations covering the first 3 months of its afterglow evolution.
The x-ray brightness decays as a power law with slope ≈t−1.66, which is not consistent with standard predictions
for jetted emission. We attribute this behavior to a shallow energy profile of the relativistic jet. A similar trend is
observed in other energetic GRBs, suggesting that the most extreme explosions may be powered by structured
jets launched by a common central engine.
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INTRODUCTION
Gamma-ray bursts (GRBs) are sudden and brief flashes of high-
energy radiation. Those lasting longer than a couple of seconds gen-
erally signal the death of very massive, rapidly rotating stars. With
typical durations of 1 to 100 s (1) and isotropic-equivalent luminos-
ities of 1050 to 1054 erg s−1 (2), they are considered one of the most
energetic explosions in the Universe. When their intense radiation

reaches us, it is attenuated by the large distance scale it has traveled,
≈16 Gpc for the median GRB redshift z ∼ 2 (3). Moreover, most of
the flux above gigaelectronvolt energies is suppressed by interac-
tions with the extragalactic background light (4). Therefore, as ob-
served at Earth, GRBs display fluences in the range 10−7 to 10−4 erg
cm−2 (1) and spectra up to the megaelectron volt or, less frequently,
gigaelectronvolt range (5).

On 9 October 2022 at 13:16:59 UT (hereafter referred to as T0),
the Gamma-ray Burst Monitor (GBM) aboard Fermi (6), among
other high-energy satellites [Konus-Wind, SRG, and GRBAlpha;
(7, 8)], detected an unprecedented, extremely bright burst lasting
hundreds of seconds. This burst, dubbed GRB 221009A, is the
brightest GRB ever detected in nearly 55 years of operating
gamma-ray observatories, with an observed fluence of ≈5 × 10−2

erg cm−2 in the 20-keV to 10-MeV band, more than an order of
magnitude brighter than GRB 840304 and GRB 130427A (9), the
previous record holders (Fig. 1). Its high-energy radiation was so
intense that it disturbed Earth’s ionosphere (10).

The prompt gamma-ray phase was followed by longer-lived,
nonthermal afterglow radiation, visible across nearly 19 decades
in energy, from low-frequency radio up to the teraelectronvolt
range, corresponding to the highest energy photon (18 TeV) ever
detected from a GRB (11). The afterglow phase was exceptionally
bright at all frequencies and at all times, surpassing the population
of x-ray afterglows by over an order of magnitude (Fig. 1) and
causing the Neil Gehrels Swift Observatory to send a trigger alert
nearly an hour (T0 + 55 min) after the initial gamma rays were de-
tected for the first time (12).

The extraordinary properties of this GRB are only partially ex-
plained by its proximity to us. At a redshift of z = 0.1505 (13), its
luminosity distance is ≈ 720 Mpc (14), a factor of ≳20 closer than
the average GRB. However, even after correcting for distance effects,
GRB 221009A remains one of themost luminous explosions to date,
pushing the limits of our understanding in terms of both GRB
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energetics and the rate of events. Its isotropic-equivalent gamma-
ray energy, Eγ,iso ≳ 3 × 1054 erg measured over the 20-keV to 10-
MeV energy range (15), is at the top of the GRB energy distribution
(Fig. 1) and only sets a lower limit to the total (isotropic-equivalent)
energy release. By including the blast-wave kinetic energy that is
converted into afterglow radiation, as well as the contribution of
the teraelectronvolt component, the isotropic-equivalent energy
budget would easily surpass 1055 erg, corresponding to ≳5 M ⊙
c2. According to the GRB luminosity function (2), an event as
bright as GRB 221009A occurs this close to Earth less than once
in a century. If we factor in its long duration and total energy
release, then our chance to observe a similar event is 1 in ≈ 1000
years (see Materials and Methods). The detection of GRB
221009A and other extraordinary events, such as GRB 130427A
(9), seems therefore at odds with our basic expectations of how fre-
quent the most energetic explosions are in the nearby Universe.

A key element for calculating the true energy release and rate of
events is the geometry of the relativistic outflow. The outflow’s
angular structure and collimation leave clear imprints in GRB after-
glow light curves (16–19), and, therefore, we can constrain these
properties through our multiwavelength campaign. In particular,
if the outflow is collimated into narrow sharp-edged jets, then we
should observe the afterglow flux rapidly falling off after the time
of the “jet break,” i.e., when the inverse of the Lorentz factor of
the outflow becomes comparable to the jet’s half-opening angle θj
(19, 20). To search for the signature of collimation, we turn to the x-
ray afterglow, which is unaffected by other components [e.g.,

supernova and reverse shock (RS)] and probes the nonthermal
emission from electrons accelerated by the forward shock (FS),
driven by the outflow into the surrounding medium (21).

RESULTS
The x-ray light curve features an initial power-law decay index of
αX,1 = −152 ± 0.01, steepening to αX,2 = −1.66 ± 001 after tb,X=
0.82 ± 0.07 days (see Fig. 2). The x-ray spectrum is well described
by an absorbed power law with a time-variable spectral index,
ranging from −0.65 ± 0.02 measured by Swift at 1 hour to −1.10
± 0.17 measured by NuSTAR at 32 days. According to standard
models of GRB jets (21, 22), this progressive softening is consistent
with the passage of the cooling frequency vc of the synchrotron
spectrum. Therefore, the x-ray spectral shape can be used to con-
strain the density profile of the circumburst medium as ρ(r) ∝ r−k

where k < 4/3 (such that vc decreases with time) and the energy dis-
tribution of the shock-accelerated electrons as N(E) ∝ E−p where p
≈ 2.2 to 2.4. This value matches the spectral measurements of the
early high-energy emission (23, 24), suggesting that the synchrotron
component extends to the gigaelectronvolt range. Thus, we can use
the high energy flux, assuming that it is afterglow-dominated, as a
proxy for the blast-wave kinetic energy (25), obtaining EK,iso≈ 1055
(1 + Y ) erg, where Y is the Compton parameter of the gigaelectron-
volt-emitting electrons. A similarly high value is obtained by assum-
ing a typical gamma-ray efficiency ηγ ≈ 20%.

Fig. 1. The extreme brightness of GRB 221009A. (A) Top left: Histogram of gamma-ray fluence for Fermi (blue; 10 to 1000 keV) and BATSE (gray; 50 to 300 keV) GRBs
compared to GRB 221009A. (B) Bottom left: Isotropic-equivalent gamma-ray energy (1 keV to 10 MeV) versus redshift for a sample of long-duration GRBs compiled from
(44, 64). (C) Right: Observed x-ray afterglow light curves in the Swift XRT (03 to 10 keV) energy band for a sample of long-duration GRBs. GRB 221009A is the brightest x-ray
afterglow ever observed.
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In the standard model, the GRB jet has a constant energy profile
within its core of angular size θj. The energy then declines rapidly or
goes to zero at angles beyond θj. The prediction for the post–jet-
break decay is t−p ≈ t−2.2, which is inconsistent with the x-ray
slope of −1.66 measured after tb,X. If tb,X is not the jet-break time
tj, then the uninterrupted power-law decay of the x-ray emission sets
a lower limit tj > 80 days for the jet-break time. The resulting limit
on the jet opening angle, θj ≳ 15°, pushes the total collimation-cor-
rected energy release to EK ≳ 4 × 1053 (tj/80 days)0.75 erg (see Ma-
terials and Methods), leading to an energy crisis for most models of
GRB central engines (26, 27). However, at the time of the x-ray tem-
poral break, the optical and infrared (hereafter, OIR) light curves are
also seen to steepen. The OIR emission displays an initial shallow

decay with αOIR,1 = −0.88 ± 0.05, which steepens to αOIR,2 =
−1.42 ± 0.11 at around tb,OIR = −0.63 ± 0.13 days (Fig. 2). The ach-
romatic steepening of the x-ray and OIR light curves provides a
strong indication of a geometrical effect, such as a jet break (19,
20), although the observed post-break decay rates are shallower
than theoretical predictions. If GRB 221009A was followed by a
supernova, like most long GRBs are, then the supernova contribu-
tion could cause an apparent flattening of the OIR light curve and
mask the jet break. By assuming that a SN 1998bw–like transient
contributes to the OIR emission, an afterglow decay rate as steep
as −1.5 is consistent with the optical and near-IR data. This is
close to the observed x-ray slopes, yet too shallow for a post–jet-
break phase.

Additional evidence for geometrical effects comes from the late-
time radio observations, which tend to favor a collimated outflow.
The x-ray flux at 1 hour sets a lower limit of ≳10 mJy to the FS peak
flux. As the shock cools down and passes from the x-rays to the radio
band, the peak brightness remains constant in a uniform medium
(28) or slowly decreases as Fv,max ∝ t−αk, with αk < 1/4 in a stratified
environment with k < 4/3. Either behavior would violate the ob-
served radio limits of 0.4 mJy at 80 days unless the assumption of
spherical symmetry breaks down, causing the peak flux to decrease
more rapidly (20).

These different and apparently discordant observations can be
reconciled if the afterglow emission is powered by a structured jet
with a shallow angular energy profile (29–31), composed by an
inner component of angular size θb with a shallow energy profile
dEK/dΩ ∝ θ−a1 and a slightly steeper lateral structure at θ > θb
with dEK/dΩ ∝ θ−a2, where a1 < a2 < 2 (see Fig. 3). This profile is
motivated by the lack of a sharp jet break feature in the x-ray and
OIR light curves and the energy crisis that would be implied for a jet
with a steeper angular profile. Similar shallow angular profiles are
seen in simulations of relativistic jets expanding in complex
media (32).

A structured jet can account for the achromatic temporal break
visible at x-ray and OIR wavelengths and explain their post-break
slopes as emission from the lateral structure as it comes into view.
For a1 ∼ 0.75, a2 ∼ 1.15, and a transition at θb ∼ 3°, this model yields

Fig. 2. Multiwavelength light curve of GRB 221009A. The XRT and XMM-
Newton data represent the x-ray flux density at 1 keV, whereas the flux density
from the NuSTAR observations is reported at 5 keV. OIR data represented as
empty squares were compiled from General Coordinates Network circulars,
whereas filled circles are data analyzed in this work. The OIR data are not corrected
for Galactic extinction.

Fig. 3. Schematic of the structured jet for GRB 221009A. Emission from the FS and RS are produced by the jet out to its truncation angle θs. The angular structure of the
jet, EK/dΩ ∝ θ−a, breaks slightly at θb, transitioning from a slope a1 ∼ 0.75 to a2 ∼ 1.15. The prompt gamma rays may be radiated from the central narrow core of aperture
θγ, whereas the afterglow and very-high energy (VHE) gamma-rays could come from a wider angular structure.
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initial temporal slopes of αOIR,1 = −1.3 and αX,1 = −1.55 that tran-
sition to αOIR,2 = −1.47 and αX,2 = −1.67 after ∼0.8 days. Although
this does not capture the complexity of the early-time afterglow evo-
lution, it provides a good description of the full x-ray light curve and
the OIR dataset from 0.8 to 80 days (Fig. 4). Over this time period,
the low-frequency radio counterpart is dominated by synchrotron
emission from the ejecta decelerated by the RS. Emission from
the RS is likely contributing to the optical light curve at t < 0.8
days, and responsible for its early shallow decay. The evolution of
this component, however, does not follow standard prescriptions.

DISCUSSION
Themain advantage of the structured jet model is that it eases up the
energetic requirements relative to the uniform jet, leading to EK ≲ 8
× 1052 (tj/80 days)0.37 erg (see Materials and Methods), where tj is
the observed time when the jet edges become visible, causing a final
steepening of the light curve (if still relativistic). Causal contact
across the full jet surface will only be established once the jet
edges are already subrelativistic, leaving no room for strong jet
spreading before the observed x-ray light curve behavior segues
into a nonrelativistic slope t(4−3p)/2 (33) that resembles the pre-tran-
sition slope. In the structured jet model, the collimation-corrected
energy remains at the boundary of the energy budget for a magnetar
central engine (<1053 erg for a rapidly rotating supramassive
neutron star), requiring an unrealistically high efficiency inconvert-
ing the magnetar’s rotational output into gamma rays and blast-
wave kinetic energy. The massive energy required to power GRB
221009A is consistent with a magneto-hydrodynamical process
(34), extracting rotational energy from a rapidly spinning (a =
0.9) stellar mass (∼5 M⊙) black hole (35).

The shallow structured jet model helps explain the lack of prom-
inent jet breaks in some long GRBs (36). In particular, the family of

bright bursts with very high-energy emission, including events like
GRB 130427A, GRB 180720B, GRB 190114C, and GRB 190829A,
shares the common property of long-lasting afterglows (Fig. 5)
with late-time temporal decay indices between 1.4 and 1.7 (37–
39), similar to GRB 221009A. A shallow angular structure may
thus be a frequent feature of the most violent explosions.
However, none of these bursts reached the high energy of GRB
221009A, which provides compelling evidence for revising the stan-
dard jet model in a massive star explosion.

A structured jet profile also affects the rate calculation. For GRB
221009A, we infer an angular size, θs ≳ 0.4 rad (see Materials and
Methods), larger than that of the general GRB population, θj ≈ 0.1
rad. This would naively suggest that a similar event is θs/θj)2 ≈ 16
times more likely to be detected than a regular GRB. If the intrinsic
rate of highly energetic GRBs is significantly lower than the rate of
typical GRBs, then the larger solid angle of the jet can explain the
detection of GRB 221009A. However, this interpretation is not sup-
ported by the small viewing angle, θobs ≲ 0.01 rad, inferred from
afterglow observations. Alternatively, if the rate of highly energetic
GRBs is comparable to the rate of standard GRBs, then the large
angular size of GRB 221009A is not consistent with the low rate
of observed events (Fig. 1). A natural explanation for this contradic-
tion is that the prompt gamma-ray radiation is produced only
within a narrow range of the GRB jet (θγ ≪ θs) (40), due to a reduc-
tion in Lorentz factor Γ with angle.

This leads to an increased opacity to photon-photon annihila-
tion, which, in turn, can suppress the emission beyond a critical
value (41), and, for a wide range of dissipation and emission mech-
anism models, a smaller Lorentz factor also leads to a reduction in
the gamma-ray production. One example is a decrease in the dissi-
pation radius Rd ∝Γ2 at which the gamma rays are emitted. Even a

Fig. 4. Afterglow spectral evolution. Multiepoch broad-band spectral energy
distributions (SEDs) of GRB 221009A modeled by the combination (solid line) of
FS and RS (dotted line); see Materials and Methods. The data are corrected for ex-
tinction and absorption.

Fig. 5. Long-lived x-ray light curves of bright GRBs. A sample of bright long
GRBs without a canonical jet break to late times is shown. For comparison, the
dashed line shows the predicted late-time decay for a sharp-edged uniform jet.
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small reduction in Lorentz factor can lead the dissipation radius to
be smaller than the photospheric radius, which decreases with
Lorentz factor, trapping the gamma-ray radiation for angles away
from the core. This would lower the total energy released in
gamma rays by a factor (θs/θγ) ≳ 20 but still require a substantial
radiative efficiency along the sight line, ηγ(θobs) ≳ 20%.

The suppression of gamma-ray emission above θγ would cause
observers at θobs > θγ not to detect the prompt GRB emission and
instead possibly identify such an event as an “orphan” afterglow.
This may lead to a population of luminous orphan afterglows,
which could be searched for in various transient surveys (42). The
predicted rate of orphan afterglows differs by orders of magnitude
between different jet models. However, as the jet angular structure
shapes the early afterglow evolution (17), search strategies calibrated
on a uniform jet model may not efficiently recover all the possible
events. To constrain the rate of GRB 221009A–like transients and
their gamma-ray beaming factor, transient classification schemes
should be fine-tuned to a wide range of angular energy profiles.

MATERIALS AND METHODS
Energetics and rates
GRB 221009A triggered Fermi/GBM (6) on 2022-10-09 at 13:16:59
UT. The GRB displayed an initial short pulse (∼40 s) followed by a
period of apparent quiescence and then a main emission episode
consisting of two bright peaks, at T0 + 225 s and T0 + 260 s, respec-
tively. A third, weaker peak is visible at T0 + 520 s.

Because of the GRB’s immense brightness, the majority of satel-
lites were saturated during themain emission episode. This prevents
us from carrying out standard analysis without careful corrections
(6, 7, 43). However, the burst fluence can be constrained using the
Konus-Wind spectrum at the onset of the main pulse (T0 + 180 to
200 s). This is described by a band function with α = −109, β = 2.6,
and peak energy Ep ≈ 1 MeV. By applying this model to the entire
GRB prompt phase, a fluence of ∼5.2 × 102 erg cm−2 (20 keV to 10
MeV) (15) was derived between 0 and 700 s after the initial trigger.
As the spectrum of the brightest peaks is likely harder than the spec-
trum at the onset, this value places a conservative lower bound to the
true GRB fluence and already makes GRB 221009A the brightest
GRB ever detected by over an order of magnitude (Table 1). On
the basis of the fluence distribution of Fermi bursts (1), the expected

probability of observing a similar event is less than 1 in 1000 years
for a spatially homogeneous GRB population in Euclidean space
(Fig. 6).

At the redshift of z = 0.1505 (13), the observed fluence corre-
sponds to an isotropic-equivalent energy of Eγ,iso ≳ 3 × 1054 erg
(1 keV to 10 MeV), among a short list of the most energetic
GRBs to date (44) and very similar to GRB 160625B (45). Highly
energetic (≳1054) GRBs are intrinsically rare events. Swift has de-
tected approximately 11 of them during its entire lifetime (46). As
expected, most are in the redshift range 1 ≲ z ≲ 3, where the star
formation (hence, the GRB rate) peaks. Assuming a constant GRB
formation rate over this redshift interval, we compute an all-sky vol-
umetric rate of energetic GRBs

Rz �
N54

V
4π

fzΩBAT

1
εT
¼ 0:014+0007

� 0006 Gpc� 3 year� 1 ð1Þ

where N54 ≈ 8 is the number of very energetic events detected
within 1 ≲ z ≲ 3, the available volume is V ¼

Ð 3
1

dV
dz

dz
1þz � 300

Gpc� 3; where dV
dz is the comoving volume element (14), T ≈ 18

years is the current lifetime of the Swift mission, ε ≈ 78% is the
duty cycle, and ΩBAT ≈ 2.2 sr is the field of view of the Swift
Burst Alert Telescope (BAT) with partial coding > 10%. As these
are very energetic events, we use an efficiency fz ≈ 0.8 for obtaining
a redshift measurement.

If we assume that the GRB rate scales as the star formation rate
(47), then the local rate of events is at least a factor of 10 lower, Rlocal
≈ 0.001 Gpc−3 year−1, and the probability of seeing a GRB as ener-
getic as GRB 221009A within z < 0.15 is only 1 in 1000 years.
Growing evidence shows that metallicity has a primary role in

Table 1. Historical bright GRBs.

GRB Observatory Fluence
(erg cm−2)

Energy
band

Reference

840304 PVO, ICE, Vela 5B 2.8 × 10−3 5 keV to
3 MeV

(66)

130427A Fermi, Swift 2.5 × 10−3 10 keV to
1 MeV

(9)

830801B SIGNE 2 MP9 2.0 × 10−3 30 keV to
7.5 MeV

(67)

850624 PVO 2.0 × 10−3 5 keV to
3 MeV

(68)

940703A BATSE,
GRANAT,
ULYSSES

1.6 × 10−3 100 keV to
1 MeV

(69)
Fig. 6. Fluence distribution of Fermi GRBs. We have normalized the number of
bursts for the mission lifetime, its duty cycle, and field of view (1). At large fluences
(S ≳ 5 × 10−5 erg cm−2) the distribution has a slope consistent with the Euclidean
one (−3/2), also shown for comparison (dashed line). The twomost fluent GRBs are
GRB 130427A (circle) and GRB 221009A (star).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

O’Connor et al., Sci. Adv. 9, eadi1405 (2023) 7 June 2023 5 of 13



driving the GRB formation, and this could further lower the local
rate by a factor ≈ 2.

A similar conclusion is reached by comparing GRB 221009A to
the distribution of isotropic-equivalent GRB luminosities (2). Using
the burst peak photon flux (10 to 1000 keV) from the preliminary
GBM analysis, 2385 ± 3 photons s−1 cm−2 (48), and the Konus-
Wind spectral parameters reported above, we derive a peak
gamma-ray luminosity of Lγ, iso ≈ 9 × 1052 erg s−1. In the simplest
scenario, not including an evolution of the GRB rate with redshift or
metallicity, we find that less than ≈ 0.1% of GRBs have luminosities
comparable to GRB 221009A, which translates in an all-sky rate of
once in a decade across the visible Universe. For a local GRB rate in
the range 0.3 to 2 Gpc−3 year−1, we derive that the rate of events as
luminous as GRB 221009A is one every 300 to 1100 years within z ≲
0.15. These independent analyses confirm that, due to its brightness
and proximity to Earth, GRB 221009A is an exceptionally
rare event.

Afterglow temporal evolution
Wemodel the afterglow light curves with a series of power-law seg-
ments, Fv ∝ tα. In the x-ray band, our best fit model (χ2/df ≈ 1.3 for
1679 df) is a broken power law with initial decay index αX,1 = −1.52
± 0.01, steepening to αX,2 = −1.66 ± 0.01 after tbreak,X = 0.82 ± 0.07
days. A single power-law slope provides a significantly worse de-
scription of the data (χ2/df ≈ 2.1).

The OIR light curve, combining the grizJHK and theMASTERC
filters, displays an initial power-law decay of αOIR,1 = −0.88 ± 0.05,
which steepens to αOIR,2 = −1.42 ± 0.11 at around tbreak,OIR = 0.63 ±
0.13 days (χ2/df ≈ 1.3 for 95 df). At times t > 10 days, a slight devia-
tion from this power law is observed (Fig. 2), possibly caused by the
contribution from a supernova (49) or the underlying host galaxy.
By performing a joint fit to the x-ray and OIR light curves, we derive
a break time of tbreak,XOIR = 0.79 ± 0.04 days (χ2/df ≈ 1.3 for 1775
df ). This joint fit results in a slightly steeper initial OIR decay of
αOIR,1 = −0.92 ± 0.04, whereas the other best-fit slopes remain con-
sistent with our previous values.

The afterglow behavior at radio energies is markedly different,
suggesting that its evolution is decoupled from the higher energy
data. Our dataset starts 6 days after the GRB trigger and follows
the afterglow evolution up to 110 days in multiple frequencies.
During the time interval of 6 to 41 days, we derive a power-law
decay with slope −0.76 ± 0.08 at 16.7 GHz (Fig. 2), much shallower
than the simultaneous OIR and x-ray light curves. A consistent be-
havior is observed at 21.2 GHz, whereas higher (>30-GHz) frequen-
cies show a possible chromatic steepening after ≈30 days. A
comparison with the lower frequency data (5.5 GHz) shows that
the simple power-law model overpredicts the radio flux at t ≲ 1
day, requiring the presence of a temporal break at early times.

Afterglow spectral properties
X-rays
We model the afterglow spectra in each energy band (x-ray, OIR,
and radio) using a simple power-law function, Fv ∝ vβ. The best
fit was found by minimizing the Cash statistic within XSPEC
v12.12.0. The effects of absorption were included using the
XSPEC model tbabs*ztbabs*pow with fixed redshift z = 0.1505.
The GRB sight line intercepts dense clouds along the Galactic
plane, as shown by the bright dust scattering echoes at x-ray ener-
gies (12). We probed the absorbing column in the GRB direction by

extracting multiple spectra of the ring located 6 arcmin from the
GRB position at T0 + 1.2 days (ObsID: 01126853005). They are
well described by a power law with photon index Γ = 4:3þ0:6� 0:5 and
an absorbing column of NH = 2:1þ0:2� 0:6 � 1022 cm−2. We used the
latter value as our estimate of the Galactic hydrogen column density.

The soft x-ray spectra (0.3 to 10 keV) display an initial hard spec-
tral index of βX = −0.65 ± 0.02 at 1 hour, which is seen to soften with
time to βX = −0.85 ± 0.03 at 5 hours and βX = −0.92 ± 0.01 at 32
days. A similar trend is measured in the NuSTAR data (3 to 79 keV),
which also display a spectral softening between −0.81 ± 0.01 at 1.8
days and –1.10 ± 0.17 at 32 days. The latter value is consistent with
the initial spectral index, βBAT = −1.08 ± 0.03, determined by Swift
BAT (12).
Optical and infrared
The OIR data were modeled within XSPEC using the model
redden*zdust*pow with fixed redshift z = 0.1505. Using a Galactic
extinction of E(B − V) = 1.32 mag (50), we derive a negligible in-
trinsic extinction E(B − V )z < 0.1 mag at the 3σ confidence level, a
spectral index βOIR = −0.53 ± 0.10 between 0.2 and 0.5 days, and a
steeper index βOIR = −0.68 ± 0.05 after 1.7 days (see Fig. 7). These
values are consistent with the spectral index of the early (∼1 hour)
x-ray afterglow.
Radio
Our dataset spans the frequency range between 5.5 and 47GHz. Our
second epoch (14.7 days after burst) was not included in the spectral
analysis due to the large systematic uncertainty at higher frequen-
cies. As shown in Fig. 7, the spectra at 5.8 and 25.7 days can be de-
scribed by a power law with spectral index βR = −0.53 ± 0.17. There
is possible evidence for a turnover of the radio spectrum at 40.7
days, suggesting that the component powering the low-frequency
radio emission is not contributing to the optical and x-ray flux.

Theoretical modeling
Standard jet model
We began by exploring the simple scenario of a relativistic fireball
(21, 22, 28, 51) propagating into an ambient mediumwith density of
the form ρext(r) = A r−k. The shock-accelerated electrons have an
energy distribution of the form N(E) ∝ E−p and cool via synchro-
tron radiation with a broadband spectrum described by three break
frequencies: the cooling frequency vc, the characteristic frequency
vm, and the self-absorption frequency va. We focus mainly on the
properties of the x-ray and OIR afterglow, as our analysis shows
that the radio emission is dominated by a different component.

Our observational constraints include (i) the notable spectral
evolution of the optical and x-ray emission during the first 24
hours since the GRB and (ii) the nearly achromatic steepening of
the optical and x-ray light curves at around 0.8 days. A simple ex-
planation for the spectral and temporal evolution of the x-ray coun-
terpart is the passage of the cooling break. The observed change in
x-ray spectral index, ΔβX = −0.46 ± 0.07 between 0.05 and 40 days,
points to a decreasing cooling break. The synchrotron cooling fre-
quency is expected to change with time as vc / t3k� 42k� 8: This constraint
implies k < 4/3 and rules out a wind-like environment with density
profile k = 2 or steeper. However, if vc ≲ vX at 1 day, the x-ray tem-
poral slope after the break, αX = −1.66, would require a steep p = (2
− 4αX)3 ≈ 2.88, hence a soft spectral index βX = p/2 ≈ 1.4 inconsis-
tent with the observed spectral shape by ≈5σ.
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A possible solution could be to include a time-dependent evolu-
tion of the shock microphysical parameters (52–54): εe is the frac-
tion of the burst kinetic energy EK in electrons and εB is the fraction
in magnetic fields. To explain the slope of the x-ray light curve after
the break, we require that the time dependence of the microphysical
parameters adds an additional t−0.51 to the temporal decay above vc
(assuming p = 2.2). As the flux above vc has a very shallow depen-
dence on εB (/

1=20
B for p = 2.2), it is more practical to consider a time

evolution of εe. We find that εe ∝ t−0.425 would not only reproduce

the x-ray temporal slope but also drive a fast evolution of the spec-
tral peak toward lower frequencies, vm ∝ t−235, severely overpredict-
ing the observed radio flux. Moreover, it does not account for the
nearly simultaneous steepening of the optical emission. We there-
fore conclude that the passage of the cooling break across the x-ray
band can explain some of the observed properties (e.g., the spectral
softening) but does not entirely account for the steep tempo-
ral decay.

Fig. 7. Multiepoch spectra and SEDs of GRB 221009A. (A) Top: X-ray spectra of GRB 221009A fit an absorbed power-lawmodel: Swift at 0.05 days, Swift and NuSTAR at
1.8 days, and XMM-Newton and NuSTAR at 32 days. (B) Middle: Residuals of the x-ray spectral fits. (C) Bottom left: Spectral energy distributions of the OIR data fit with a
simple power-law model. The OIR data have been corrected for Galactic extinction E(B − V) = 1.32 mag (50). (D) Bottom right: Spectral energy distributions of the radio
data (16.7 to 47 GHz).
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A straightforward explanation for the nearly achromatic tempo-
ral break at 0.8 days is a geometrical effect (19, 20). The beamed ge-
ometry of the outflow causes the afterglow to decay at a faster rate
once the jet edges become visible, with a change in temporal slope of
Δα = (3 − k)/(4 − k) in the absence of lateral spreading, for a
uniform sharp-edged (or “top-hat”) jet. To be consistent with the
x-ray measurements of ΔαX = 0.14 ± 0.02, this model requires a
steep density profile k ≈ 2.8 in disagreement with the limit k < 4/
3 derived above.

If the temporal break at 0.8 days is not due to the collimation of
the GRB outflow, then the required energetics to power the burst are
challenging to reproduce. The x-ray light curve evolves as a power
law up to at least 80 days after the trigger (at the time of writing).

Therefore, we can put an observational lower limit on tj > 80
days, which leads to a lower limit on both the jet opening angle θj
and the collimation-corrected energy of the GRB. Assuming k = 0
(uniform medium) and a redshift z = 0.1505, we derive

EK . 4

�1053 erg
tj

80 days

� �3=4 1þ z
1:15

� �� 3=4 EK;iso

1055 erg

� �3=4 n
1 cm� 3
� �1=4

ð2Þ

where n is the circumburst density for a uniform medium. Such a
high beaming corrected energy would be an outlier in the GRB
energy distribution (Fig. 8) (35).
A structured jet
The standard assumption that GRB jets have a constant energy dEK/
dΩ within the core of the jet is likely an oversimplification, and a
structured jet naturally arises as the GRB breaks out of its stellar en-
vironment (32, 55). Here, we consider a GRB jet with a broken

power-law structure (Fig. 3) defined by

dEK

dΩ
/

θ� a1 for θ , θb
θ� a2 for θb , θ , θs
θ� a3 for θ . θs

8
<

:
ð3Þ

where a1 < a2 < 2, a3 → ∞, and an observer angle θobs < θb. This jet is
therefore composed of an initial shallow slope followed by a steeper
lateral profile that becomes visible when Γ ≈ θ� 1b ; where θb is the
width of the initial shallow profile. In this case, the flux and frequen-
cy evolution is dictated by the lateral structure, leading to a shallow
angular structure dominated emission (sASDE) phase [see tables 1
and 2 of (29)]. The flux evolution is initially the same as for a spher-
ical outflow with an isotropic-equivalent energy corresponding to
the value along the line of sight. This lasts up to a time, tsph,
when the Lorentz factor along the line of sight has decelerated to
θ1obs: At this point, the lateral structure becomes visible and the
sASDE phase begins. In this regime, the flux in an interstellar
medium environment is determined by

Fv /
t 3ðaþ2p� 2Þ
ða� 8Þ for vm , v , vc

t 2ðaþ3p� 2Þa� 8 for vc , v

(

ð4Þ

This phase lasts until tb ≈ 0.8 days, which is the time at which Γ =
θ� 1b : For t > tb, the flux evolves in a similar way (i.e., governed by Eq.
4) but with a1 → a2. For angles θ > θs, a steep jet break is expected at
late times (tj > 80 days) if the jet is still relativistic (33, 56).

We consider a scenario where tsph < 1 hour, such that the tem-
poral decay is provided by Eq. 4 for the entire time period of our
observations (0.05 to 80 days). We find a solution for p = 2.2, k =
0, a1 = 0.75, and a2 = 1.15, which yields an initial pre-break slope of
αX,1 = 1.55 that steepens to αX,2 = −1.67 after ∼ 0.8 days, assuming
that vc < vX. The OIR slope after the break is αOIR,2 = −1.47 for vm <
vOIR < vc, while the early OIR data (<1 day) are dominated by emis-
sion from a different component, likely an RS.

Motivated by this solution, we modeled the afterglow spectral
energy distributions from radio to x-ray wavelengths with a phe-
nomenological model combining two components, an FS and an
RS. The FS closure relations are governed by the jet structure (Eq. 4).

The RS evolution in a structured outflow has not been sufficient-
ly developed yet for inclusion in our study.We therefore adopt stan-
dard prescriptions of a thin-shell model parameterized by the
power-law index g of the Lorentz factor distribution with radius Γ
∝ R−g (57). Each component was allowed to have an independent
electron spectral slope p and was parameterized by the locations of
va, vm, and vc at a reference time of 1 day as well as the peak flux
Fv,max at that time. The best fit was obtained by simple χ2 minimi-
zation on the extinction-corrected afterglow data (Fig. 4).

We find that the FS reproduces the full x-ray light curve and the
OIR data after 0.8 days (Fig. 4). In this model, the cooling break vc,FS
moves through the x-ray band, producing the observed spectral soft-
ening. The injection frequency vm,FS is constrained to be close to the
soft x-ray band at early times, as otherwise the FS severely overpre-
dicts the radio emission at later times (>14 days). A jet model with a
single slope for the power-law energy distribution dEK/dΩ ∝ θ−a

with a ≈ 1 can reproduce these observations. However, a broken
power-law energy structure is well motivated by simulations (32)
of GRB jets, which display an evolution of the jet’s angular energy
distribution from shallower to steeper slopes. For a jet with structure

Fig. 8. Collimation corrected kinetic energy EK versus prompt gamma-ray
energy Eγ. We have displayed a sample of long GRBs from the literature (35, 38).
The empty red star displays the lowerlimit to the energy of GRB 221009A in the
top-hat jet scenario and the filled red star in the structured jet case. The gray-
shaded regions show a range of allowed values for magnetar central engines
based on the mass of the neutron star (NS) (26, 65). The black lines show a
gamma-ray efficiency of ηγ = 30 to 80%.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

O’Connor et al., Sci. Adv. 9, eadi1405 (2023) 7 June 2023 8 of 13



given by a1 ≈ 0.75 and a2 ≈ 1.15, we derive vc,FS ≈ 1.7 × 1018 Hz,
vm,FS ≈ 3.6 × 1014 Hz, Fv,max,FS ≈ 5.9 mJy, and p ≈ 2.25. The self-
absorption frequency va,FS ≲ 1010 Hz remains unconstrained.

Afterglow modeling depends on a large number of physical pa-
rameters, larger than the number of observed constraints. Many
values of the physical parameters, varying over orders of magnitude,
will produce nearly identical afterglow emission. Using fiducial
values of EK,iso = 1055 erg, n = 1 cm−3, and θobs = 0.01 rad and in-
verting the values of Fv,max,FS, vm,FS, and vc,FS, we find a solution for
εe = 0.17, εB = 4.4 × 10−6, and an electron participation fraction ξN
= 0.015.

As expected, we find that the standard thin-shell RS is not
capable of reproducing the phenomenology of a structured
outflow. Even for large values of the parameter g ≳ 3, this model
cannot account for the early optical emission and, at the same
time, reproduce the shallow decay of the radio afterglow (Fig. 9).
To capture this behavior, we require at least two separate RS com-
ponents (Fig. 4), with the first RS dominating at <10 days capable of
explaining the early radio and OIR data. Alternatively, ad hoc solu-
tions such as energy injection and/or variability of the shock micro-
physics may be introduced to slow down the RS evolution.

Similar challenges were encountered in the modeling of other
bright GRBs (58). For example, a two component model was ex-
plored in the case of GRB 030329A (40), GRB 130427A (59), and
GRB 190829A (37, 60), whereas time-evolving microphysics were
favored in the case of GRB 190114C (39). GRB 221009A adds to
the growing sample of bursts deviating from the basic RS scenario
and motivates further extension of the standard model by incorpo-
rating a broader set of jet angular structures.

Implications of a structured jet
Energetics
An advantage of the shallow structured jet scenario suggested above
is that it reduces the energy requirements compared to steep jet
models. The viewing angle to the burst θobs is directly related to
the earliest time, tsph, at which the afterglow begins evolving accord-
ing to the inner (shallow) slope of the energy profile (i.e., EK,iso ∝
θ−a1; see Eq. 4) and can be expressed as

θobs ¼
ð3 � kÞEK;isoðθobsÞ
4πA 23� kc5� k

� � 1
2k� 8

t
3� k
8� 2k
sph ð5Þ

which, for k = 0 (as favored by the spectral evolution), implies θobs ≲
0.016 rad for tsph < 0.05 days. For a shallow structured jet, the
maximum polar angle of the jet viewable to an observer at θobs
evolves in time according to

θðtÞ ¼ θobs
ðt=tsphÞ

3� k
8� 2k� a1 for tsph , t , tb

ðtb=tsphÞ
3� k

8� 2k� a1
ðt=tbÞ 3� k

8� 2k� a2 for t . tb

(

ð6Þ

wherewe adopt a1 = 0.75 and a2 = 1.15. This is related to the angle θb
below which EK,iso evolves as θ−a1 and above which as θ−a2. There-
fore, θb can be expressed as

θb ¼
ð3� kÞEK;isoðθobsÞ

4πA 23� kc5� k

� � 1
2k� 8þa1 t

3� k
8� 2k� a1
b θ

a1
8� 2k� a1
obs

¼ 0:057 rad EK;iso
1055 erg

� �� 0:14
n

1 cm� 3
� �0:14 θobs

0:01

� �� 0:10 tb
0:8 days

� �0:4
1þz
115

� �� 0:4

ð7Þ

As we do not observe a steep break (i.e., traditional jet break with
Fv ∝ t−p) in the light curve out to tj > 80 days, we can set a lower limit
to the opening angle θs (see Eq. 3) out to which the relation EK,iso ∝
θ−a2 extends. This, in turn, allows us to derive a lower limit to the
collimation-corrected kinetic energy in the jet EK. Using θobs and θb,
these relations are provided by

θs . θðtÞ ¼ θb
tj
tb

� � 3� k
8� 2k� a2

ð8Þ

EK ¼
a3 � a2

ð2 � a2Þða3 � 2Þ
θðtÞ2EK;iso ðθobsÞ

θb
θobs

� �� a1 θðtÞ
θb

� �� a2

ð9Þ

which, for θ(t) = θs, k = 0, a1 = 0.75, a2 = 1.15, and a3 → ∞, becomes

θs . 0:4 rad
EK;iso

1055 erg

� �� 0:14 n
1 cm� 3
� �0:14 θobs

0:01

� �� 0:10

tb
0:8 days

� �� 0:04 1þ z
1:15

� �0:04 tj
80 days

� �0:44
ð10Þ

EK ¼ 8� 1052
EK;iso

1055 erg

� �0:83 n
1 cm� 3
� �0:17 θobs

0:01

� �062 tb
0:8 days

� �0:14

tj
80 days

� �0:37 1þ z
1:15

� �� 0:51

ð11Þ

Fig. 9. Multiepoch broad-band SEDs of GRB 221009A. We have modeled the
data by the combination (solid line) of an FS and an RS (dotted line). A single RS
evolved following the thin-shell closure relations (57) cannot reproduce the early
optical and late radio emission. The data are corrected for extinction and
absorption.
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Formally, this limit decreases for smaller viewing angles θobs.
However, considering that tsph has to be greater than the prompt
duration of the GRB, θobs cannot decrease by much. The required
energy is reduced compared to the standard jet case (4 × 1053 erg).
Furthermore, the energy has a shallower dependence on the time of
the steep jet break t0:37j compared to t3=4j for a top-hat jet. In other
words, as the length of time over which we do not observe a steep jet
break increases, the more energetically favorable the structured jet
model becomes.

A structured jet with extended wings will take even longer to es-
tablish causal contact across the jet surface than a top-hat jet, which
can help to explain the lack of post–jet break dynamics observed for
GRB 221009A and similar events. In the central engine frame, a rel-
ativistic sound wave traveling along the jet surface between edge and
tip will move along with velocity βθ = 1/(2Γ) for a jet with local
shock Lorentz factor Γ. If Γ∝ θ−a1/2, then causal contact out to
angle θ will occur once Γ(θ) = (1 − a1/2)/(3θ) ≲ 1 (for example, θ
= 0.4 rad, a1 = 0.75, Γ = 0.52 < 1 shows a clear breakdown of the
assumption of relativistic dynamics; a steepening to a jet structure
slope a2 at intermediate angle would lead to an even lower Γ). The
nonrelativistic light curve slope above the cooling break (e.g., in the
x-rays) is given by t(4−3p)/2, which can be very similar to the relativ-
istic slope of a shallow structured jet.
Rate of events
We have demonstrated that GRB 221009A stands out compared to
other long-duration GRBs in terms of its both energetics and close
proximity. The shallow flux decay in the x-ray and OIR until very
late times is interpreted as evidence for a shallow jet structure. We
therefore suggest that GRB 221009A and other nearby GRBs
without steep jet breaks (GRB 130427A, GRB 180720B, GRB
190114C, and GRB 190829A) imply the existence of a subclass of
energetic GRBs with shallow jet structures.

This subclass, due to their shallow angular profiles, has a differ-
ent effective beaming compared to the typical GRB population,
which affects their observed rate. On the one hand, the large in-
ferred value of θs ≈ 0.4 rad derived for GRB 221009A in Eq. 10 is
larger than typical opening angles derived for long GRBs, i.e., θj ≈
0.1 rad, where jet breaks are easier to observe for energetic and
narrow jets. This would suggest that even a relatively small intrinsic
rate associated with the subpopulation of shallow jets might be over-
represented in the observed data, approximately by a factor of
(θs/θj)2 ≈ 16. However, the low derived value of the viewing angle
to GRB 221009A, θobs ≲ 0.016 rad (Eq. 5), is in tension with this
suggestion. In particular, because of the larger solid angles associ-
ated with greater viewing angles, for each burst like GRB 221009A
that is viewed from ≲θobs, there should be (on average) ∼ 625 GRBs
viewed from ≲ θs. If we take a shallow angular profile of the kinetic
energy, EK,iso ∝ θ−a with a ≈ 0.9 between θobs and θs, then bursts
viewed from ∼θs might be expected to have a gamma-ray fluence
that is roughly 20 times smaller than that of GRB 221009A. In
other words, if the observed rate of GRB 221009A is about 1 in
1000 years, then, roughly once in 1.5 year, we should be detecting
bursts that are ∼20 times less fluent. As shown in Figs. 1 and 6, this
is clearly in contradiction with Fermi and BATSE observations. This
suggests that, even if GRB 221009A–like jets have shallow profiles
extending up to large latitudes, their gamma-ray production
might be restricted to a much narrower range (up to some θγ ≪
θs). Such a possibility is expected if there is even a relatively small
reduction in the bulk Lorentz factor of the outflows with θ (61).

Beniamini and Nakar (61) have argued that this is a limiting
factor in the detectability of long GRBs based on various observa-
tional lines of evidence. To conclude, the intrinsic rate of GRB
221009A–like jets is strongly dependent on the effective opening
angle for gamma-ray production, and, with only one well-con-
strained event of this type, the intrinsic rate of such bursts
remains largely unconstrained. Nonetheless, if θγ ≪ θs as suggested
by the discussion above, then there should be a large population of
similar jets that would have produced little or no gamma rays,
despite having been viewed from θ < θs and, therefore, correspond-
ed to very bright and initially fast evolving afterglows in all wave-
lengths. The existence of these on-axis orphan afterglows of
shallow jets can be constrained using transient surveys (62).

Assuming that the prompt GRB emission is produced in an op-
tically thin region of the outflow, the dissipation radius inferred
from the prompt emission variability timescale t can be compared
to the photospheric radius to place a constraint on the minimum
outflow Lorentz factor placing emission beyond the photospheric
radius. Following (63), this requirement translates to Γ ≳ 505(E/
1055 erg)1/5 (δt/0.1 s)−2/5 for a jet of isotropic-equivalent energy E.
The atypical jet structure inferred for GRB 221009A, with a very
narrow core (a tip) embedded within shallow power-law profile,
implies a far smaller jet surface area detectable in prompt emission.
Assuming an inner jet Lorentz factor profile Γ = Γtip(θ/θj)−a1/2 and
a1 = 0.9, we find a maximum observer angle θγ ∼ 0.043(θj/10−2(E/
1055 erg)−0.74(δt/0.1 s)1.5(Γtip/750)3.7 rad, assuming that the tip (i.e.,
the region of the jet at θ < θγ) is sufficiently fast in the first place.
Thus, even if shallow power-law jets with narrow cores were intrin-
sically equally likely as “typical” top-hat jets with θj ∼ 0.1 rad, this
already renders them about five times as rare. The intrinsic likeli-
hood of producing a jet with a narrow core and shallow power-
law structure further affects their expected rate, as do the energetics
and initial baryon loading of the jet.
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M AT E R I A L S S C I E N C E

Systematic modification of functionality in disordered
elastic networks through free energy surface tailoring
Dan Mendels1*†, Fabian Byléhn1, Timothy W. Sirk2, Juan J. de Pablo1*

A combined machine learning–physics–based approach is explored for molecular and materials engineering.
Specifically, collective variables, akin to those used in enhanced sampled simulations, are constructed using
a machine learning model trained on data gathered from a single system. Through the constructed collective
variables, it becomes possible to identify critical molecular interactions in the considered system, the modula-
tion of which enables a systematic tailoring of the system’s free energy landscape. To explore the efficacy of the
proposed approach, we use it to engineer allosteric regulation and uniaxial strain fluctuations in a complex dis-
ordered elastic network. Its successful application in these two cases provides insights regarding how function-
ality is governed in systems characterized by extensive connectivity and points to its potential for design of
complex molecular systems.
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INTRODUCTION
Progress in the manufacturing and characterization of complex mo-
lecular and material systems is often hampered by the complexity of
such systems and the enormity of the available design space. Engi-
neering systems at molecular length scales remains a challenging,
costly, and time-consuming endeavor. There is a need for new
design and optimization methods that can, on the one hand,
harness the underlying complexity and, on the other, identify the
regions in design space that are most likely to provide fruitful solu-
tions for a given problem.
Several promising strategies for devising such methods revolve

around the use of machine learning and particularly its application
to large libraries of data associated with sets of diverse systems cor-
responding to design problems being considered. Given the increas-
ing amounts of data being generated through experiments and
simulations, the use of machine learning for molecular and materi-
als design in this way continues to grow (1–11). There are, however,
limitations to such approaches’ effectiveness. These include (i) the
volume of training data that is required, (ii) the inability to interpret
certain outcomes given the black-box nature of many AI-based al-
gorithms, and (iii) the limited applicability of the constructed
models beyond the underlying training domain. While overcoming
these issues is a matter of ongoing research within the field of
machine learning at large, we have recently proposed a machine
learning–based method designed to circumvent them. The
method, referred to as collective variables for free energy surface tai-
loring (CV-FEST), does so by (i) using the considerable amount of
data generated in simulations or experiments of a single system and
by (ii) relying on the powerful ability of certain machine learning
algorithms to generate insightful dimensionally reduced represen-
tations of complex high-dimensional data.

Specifically, CV-FEST relies on the notion that the functionality
of many systems can often be characterized using a dimensionally
reduced representation of their free energy surfaces (FES) within a
space spanned by a set of collective variables (CVs). Such a depic-
tion serves two interconnected objectives: (i) It provides insight into
the mechanisms underlying the functionality of a considered
system, and (ii) it allows to condense the most essential information
about such a system into a small number of parameters that can be
tuned with the aid of optimization algorithms [e.g., (12–17)] for
design purposes.
In (18), we focused on analyzing andmodifying the functionality

of systems that consist of relatively small numbers of degrees of
freedom, e.g., a small peptide. Here, we focus on a system of
much higher complexity and focus on the question of whether its
underlying FES can be manipulated at will. Specifically, we consider
an elastic network consisting of roughly 1000 harmonic bonds.
Elastic networks have become a subject of increasing interest in
recent years given their functional similarities to proteins (19, 20)
and their ability to exhibit metamaterial qualities (21, 22). In addi-
tion, elastic networks form a natural framework for studying
network structure and behavior in the physical realm, potentially
providing new and general perspectives on network behavior
(23, 24).
For concreteness, we consider a two-dimensional disordered

network consisting of identical beads connected by harmonic
bonds of identical elastic modulus (see Fig. 1 for illustration). We
focus on two properties of the network. The first, allosteric regula-
tion, is analogous to that found in proteins, in which the conforma-
tion of a target site (referred to as the active site) in the network is
regulated by the conformation of a different, distant site in the
network (referred to as the allosteric site). The second functionality
examined here is the network’s uniaxial mechanical behavior, as
manifested by its uniaxial strain fluctuations. We find that using
CV-FEST, we are able to modify these two network characteristics
in a simple and tractable manner by systemically tailoring the FES
associated with them.

1Pritzker School of Molecular Engineering, University of Chicago, 5640 S. Ellis
Avenue, Chicago, IL 60637 USA. 2Polymers Branch, U.S. CCDC Army Research Lab-
oratory, Aberdeen Proving Ground, MD 21005, USA.
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CVs for free energy tailoring
As described above, CV-FEST relies on the idea that the function-
ality of many systems in nature can be captured using a dimension-
ally reduced representation of their FES within a space spanned by a
set of CVs. The CVs describe the relevant modes of behavior of a
system, similar to the role they play in enhanced sampling methods
such as umbrella sampling (25), metadynamics (26), and adaptive
biasing force (27), which are used to accelerate the sampling of
systems for which the characteristic time scales lie beyond the
reach of ordinary simulations. Generally speaking, CVs are func-
tions of the system’s atomic coordinates s(R) and can be defined
through the following relations

PðsÞ ¼
ð

dRδ½s� sðRÞ�PðRÞ ð1Þ

where P(s) is the system probability to hold a set of CV values s, and
P(R) is the Boltzmann probability and is Dirac’s delta function. A
system’s FES with respect to the used set of CVs then follows

FðsÞ ¼ �
1
β
log PðsÞ ð2Þ

where β = 1/kBT and kB is Boltzmann’s constant and T is the
temperature.
While the construction of adequate CVs in the context of en-

hanced sampling can be challenging, once achieved, CVs encode
the physical essence of the processes that determine a system’s be-
havior at long time scales. This renders them potentially useful tools
for engineering. While traditionally the construction of CVs was
deemed to require a certain degree of expertise regarding the
system being studied, new machine learning–based methods for
this task have been introduced in recent years (28–34). CV-FEST
uses harmonic linear discriminant analysis (HLDA) (29, 35–38),
given its ease of use and straightforward interpretation. HLDA con-
structs CVs as linear weighted sums of descriptors and requires as
input a limited amount of information, which can be collected via
short simulations in states relevant to the processes being consid-
ered. Given their linear form, the interpretation of the HLDA
CVs is straightforward; descriptors attaining larger weights in abso-
lute value are deemed to be associated with the forces that encom-
pass higher physicochemical importance with respect to the

relevant behavior or process. The HLDA CV descriptor hierarchy
can thus be used to identify the set of forces and interactions in a
system that can be tuned for the purposes of tailoring its FES and
modifying its functionality in desirable ways.
While HLDAwas originally designed to construct CVs that cor-

respond to rare transitions occurring between metastable states (29,
35), its applicability has since been shown to extend also to cases in
which the input data are collected in unstable states (39). In what
follows, we take advantage of this aspect of the method. The appli-
cation of HLDA requires that a list of system descriptors di be iden-
tified as an input, e.g., distances between beads, bond angles, or
more complex variables such as the enthalpy or entropy of a
system (40, 41). In the current context, however, we limit the type
of descriptors to those which directly correspond to tunable force
potentials of the system, namely, the system’s bond potentials.
Once a descriptor set is assembled, HLDA requires as input the

expectation value vectors ΣI and covariance matrices μI with respect
to the predefined descriptor space, corresponding to each of the
states I ∈ M associated with the relevant processes. The computa-
tion of the elements can be carried out using data collected in short
unbiased simulations of each of the relevant states. To construct the
CVs, HLDA estimates the directionsW in the Nd dimensional de-
scriptor space on which the projections of the collected training dis-
tributions are best separated. This is done through the
maximization of the ratio between the training data, the so-called
between-class Sb and within-class Sw scatter matrices, and can be
written as

J ðWÞ ¼
WTSbW
WTSwW

ð3Þ

with

Sb ¼ ðμI � μÞ ðμ � μIÞ
T

ð4Þ

where μI are the expectation value vectors of the Ith metastable state,
and μ is the overall mean of the distributions, i.e., μ ¼ 1=M

PM
I¼1,

and with

Sw ¼
1

1P
1
þ 1P

2
þ � � � þ 1P

M

ð5Þ

Given the normalizationWTSwW= 1, Eq. 3 can be shown to be
equivalent to solving the eigenvalue equation (35)

S� 1w SbW ¼ λW ð6Þ

The eigenvectors of Eq. 6 associated with the largest M-1 eigen-
values define the directions in the Nd space along which the distri-
butions obtained from the M sampled states overlap the least and
thus constitute the CVs that correspond to the transitions of inter-
est. Using these CVs, we can now systematically tailor the system
FES and modify its functionality in a purposeful manner. To do
that, the leading descriptors of each of the constructed CVs are
identified and their corresponding interaction potentials are
changed. The modification of the force potentials is guided by in-
spection of their functional form relative to the system’s overall FES
(e.g., augmenting force potentials which have minima within a
metastable state which is sought to be further stabilized) (18).

Fig. 1. Illustration of a simulated network from which 12 bonds were removed
to embed allosteric response between the indicated sites. (A) The source (top)
and target (bottom) beads are represented by the black circles. (B) Magnified view
of the network in its activated state (in blue) overlayed with the network in its in-
activated state (in red). The source beads are pinched toward one another in the
activated state leading to the distancing of the target beads from one another.
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RESULTS
Allosteric response
The first network functionality we focus on is that of allosteric reg-
ulation. The term allosteric regulation originates from the study of
proteins, referring to the alteration of the activity of a site in the
protein (e.g., its ability to have a ligand bind to it) through the
binding of an effector molecule to another distal site in it, i.e., the
allosteric site. Allosteric regulation plays an important role in many
biological processes, such as transcriptional regulation and metab-
olism, and is rooted in the fundamental physical properties of mac-
romolecular systems. Its underlying mechanisms are still poorly
understood and hence it constitutes a central theme of present re-
search in the field of biology (42, 43).
In the considered network, we simulate the binding of an effec-

tor molecule to an allosteric site as the pinching of two neighboring
nonbonded beads toward each other. We refer to these two beads as
the source beads (represented by blue circles in Fig. 1A) of the con-
sidered allosteric process. Correspondingly, a pair of target beads is
defined at a different location in the network, representing the
active site (also represented by blue circles in Fig. 1A). The allosteric
activation of the target beads, defined as their distancing from one
another in response to the pinching of the source beads, is embed-
ded into the network using the “tuning by pruning” algorithm in-
troduced in (20) (see Methods for more details). Thus, when the
source beads are at their relaxed positions, the distance between
the target beads assumes its initial value, and the active site is in
its inactivated state. However, when the source beads are pinched
beyond a threshold, the target beads respond by distancing from
one another, and the active site is deemed to be activated. We con-
sider an additional third state of the system, corresponding to the
phenomenon of negative cooperativity (44). A scenario is consid-
ered in which the binding of a ligand to a site neighboring the allo-
steric site inhibits the binding of the effector molecule, for example,
by steric repulsion. We simulate this scenario as a state of the
network in which the source beads are stretched away from one
another, thus inhibiting their ability to arrive to the pinched
active state. The system in practice can thus be in one of three
states: the inactivated, activated, or inhibited state.
To explore our ability to systematically tailor the system’s FES

associated with its allosteric behavior, we start by defining a descrip-
tor set for the problem at hand. In this case, we opt for a descriptor
set composed of all the network bond distances. Next, we run short
simulations in the three different states of the system at finite tem-
perature, constraining the source beads to their respective positions
at each state. Before calculating the HLDA CVs, to prevent the
skewing of the obtained results (and following a common practice
in the context of many machine learning algorithms), we compute
the correlation matrices corresponding to each of the collected dis-
tributions and omit descriptors that exhibit correlations greater
than 0.9 (in absolute value) to others in the set. Last, using the
data collected in the simulations, we calculate the expectation
values μI and covariance matrices ΣI associated with each of the
states and, using Eq. 6, compute the HLDA CVs corresponding to
the three-state system. The weight distribution corresponding to the
first eigenvector is presented in the inset of Fig. 2C.
While the HLDA eigenvectors corresponding to the top two ei-

genvalues provide good separation between the predefined states, to
augment our ability to tailor the system’s FES, before selecting the

top weighted descriptors, we apply a two-dimensional rotation to
the plane spanned by the two HLDA CVs. This is implemented
in such a way that states A and B are best separated with respect
to the direction corresponding to the rotated HLDA1, while states
B and C are best separated with respect to the direction correspond-
ing to the rotated HLDA2 (see fig. S1 in the Supplementary Mate-
rials for illustration). In analogy to the concept of normal modes,
applying the described rotation allows us to substantially decouple
the effects induced by the modification of bonds associated with
HLDA1 on the FES associated with those induced by the modifica-
tion of the bonds involved in HLDA2. In essence, modifying bonds
associated with HLDA1 predominantly affect the free energy differ-
ence between states A and B, whereas modifying bonds associated
with HLDA2 predominantly affects the free energy difference
between states A and C, as can be seen in Fig. 2A. Given the linearity
of HLDA, the resulting CVs tend to be dominated by the descriptors
associated with the largest weights in the CV, rendering the weight
distribution of the lower weighted descriptors potentially less accu-
rate. To circumvent this issue, we apply HLDA iteratively, whereby
after each iteration (and rotation), the top five weighted descriptors
(in absolute value) of each of the two constructed CVs are selected
and removed from the descriptor list for subsequent iterations. The
top bonds selected in this way are highlighted in Fig. 3A. As can be
seen, both bond sets corresponding to the twoHLDACVs form dis-
tinct patterns, reflecting their functional significance.
To test our ability to tailor the FES corresponding to the alloste-

ric and cooperative behaviors of the system, we alter the bond coef-
ficient of the selected bonds and then compute the FES. Given the
large differences in free energy between the considered states, the
computation of the system’s FES requires the use of an enhanced
sampling approach. Here, we use well-tempered metadynamics
(45), using the distance between the source beads ds as the biasing
CV for simulations. (See Methods for details and fig. S3 for an
example of the time-dependent behavior of the source and target
nodes in such simulations). Upon convergence of thewell-tempered
metadynamics runs, we compute the FES of the system using Eq. 9.
Figure 2A presents the FES computed in this way for several reali-
zations of the system. One can appreciate that altering the bond co-
efficient of the selected bonds gives rise to substantial changes in the
system’s FES. In contrast, similar alterations of randomly selected
bonds do not lead to noticeable changes of the FES. It can also be
seen that altering the bonds associated with HLDA1 mainly affects
the FES branch corresponding to the A ↔ B transition, while alter-
ing those associated with HLDA2 predominantly affects the FES
branch corresponding to the B ↔ C transition.
An examination of the effects of altering the bond coefficient of

the top 10 bonds corresponding to HLDA1 reveals that one can sys-
tematically modify the extent to which the source nodes need to be
pinched to initiate the “activation” of the target beads. Figure 2C
illustrates this feature by showing the dependence of the distance
ds for which the allosteric response is initiated as a function of the
bond coefficient of the top 10 HLDA1 bonds. Our results show that
as the selected bonds are weakened, the source beads need to be
brought closer to one another for allosteric activation to occur
and vice versa. One can envision inducing similar effects in real pro-
teins; by systemically softening the environment of an allosteric site,
one could alter the types of molecules (e.g., different dimensions or
interactions with the allosteric site) that would lead to its activation.
We find that we obtain such an effect, albeit to a slightly lesser

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Mendels et al., Sci. Adv. 9, eadf7541 (2023) 7 June 2023 3 of 8



extent, also by modifying only the top ranked HLDA1 bond as
shown in fig. S5.
While altering the top bonds associated with HLDA1 has a sig-

nificant effect on the distance dS for which the allosteric response is
initiated, we find that it induces a more modest effect on the free
energy difference between states A and B and consequently also
on that between states B and C. In contrast, however, modifying
the bonds associated with HLDA2 leads to large changes in the
free energy difference between states B and C, thereby allowing us
to easily alter this free energy difference between the activated and
inhibited states, as shown in Fig. 2D.
By repeating the bond selection procedure for several iterations,

we find that we can reveal segments that compose the primary
channel of mechanical communication between the allosteric and
active sites. The corresponding bonds, placed in positions 12 to
27 in the hierarchy of HLDA1, are highlighted in Fig. 3B. Specifi-
cally, we find that weakening this set of bonds limits the communi-
cation between the sites, precluding the activation of the active site,
as illustrated in fig. S4. Figure 2B illustrates this point further by pre-
senting the FES corresponding to the distance between the target
beads, plotted for the pristine system and the modified system. It
can be seen that the fully activated region corresponding to dt >
1.7σ is inaccessible in the case of the modified system. Considering
again the analogy to proteins, it would be intriguing to explore if the
proposed methodology would be able to help shed light on the

prominent question of how communication occurs between alloste-
ric and active sites.

Uniaxial strain fluctuations
To complement the analysis of the network’s allosteric behavior, we
apply CV-FEST also to a comparably more global attribute of the
network, namely, its uniaxial strain fluctuations (46). The
network is constructed in the same manner as before. As in the pre-
vious case, to systematically modify the behavior of the network, we
start by collecting training data. We do this by running a slow uni-
axial compression simulation at constant temperature and constant
lateral dimension. The network is deformed in the x direction to a
strain of δLx/Lx = 0.0075. To construct the HLDA CV that corre-
sponds to the network’s strain fluctuations in the x direction, we
use data collected in two short segments of the compression simu-
lation. The first, taken from the beginning of the simulation when
the network is nearly relaxed, and the second from the end of the
simulation when the network is nearly fully deformed.
Defining the 1007 distances corresponding to all of the net-

work’s bonds as our descriptor set and calculating the relaxed and
compressed states’ expectation vectors and covariance matrices, we
apply Eq. 6 to obtain the HLDACV. As previously done, to circum-
vent the limitation imposed by the linearity of HLDA, we apply it
iteratively, whereby the descriptors attaining the three largest
weights in absolute value at each iteration are selected and

Fig. 2. Systematic modifications of the system’s allosteric response. (A) FES with different realizations of the allosteric network as a function of the distance between
the source nodes. FES of the pristine network (solid line) and FES obtained after 30 random bonds are strengthened to 50ϵ (dotted line). Also shown: FES obtained of
networks in which the 10 highest weighted bonds of either HLDA1 or HLDA2 are either strengthened (S) to 50ϵ or weakened (W) to 0.1ϵ (dashed lines). (B) Potential energy
distributions and reweighted FES as a function of dt calculated using themethodology of (60). The pristine network can reach the fully activated state at dt > 17σ, while this
state is not accessible to the network in which the bonds ranked 12 to 27 in the HLDA1 weight hierarchy areweakened. (C) Minimal pinching length for which activation of
the target beads is initiated as a function of the bond coefficient of the 10 highest weighted HLDA1 bonds. Inset: Absolute value of the weight distribution of HLDA1,
generated in the first iteration of the calculation. (D) ΔFBC (calculated using equation S10), the free energy difference between state C (the stretched state), ds = 2.19σ, and
the pinched state (defined as the point at which activation of the target site is initiated) as a function of the bond coefficient of the targeted bonds.
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removed from the descriptor set used in the iterations to follow.
Figures 4 (A and B) highlight, respectively, the top ∼1% and top
∼6% of bonds selected in this manner. The selected bonds are dis-
tributed fairly homogeneously across the network, in contrast to the
allosteric case. Such bonds appear to be organized in small clusters,
consisting of two to six bonds each.
To modify the FES corresponding to the network’s uniaxial

strain fluctuations, we systematically alter the bond coefficient of
the selected bonds. To quantify the resulting behavior, we simulate
the network under constant temperature and constant pressure, ap-
plying the Parrinello-Rahman barostat (47, 48) in the x direction of
the simulation cell, keeping the simulation cell edge in the perpen-
dicular direction, Ly, constant. From these simulations, we compute
the probability density P(Lx) and, using Eq. 1, F(Lx), the corre-
sponding FES of the network (49).
Figure 4B exhibits the FES of the pristine and modified net-

works. Altering the bonds selected by CV-FEST gives rise to sub-
stantially greater changes in the system’s FES compared to the
case in which randomly selected bonds are altered. This is

particularly apparent when less than 1% (i.e., nine bonds) of the net-
work’s bonds are altered. In that case, CV-FEST is able to select stra-
tegically important bonds of the network, whereas a random
selection yields no apparent change of the system’s FES. This
stark difference illustrates the importance of the critical bonds’ po-
sitions in the network, given that all the bonds in the pristine
network have the same elastic modulus. Examining the FES of the
different networks, we find that altering the bond coefficient of the
selected bonds leads to three different effects. The first is a modifi-
cation of the steepness of the FES. The second is a change of the
functional form of the FES, namely, the extent to which it deviates
from a parabola (as would be expected for entropic contributions to
the system’s elasticity). The third is a shift of the minimum. These
three differences are further illustrated in figs. S6 and S7 in which
the FES of the different networks are aligned and in fig. S8, which
illustrates how the stress-strain curves and Young’s modulus of the
system are changed given the underlying modifications. The ability
to modify the FES of the network in these ways points to the
promise of using CV-FEST to engineer systems that exhibit target-
ed, desirable mechanical properties.

DISCUSSION
We have studied the ability to systematically tailor the FES of a dis-
ordered elastic network with respect to allosteric regulation and
uniaxial strain fluctuations at finite temperature and pressure con-
ditions. We find that CV-FEST is capable of (i) identifying the im-
portant bonds in the network with respect to each of these
functionalities and (ii) by altering these bonds’ stiffness, of tailoring
in a tractableway the system’s FES and the corresponding functional
behavior.
Given the complex interconnected nature of the networks, CV-

FEST’s demonstrated capabilities offer potential as a tool for design
and analysis of complex systems in general, including systems such
as proteins, macromolecules, and materials. In this context, it is also
worthwhile mentioning the interesting works of (50, 51) which also
use contrastive machine learning methodologies for network
design. While these works focus on continuous, simultaneous and

Fig. 3. Depiction of the highest weighted HLDA bonds. (A) Depiction of the 10
highest HLDA CVs weighted bonds in absolute value. The top bonds correspond-
ing to HLDA1 are shown in black, and the top bonds corresponding to HLDA2 are
shown in green. The top bonds corresponding to both HLDA1 and HLDA2 are red.
(B) Depiction of the bonds ranked 12 to 27 in the weight hierarchy of HLDA1. De-
creasing the bond coefficient of these bonds inhibits the activation of the
active site.

Fig. 4. Systematic modifications of the system’s uniaxial strain fluctuations. (A) Illustration of the simulated network with the top 9 (∼1%) HLDA bonds highlighted in
dark blue and (B) with the top 60 (∼6%) HLDA bonds highlighted in dark blue. (C) The computed FES of the simulated pristine network as function of Lx (solid black) along
with the FES of modified realizations of the network in which the bond coefficient of the highest weighted HLDA bonds was reduced to 0.01ϵ/σ2 (solid lines) or in which
the bond coefficient of randomly selected bonds was reduced to 0.01ϵ/σ2 (dotted lines). In parenthesis, the percentage of bonds that was modified in the network in
each case.
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incremental modifications of all the forces in a considered network
and hence are less suitable for more realistic systems such as pro-
teins and materials, investigating the potential for combining
their proposed methods with the approach introduced here could
prove to be an interesting direction for future research. Last, consid-
ering that CV-FEST relies solely on kinematic information for its
input, it would be interesting to explore its direct applicability to
macroscopic mechanical experimental systems (21, 52) for which
such information is relatively easily obtained. In the case of micro-
scopic systems, we envision the use of CV-FEST to come to fruition
in the context of combined experimental-simulation studies of mac-
romolecular systems such as biomolecules and complex materials
such as polymer networks.

METHODS
Network construction
Construction of the networks followed the protocol put forward in
(20). Briefly, two-dimensional configurations of soft disks placed in
a simulation cell with periodic boundary conditions and allowed to
relax to a local energy minimum using a standard jamming algo-
rithm (53). The network is then constructed by placing nodes at
the center of each disk and by linking nodes corresponding to
disks which overlap in the resulting configuration. To implement
the elastic networks, beads of identical mass are placed at every
node position in the network, and links are replaced by harmonic
bonds with an elastic energy of the form

VðrijÞ ¼
Kij
ðr0ijÞ

2 ðrij � r0ijÞ
2

ð7Þ

whereKij is the bond coefficient corresponding to the bond between
the i and j beads and is set initially to 1 for all bonds in the network;
r0ij is the rest length of the bond, and rij is the distance between
the beads.

Embedding allosteric response into the network
Allosteric response is embedded into the network by randomly se-
lecting two pairs of neighboring nonbonded beads, referred to as
the source beads and target beads (see Fig. 1). The target beads
are chosen to be spatially distant from the source beads to achieve
the long-range effect that characterizes allostery.
The allosteric effect is defined as an imposed change of the dis-

tance between the target beads given a change in the distance
between the source beads. To optimize the network such that this
effect will emerge, a tuning-by-pruning of bonds strategy is used
with the objective to minimize the fitness function of Eq. 8,
which measures the difference between the desired target beads’ re-
sponse and the actual response (20, 54). Namely, the ratio of the
target strain to the source strain, η = Δdt/Δds, is measured and com-
pared to the desired ratio η∗, set to 5, rendering the fitness function
to be

Δ2 ¼ ðη=η� � 1Þ2 ð8Þ

To compute Eq. 8, the source beads are “pinched” to 50% of their
initial distance and frozen at their new positions, after which a
second minimization of network energy is carried out and the
ratio η is calculated. The optimization procedure was applied itera-
tively, whereby at each iteration, Δ2 resulting from a trial removal of

each bond in the network was computed. A greedy algorithm was
followed in which the bond the removal of which lead to the largest
decrease in Δ2 with respect to its previous value was permanently
deleted. To keep local stability, however, the bond is deleted only
if all the beads it was connected to were connected to at least
three remaining bonds (55). Otherwise, the bond that created the
next-largest decrease in Δ2 is permanently deleted, given that it sat-
isfied this constraint and so on. This iterative process is continued
until the desired strain ratio (Eq. 8) is attained. The energy minimi-
zation of the network was performed using LAMMPS (56).

Dynamic simulations of the allosteric network
All simulations were run with LAMMPS (56) patched with
PLUMED2.6 (57). The network consisted of 499 beads and 999
bonds. For simulations run at T = 8.6 · 10−6, all beads had a mass
ofM =mwith the exception of the source beads which had amass of
Ms = 1000 m. For the sake of preventing the destabilization of the
network, for well-tempered metadynamics, simulations run at T =
4.3 · 10−5 all beads had a mass ofM = 100 m with the exception of
the source beads which had a mass ofMs = 1000m. All simulations
were initially energetically relaxed at zero pressure and subsequently
run at a constant temperature using a Langevin thermostat (58) with
a damping parameter of 1 and a time step of 0001. In the unbiased
training simulations, the source bead positions were constrained in
the allosteric activated state B, ds = 1.87σ, and the trap state C, ds =
2.1σ, to keep the network from relaxing back to the inactivated state
A. The FES of the system was computed using Eq. 9

FðsÞ ¼
γ

1 � γ
VðsÞ ð9Þ

where V(s) is the bias potential deposited in the well-tempered
metadynamics simulations, and γ is the so-called bias factor.
Well-tempered metadynamics simulations were run with a bias
factor of γ = 180, a hill height of 0.0001ϵ, and a hill width of 0.01σ.

Probing uniaxial fluctuations
Simulations were run with LAMMPS (56) patched with
PLUMED2.6 (57). The network consisted of 499 beads and 1007
bonds. All beads had a mass m. Training simulations, in which
the networks were slightly compressed in the x direction, were
run at constant temperature T = 8.6 · 10−6 (with kB = 1) using a
Langevin thermostat (58) with a damping parameter of 1 and a
time step of 0.01τ. Compression was executed using a constant de-
formation rate of 10−7τ−1. The FESs of the networks were measured
in constant pressure simulations run at zero pressure, using a Par-
rinello-Rahman barostat (48, 59) applied in the x direction, corre-
sponding to the direction of compression in the training
simulations. The simulation box side in the y direction was kept
constant in all simulations.

Supplementary Materials
This PDF file includes:
Figs. S1 to S9
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MATER IALS SC I ENCE

A CMOS-based highly scalable flexible neural electrode
interface
Eric T. Zhao1, Jacob M. Hull2, Nofar Mintz Hemed3, Hasan Uluşan4, Julian Bartram4, Anqi Zhang1,
Pingyu Wang3, Albert Pham3, Silvia Ronchi4, John R. Huguenard2, Andreas Hierlemann4,
Nicholas A. Melosh3*

Perception, thoughts, and actions are encoded by the coordinated activity of large neuronal populations spread
over large areas. However, existing electrophysiological devices are limited by their scalability in capturing this
cortex-wide activity. Here, we developed an electrode connector based on an ultra-conformable thin-film elec-
trode array that self-assembles onto silicon microelectrode arrays enabling multithousand channel counts at a
millimeter scale. The interconnects are formed usingmicrofabricated electrode pads suspended by thin support
arms, termed Flex2Chip. Capillary-assisted assembly drives the pads to deform toward the chip surface, and van
derWaals forcesmaintain this deformation, establishing Ohmic contact. Flex2Chip arrays successfully measured
extracellular action potentials ex vivo and resolved micrometer scale seizure propagation trajectories in epilep-
tic mice. We find that seizure dynamics in absence epilepsy in the Scn8a+/− model do not have constant prop-
agation trajectories.
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INTRODUCTION
Perception, thoughts, and actions involve the coordinated activity of
large populations of neurons in multiple regions of the brain (1–3).
Nonpenetrative, subdural ECoG grids laid on top of the brain
surface are the gold standard for recording population-level activity,
measured from the local field potential (LFP). Neurophysiological
recordings with ECoG grids have been successfully used for speech
synthesis (4, 5), reproduction of arm movements (6), and spatial lo-
calization of ictal onset zones (7). They have also been used to char-
acterize cortical traveling waves (8), which have been shown to
modulate perceptual sensitivity (9). Hence, ECoG grids are a favor-
able modality for brain-computer interface applications, localiza-
tion of epileptic foci for clinical epilepsy diagnosis and targeted
tissue resection, and as a basic science tool.

Ultraconformable thin-film flexible devices that can conform to
the curvilinear surface of the brain are a promising technology to
capture cortex-wide spatiotemporal dynamics (10–12). Microfabri-
cation and advanced lithographymethods have enabled the creation
of thin-film arrays with hundreds to thousands of recording sites
(13, 14). However, the key bottleneck lies not in the fabrication of
these devices but in the connectorization between each electrode
and the external circuitry. Because of the bulkiness of existing con-
nectorization methods such as wire bonding, anisotropic conduc-
tive film (15), and ultrasonic-on-bump bonding (16), current
implementations of multithousand channel count, passive thin-
film neural interfaces are highly complex, bulky, and unscalable. Ex-
amples include the stacking of 16 application-specific integrated cir-
cuits (ASICs) on eight circuit boards to achieve 1024 channels (17,
18), modularization of 12 ASICs on a single circuit board for 3072
channels (19), and the use of 2 central processing unit sockets, 2
circuit boards, and 32 ASICs for 2048 channels (11).

Consequently, the field has focused on adapting this technology
for active, multiplexed thin-film arrays that monolithically integrate
the recording electrodes with amplifiers and analog-to-digital con-
verters, bypassing the one electrode per input/output (I/O) limit
(12, 20). However, these active thin-film arrays suffer from in-
creased noise, subkilohertz sampling rates, lower channel counts,
and substantially increased device size due to the difficulty in fab-
ricating high-mobility, high mechanical flexibility, and small-size
flexible transistors (21). On the other hand, silicon-based large-
scale complementary metal-oxide semiconductor microelectrode
arrays (CMOS-MEAs) have built on decades of development in
active pixel sensors, traditionally used in cameras, to provide excel-
lent signal-to-noise ratio, high sampling rates, and scalability up to
tens of thousands of channels at high densities (22–24). However,
their rigid form factor is incompatible for interfacing with the
brain surface.

Here, we sought to combine the scalability and exceptional per-
formance of CMOS-MEAs with the ultraconformable form factor
of flexible devices. We achieve this by developing a scalable, high-
density connectorization strategy, which can form thousands of in-
terconnections between the electrode pads on the flexible device
and the pixels on the CMOS-MEA at a high density. The flexible
device extends out from the CMOS-MEA through long leads, con-
verging at the distal end as an array that interfaces with the
brain (Fig. 1A).

We design a microstructure, termed Flex2Chip, which consists
of microfabricated 1-μm-thick and 2-μm-wide supporting arms
suspending each individual electrode pad. We leverage the ultra-
compliant nature of the supporting arms to allow capillary and
van der Waals forces to deform the pad to establish mechanical
and electrical contact with the underlying pixels (Fig. 1B). This
Flex2Chip interconnection is self-assembled and does not require
any equipment or lithographic postprocessing to facilitate electrical
connectivity. After assembly, the device could be encapsulated with
silicone at high yield to provide mechanical robustness. We demon-
strate a 2200-channel device with a connection interface area of 3.85
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mm by 2.1 mm, 17 times denser than that of current multithou-
sand-channel devices (Fig. 1C). Our method could achieve multi-
thousand-channel counts without relying on the modularization
of multiple ASICs and circuit boards.

We further show the utility of our devices in neuroscience and
biologically relevant applications. We validate that our device can
record extracellular action potentials with a high signal-to-noise
ratio in acute ex vivo cerebellar slices. Last, we demonstrate the ef-
ficacy of our device and its potential clinical utility through the de-
tection and characterization of submillimeter traveling waves
during absence seizures on the cortical surface of awake and behav-
ing epileptic mice. Here, our high-density flexible probes combined
with the temporal resolution of the CMOS-MEA enabled the obser-
vation of highly variable propagation trajectories at micrometer
scales even across the duration of a single spike-and-wave discharge
(SWD).

RESULTS
System design and connectorization for the Flex2Chip
devices and microstructures
The Flex2Chip devices were fabricated using standard microfabri-
cation procedures (Materials andMethods). The devices consist of a
2200-channel array of 1-μm-wide and 100-nm-thick platinum leads
at a 2-μm pitch, sandwiched between two 1-μm-thick polyimide
sheets that serve as substrate and dielectric layers (Fig. 1A). At the
Flex2Chip interface, these leads branch out to an array of I/O pads,
which interface with the CMOS-MEA (Fig. 1B and fig. S1A). At the
tissue interface, the leads branch out into an array of recording/
stimulation pads (fig. S1, B and C).

At the Flex2Chip interface, the dielectric layer is etched so that
the conductive I/O pad is exposed. However, the pad is recessed by 1
μm and unable to directly contact external circuitry. Unlike previ-
ous approaches, which rely on the addition of external components,
e.g., gold wires for wire bonding and microparticles for anisotropic
conductive films, we instead modified the I/O pad itself to facilitate
connectorization.

Here, we developed a microstructure on the I/O pad, termed
Flex2Chip, enabling the pad to deform downward to mate with
contact pads on external circuitry. The Flex2Chip consists of a
35-μm-diameter I/O pad suspended by three suspension beams,
2-μmwide and 10-μm long (Fig. 1B, inset top, and fig. S2). The con-
ductive leads run from the I/O pad, across the suspension beams,
and onto the main substrate.

The low-bending stiffness and flexibility of the suspension
beams permit the I/O pad to deform relative to the flexible device
and toward the underlying pixel on the CMOS array under capillary
forces (see the section below) until the platinum electrodes make
physical and electrical contact with the gold-plated pixels, upon
which van der Waals forces hold the microstructure in its collapsed
configuration (Fig. 1B, inset bottom).

We included three suspension beams that mechanically prevent
the pad from twisting or flipping over during handling and assem-
bly. The interelectrode pitch was set at 50 μm (Fig. 2, A and B, and
fig. S2D), greater than the pixel pitch, so that adjacent pads will not
be shorted (22, 25, 26). This simplifies assembly, allowing rotational
and translational degrees of freedom.

At the tissue interface, the leads fan out to an array of recording/
stimulation pads (fig. S1C). The distal end geometry can be freely
customized for the specific biological system of interest. For

Fig. 1. Flex2Chip design. (A) Schematic of the flexible device. At the chip interface, Flex2Chipmicrostructures enablemultithousand ohmic interconnections to a CMOS-
MEA. At the tissue interface, the device terminates as an electrode array for high density recording. (B) Flex2Chip interface consists of an array of deformable Flex2Chip
microstructures, integrated with the underlying CMOS-MEA. The Flex2Chipmicrostructures consist of three suspended beams and an I/O pad. Capillary forces deform the
I/O pad to contact the CMOS pixels, upon which van der Waals forces become significant to establish structural and electrical contact. (C) Current approaches to multi-
thousand channel counts rely on themodularization ofmultiple ASICs and circuit boards. The Flex2Chip structures facilitate 2200 individual ohmic connections to a single
ASIC with an area of 3.5 mm by 2.1 mm, yielding a channel density of 272 channels/mm2.
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example, we can have a contiguous sheet for ECoG grids or shanks
for intracortical insertion (18).

Microstructure deformation assisted by capillary assembly
We leverage the flexibility of the Flex2Chip microstructures to es-
tablish connectorization between the I/O pad and CMOS-MEA
pixel. This deformation is achieved under the action of capillary
and van der Waals forces, which operate at micrometer- and nano-
meter-length scales, respectively. When the flexible device is placed
on the CMOS-MEA, the I/O pad is 1 μm away from the underlying
pixel (the thickness of the dielectric layer) (Fig. 1B, inset top). We
initiate the microstructure deformation by applying a thin layer of
isopropyl alcohol (IPA) between the device and CMOS-MEA. The
capillary force of the liquid bridge formed between the I/O pad, and
the pixel “pulls” the pad toward the pixel as the solvent evaporates.
After the IPA fully evaporates and the pad reaches its fully collapsed

structure, van der Waals forces become significant enough to hold
the microstructure in its collapsed configuration (Fig. 1B,
inset bottom).

We characterized this deflection by assembling a device on a
CMOS-MEA phantom. Optical profilometry of the Flex2Chip mi-
crostructures showed that the structures have fully deformed and
contacted the underlying chip (Fig. 2C). The deformation was ob-
served to be uniformly distributed across the three suspension
beams, and the I/O pad was uniformly displaced by 1 μm relative
to the bulk device. The center of the I/O pad was slightly curved
upward, indicative of residual stress from the device fabrication.
Scanning electron microscopy (SEM) images also support the
optical profilometer results, with a slight deformation visible
despite its 1:40 aspect ratio (Fig. 2A).

The electrical characteristics of the Flex2Chip microstructure in-
terface were evaluated to assess the quality of electrical contact and
whether stray capacitance was introduced, which may affect the
quality of the recording, electrical stimulation, or electrochemical
measurements. Here, we shorted the distal end of the Flex2Chip
device to a gallium droplet as a liquid contact. The current-
voltage characteristic curve [current-voltage relation (I-V )] exhibits
a clear linear relationship, characteristic of Ohmic resistors, with a
resistance of 66.5 ± 12.9 ohm (Fig. 2D and fig. S3A). Furthermore,
impedance spectroscopy indicated an ohmic connection between
the microstructure and chip, with an average phase of 0.00° ±
0.01° and 0.01° ± 0.01° at 10 and 1000 Hz, respectively (Fig. 2, E
and F, and fig. S3B). This finding confirmed that there is no capac-
itive impedance at the physiological frequencies of interest. Imped-
ance contributions included cumulative contributions from the
Flex2Chip interface and trace resistances but were insignificant
compared to electrode-electrolyte impedance.

Electrical performance through CMOS-MEA
Having confirmed the quality of the mechanical and electrical
contact of our Flex2Chip structures, we sought to characterize the
electrode yield and recording quality of our device using a CMOS-
MEA recording chip. Here, we fabricated a 720- and 2200-channel
Flex2Chip array (figs. S1A and S5A). The I/O pads are distributed
across a 3.85 mm–by–2.10 mm area, the active dimensions of the
CMOS-MEA (MaxWell Biosystems Inc., Zurich, Switzerland),
which has 26,400 active pixel sensors at a pitch of 17.5 μm. As
our interelectrode pitch is greater than the pixel pitch, no alignment
is needed during assembly.

We evaluated the connectivity yield of the device by applying a
sinusoidal waveform across all the electrodes. We submerged the
distal end of the device (figs. S1, B and C, and S5, B and C) in a
phosphate-buffered saline (PBS) bath along with a Pt reference elec-
trode. We applied a sinusoidal waveform at 1 kHz at the reference
electrode and scanned the response of each of the 26,400 active pixel
sensors. The pixels that were connected to our Flex2Chip micro-
structure subsequently then recorded the resulting waveform
(Fig. 3A). By cross-referencing with the geometry of the flexible
array (Fig. 3B), the position of each microstructure on the
CMOS-MEA was localized. As the CMOS-MEA can only measure
from 1024 channels simultaneously, we programmed the switch
matrix to select only the pixels that corresponded to the individual
microstructures to record from.

We then deposited platinum black (Pt black) on the electrode
pads to reduce the signal attenuation, Johnson-Nyquist noise, and

Fig. 2. Flex2Chip structure and electrical characteristics. (A) SEM image of the
Flex2Chip device laid on top of a planar glass surface. A slight deformation of the
40-μm-diameter I/O pad toward the underlying surface enabled by the suspension
beams can be observed. (B) Each Flex2Chip microstructure is routed by a 1-μm-
wide trace toward the distal end of the device, terminated by a recording/stimu-
lation pad. (C) Optical profilometer measurement confirms that the Flex2Chip I/O
pad has fully deformed by 1 μm to contact the underlying surface and that van der
Waals forces are sufficient to hold the structure in its deformed configuration,
which facilitates stable mechanical contact. (D) Contact is ohmic, as seen in the
resistive behavior of the I-V curve (n = 18). (E) Impedance magnitude of the Flex2-
Chip interface is 76.7 ± 20.0 and 76.7 ± 20 ohm at 1 and 1000 Hz, respectively (n =
64). (F) Phase of the Flex2Chip interface is 0.00° ± 0.01° and 0.01° ± 0.01° at 1 and
1000 Hz, respectively (n = 64).
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interelectrode cross-talk (27). Here, we leveraged the stimulation
units of the CMOS-MEA for voltage-controlled electrochemical
deposition at −0.5 V at the working electrode for 40 s. With bare
platinum (Pt bright), the pixels detected 0.95 ± 0.03 of the injected
sine wave signal, a 5% attenuation. This was further reduced by Pt
black, which detected 0.99 ± 0.03 with respect to the full-scale in-
jected signal (Fig. 3C). The root mean square (RMS) noise was also
low, with platinum bright 7.13 ± 2.33 μV and platinum black 6.93 ±
3.31 μV, minimally higher than that of the bare pixels 5.00 ± 1.50
μV (25).

The developed connectorization methodology is also highly re-
liable with an average connectivity yield of 95.3 ± 3.42 and 75.7 ±
10.4% for a 720-channel and a 2200-channel device, respectively
(Fig. 3E). The ultralow footprint of the device is highlighted with
a 720-channel device for in vivo recordings as shown in fig. S2C.
We also assessed the stability of the interconnection in an incubator
over a month (37°C, 97% humidity, Heracell 150i, Thermo Fisher
Scientific Inc., MA, USA). The yield is virtually unchanged, decreas-
ing from 709 to 705 of 720 channels (fig. S3D), with no decrease in
the sensitivity (0.99 ± 0.03) (fig. S3E).

Encapsulation
Although ohmic connectivity was established, the connection inter-
face is only held with van derWaals forces and is delicate to external
mechanical forces. The interface can be secured by applying a liquid
silicone elastomer (KwikSil), which upon curing, seals the pads in
place and provides a mechanically robust encapsulation layer. This
encapsulation method minimally affects the channel yield, with a
decrease of 9.38 ± 14.6% (fig. S4A).

The encapsulated interface was robust and could withstand a
tensile force of 268 ± 6.65 mN before breakage and loss of electrical
connectivity (fig. S4B). The failure occurred along the interconnect

lead rather than the device itself. This is more than sufficient for a
head-mounted device as in a chronic animal setup, slack in the lead
cable would be introduced to mitigate any tensile forces that the
device will experience between the brain and skull. Last, the electri-
cal performance was not affected, with no statistically significant
differences in the impedance or phase after encapsulation (fig. S4,
C to F).

Multisite brain slice electrophysiology
Having prepared our Flex2Chip device, we then tested its ability to
record neural activity in an ex vivo preparation of an acute cerebellar
brain slice. Here, we used a 720-channel device, where the recording
end covers an area of 3.6 mm by 1.62 mmwith 90-μm pitch (30 × 24
array) with 20-μm-diameter electrode pads (fig. S5, C and D). The
dimensions and channel count of the device were chosen to match
the size of the tissue slice. The 720-channel device was attached to a
6-mm-diameter stainless steel ring, and the weighted construct was
placed on top of the slice (fig. S6). The device was fenestrated with
60 μm–by–80 μm holes between each electrode to allow sufficient
nutrient and oxygen diffusion to keep the slice healthy for the du-
ration of the experiment. As seen in the bright-field microscopy
image in Fig. 4A, the neurons were on the same focal plane as the
device, indicating good contact.

We observed spontaneous spiking activity and isolated 36 indi-
vidual units from various spatial locations of the slice (Fig. 4, B and
C). Units were well isolated as indicated by interspike interval (ISI)
violations within the refractory period (±1.5 ms) below 0.1. The
clearly defined peaks in the autocorrelograms demonstrate regular
firing behavior typical of cerebellar Purkinje cells (28).With an elec-
trode pitch of 90 μm, we successfully detected the same neuron
across multiple electrodes so that we were able to establish a
neural footprint, that is, the spike-triggered average electrical

Fig. 3. Connectivity to the CMOS-MEA. (A) Flex2Chip pad layout. The traces are routed out on all four sides tomaximize the pad density interfacingwith the CMOS-MEA,
as seen in fig. S5A. (B) Heatmap of the relative signal amplitude measured by each pixel in the CMOS-MEA. The signal is generated through the reference electrode in a
saline bath by an external function generator. (C) Histogram of the relative signal amplitude of the pixels connected to the Flex2Chip microstructures. Bright platinum
electrodes detected 0.95 ± 0.03, and platinum black–coated electrodes detected 0.99 ± 0.03 with respect to the full-scale injected signal, indicative of minimal atten-
uation. (D) Histogram of the RMS noisewas 7.13 ± 2.33 μV for bright platinum and 6.93 ± 3.31 μV for platinum black electrodes. (E) Average connectivity yield of the 2200-
channel device and 720-channel device was 75.7 and 95.3%, respectively. a.u., arbitrary units.
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potential distribution across electrodes for a specific unit (Fig. 4D).
For multiple neurons, we detected both negative and positive am-
plitude spikes, indicative of the signal originating from the axon
initial segment (negative), and dendritic branches (positive) (29).
This system thus provides a simple, small form-factor method of
recording from hundreds to thousands of electrode sites while re-
taining high-quality recordings and single-spike level sensitivity.

Seizure recordings in awake and behaving mice
We next evaluated the performance of the device in a real-world ap-
plication as an ECoG grid to track the dynamics of seizure propa-
gation with micrometer precision by placing it on the cortical
surface of an epileptic mouse (Fig. 5A). Here, we fabricated a
504-channel device with an active area of 760 μm by 760 μm with
20-μm-diameter electrode pads (Fig. 5B and fig. S5B), customized
to record from a 2-mm-diameter craniotomy window above the
sensorimotor cortex. The total channel count in this case was con-
strained simply by the size of the craniotomy. To differentiate local
activity at each recording site from volume conducted signals, we
used the analytic signal method, which can identify localized instan-
taneous frequency and phase information (Fig. 5C). The recordings
were performed acutely within 2 hours of the device placement onto

the exposed motor and somatosensory cortex. Mice were allowed to
run voluntarily on a cylindrical treadmill in a head-strained condi-
tion while recording with the device and CMOS-MEA.

The transgenic mouse model Scn8a+/− exhibits spontaneous
absence epilepsy, characterized by brief periods of unconsciousness
and lapse in motor function that have a distinct 7-Hz SWD (30).
Our single-channel measurements showed the stereotypical 7-Hz
SWD with a shift toward low-frequency band power across the du-
ration of a single seizure (Fig. 5D).

We computed the instantaneous phase of the LFP signal to char-
acterize the spatiotemporal propagating wave dynamics that occurs
during seizures (31). Here, we used the generalized phase (GP), an
updated approach of the analytic signal to enable the analysis of
wideband signals (9). We chose this approach to sufficiently
capture the multiple frequency bands associated with the SWD as
shown in the spectrogram in Fig. 5D. In short, the GP captures the
phase of the largest fluctuation on the recording electrode at any
moment in time without distortions due to large low-frequency in-
trusions or smaller high-frequency inclusions (Fig. 5E). We applied
this method to the LFP signal pretreated with a wide bandpass (5 to
40 Hz; eighth-order zero-phase Butterworth filter).

Fig. 4. In vitro cerebellar slice recordings. (A) Microscopy of the fenestrated 720-channel device. The device and the cerebellar cells were in the same focal plane. The
inset has adjusted brightness and contrast highlighting the cerebellar cells. (B) Representative traces off the 720-channel device with a 50-Hz notch filter. (C) Spike
autocorrelograms of cerebellar cells exhibiting regular firing behavior, spanning ±300 ms and a bin size of 5 ms. The peaks show that the spiking activity occurred at
a regular period characteristic of Purkinje cells. (D) Spike-triggered average waveform of individually sorted units plotted spatially across the electrodes.
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Fig. 5. In vivo recording in an awake and moving mouse. (A) Schematic of a head-fixed epileptic mouse on a treadmill. A 2-mm-diameter craniotomy exposes the
cortex upon which a 504-channel ECoG array spanning 0.76 mm by 0.76 mm is laid. (B and C) ECoG electrode layout and representative traces showing SWDs during a
seizure, color-coded to match their respective positions. (D) Top: Representative trace of a single channel with two seizures highlighted in red. Bottom: Corresponding
spectrogram showing the decrease in the frequency band across the duration of the seizure, characteristic of absence epilepsy. (E) Representative trace color-coded
according to the instantaneous phase of the signal. (F) Heatmap of the instantaneous phase across the electrode arrays during a single SWD. Each frame corresponds
to a dotted line in Fig. 3E.
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Figure 5F shows snapshots of the spatial variation of the phase
throughout the time course of a single SWD. Here, we observed
complex traveling wave behavior that constantly shifted in direction
and velocity, even across the duration of a single spike SWD. Movie
S1 shows a video of the phase evolution across multiple SWDs.
Seizure propagation patterns were notably different with time
through the seizure, demonstrating that seizure dynamics in
absence epilepsy in this model do not have constant propagation
trajectories or site of onset. More studies must be conducted to elu-
cidate the origins of this variation. Our high channel density com-
bined with a large area of recording along the cortical surface has
allowed an unprecedented level of detail into seizure dynamics at
micrometer-level precision.

DISCUSSION
Flex2Chip introduces a facile system design and connectorization
method which increases the channel density of ultraconformable,
thin-film, flexible devices by 17 times in comparison to state-of-
the-art devices. This enables multithousand channel counts on a
single ASIC, unlike current approaches, which rely on the modula-
rization of multiple ASICs and circuit boards (11, 17, 19, 32). The
assembly method is simple, consisting of placing the device on a
CMOS-MEA with a thin layer of IPA. As the IPA dries, the micro-
structures self-assemble in their collapsed configuration. The con-
nectorization does not require specialized equipment as needed for
wire bonding, anisotropic conductive film (15), or ultrasonic-on-
bump bonding (16).

Here, the key limitation to pad density is not the interconnection
interfacial area but the routing of the traces. Although we demon-
strate that we can form interconnections with a pitch of 50 μm with
a theoretical density of 400 channels/mm2, the density for our 2200-
channel devices is 272 channels/mm2 even with 1-μm-wide traces
with 1-μm spacing. The input-referred noise level in the action po-
tential range (300 Hz to 10 kHz) is 6.93 ± 3.30 μVrms, comparable to
that of monolithic silicon probes such as the Neuropixels 2.0 (8.2
μVrms) (33).

The bonding methodology is agnostic to the chip, and rapid pro-
gress in their functionality—such as the addition of fast scan cyclic
voltammetry, impedance spectroscopy, stimulation artifact sup-
pression units, etc.—can be facilely extended to the polymer
device (34). Furthermore, it is also agnostic to downstream geome-
try, as shown here with both acute brain slice and in vivo cortical
recordings. The developed technology can be easily used to
extend the work on cutting-edge chronic intracortical and organoid
recordings with mesh electronics (35–37). Improvements to minia-
turize the CMOS-MEA onto a headstage for freely behaving mice
experiments are already on the way.

MATERIALS AND METHODS
Flex2Chip device fabrication
The devices were fabricated using standard microfabrication pro-
cesses. The fabrication steps are as follows: (i) A 4-inch silicon
wafer (P-type silicon, 0.1 to 0.9 ohm/cm; Silicon Valley Microelec-
tronics Inc., CA, USA) was cleaned with O2 plasma [27.6 standard
cubic centimeter per minute (sccm), 50 W, 300 mtorr, 1 min; PE II-
A, Technics, CA, USA]. (ii) Alignment marks were patterned on the
wafer. First, the wafer was dehydrated at 150°C and primed with

hexamethyldisilazane (YES LP-III, Yield Engineering Systems,
USA). Second, a 0.7-μm-thick layer of positive photoresist (I Line
SPR 955 CM-0.7, Dow, MI, USA) was spin-coated on the wafer
(1700 rpm, 30 s) and baked (90°C, 120 s). Third, the alignment
marks were exposed (150 mW/cm2; PAS 5500/60, ASML, Veld-
hoven, The Netherlands). Fourth, after exposure, the resist was
baked (90 s), developed with MF-26A (60 s, Dow, MI, USA),
rinsed with water, and hard-baked (110°C, 60 s). Fifth, the align-
ment marks were etched 120-nm deep into SiO2 (100 sccm CF4, 2
sccm O2, 500 W, 250 mtorr, 40 s; P5000, Applied Materials, CA,
USA). Last, the photoresist was stripped using a microwave
plasma system (LoLamp, 45 s; Aura Asher, Gasonics, CA, USA).
(iii) A 250-nm-thick Ni sacrificial layer was deposited with electron
beam evaporation (2.5 Å/s, 6 × 10−7 torr; ES26C, Innotec, MI,
USA). (iv) A 1-μm-thick layer of polyimide (PI2610, Dupont, DE,
USA) forming the substrate base was spin-coated (3000 rpm, 60 s),
soft-baked (90°C, 3 min), and finally hard-baked in an inert N2 at-
mosphere (325°C, 30 min, 2°C/min ramp; Blue-M, PA, USA). (v) A
metallic layer, which forms the electrodes, interconnects, and
bonding pads, was then deposited. First, a 200-nm-thick liftoff
layer (Microposit LOL 2000, Dow, MI, USA) was spin-coated
(3000 rpm, 60 s) and baked (200°C, 7 min). Second, positive pho-
toresist was patterned as described above. Third, the photoresist was
descummed with O2 plasma (27.6 sccm, 50 W, 300 mtorr, 2.5 min;
PE II-A, Technics, CA, USA). Fourth, a 10-nm-thick Cr and 100-
nm-thick Pt layer were deposited with electron beam evaporation
(1 Å/s, 6 × 10−7 torr; ES26C, Innotec, MI, USA). Last, the photore-
sist was lifted off overnight (Microposit Remover 1165, Dow, MI,
USA). (vi) A 1-μm-thick layer of polyimide, which formed the in-
sulating layer, was spin-coated as described above. (vii) A negative
mask, which defined the shape of the device and the exposure of the
electrode pads, was deposited. First, positive photoresist was pat-
terned and descummed as described above. Second, a 50-nm-
thick Ni layer was deposited with electron beam evaporation (1
Å/s, 6 × 10−7 torr; ES26C, Innotec, MI, USA). Third, the photoresist
was lifted off as described above. Fourth, the unprotected polyimide
was then etched with O2 plasma (60 sccmO2, 400W, 200mtorr, 100
s; P5000, Applied Materials, CA, USA). (viii) Last, the Si wafer was
transferred to an Ni etchant solution (40% FeCl3:39% HCl:H2O =
1:1:20) to remove the sacrificial Ni layer and negative mask and to
release the device from the Si wafer.

CMOS-MEA modifications
The CMOS-MEA (MaxWell Biosystems, Zurich, Switzerland) has
26,400 pixels, 1024 of which can be arbitrarily chosen to record
from simultaneously at 20 kHz (23). The bare die was wire-
bonded to custom printed circuit boards (PCBs) (3100 Plus,
ESEC, Cham, Switzerland). The wirebonds were then encapsulated
with epoxy (353ND-T, Epoxy Technology, MA, USA). Here, the
pixels were recessed by a 1.2-μm-thick layer of SiO2 and SiNx. To
elevate the pixel, Au was electrochemically deposited (60 s, 1.5 V,
NB Semiplate AU 100 AS, Microchemicals, Ulm, Germany) using
a Pt counter electrode.

Flex2Chip device assembly
For the device assembly, it is critical to minimize the number of par-
ticles to maximize the connectivity yield. The assembly of the device
onto the CMOS-MEA is as follows. (i) The CMOS-MEAwas trans-
ferred to a bath of submicrometer-filtered IPA (Millipore Sigma,
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MA, USA, PX1838), cleaned by ultrasonication for 30 s, and blown
dry. (ii) A thin layer of IPA was applied using a pipette on the
surface of the CMOS-MEA to form a stable liquid film, and the
device was then placed on top with a pair of paintbrushes. The cap-
illary forces from the liquid bridge acts to pull the bulk device flat,
preventing the buckling of the device during transfer and manipu-
lation. Furthermore, the liquid film also reduces the friction coeffi-
cient between the CMOS-MEA and device when sheared, enabling
sliding without damaging the device. Paintbrushes were chosen as
opposed to forceps as their softness prevents scratching of the
device during manipulation and provides a mechanical spring–
like buffer between the hand and device. As a result, once the
device is placed on top of the CMOS-MEA, the paintbrushes can
be used to gently drag the device into approximate alignment on
top of the active region of the chip. Subsequently, as the IPA
dries, the pads are then self-assembled onto the pixels. (iii) The
device was then sterilized in 70% ethanol solution for 1 hour and
exposed to ultraviolet for 3 min.

Electrical characterization
Impedance and I-V curve measurements were conducted on a
CMOS-MEA phantom using a potentiostat (SP-200, BioLogic,
Seyssinet-Pariset, France). The distal end of the device was
shorted to a gallium droplet to ensure ohmic contact to probe the
Flex2Chip interface at the proximal end. Connectivity, noise, and
signal attenuation measurements were conducted on the CMOS-
MEA, as described by previous work (23). The distal end of the
device was immersed in a PBS bath (Thermo Fisher Scientific,
MA, USA, 10010-023) along with a Pt counter electrode. For con-
nectivity and signal attenuation measurements, the gain of the am-
plifiers was set to 24, and a 1-kHz 5-mV sinewavewas injected at the
counter electrode. Pixels connected to Flex2Chip microstructures
would then record the sinusoidal waveform, and the corresponding
pad could then be mapped. The attenuation was calculated to be the
ratio between the measured and injected signal. Pt black coating
(100 mM hexachloroplatinic acid, Millipore Sigma, MA, USA,
206083) was electrochemically deposited (0.5 V, 30 s) under me-
chanical agitation to lower the electrode-electrolyte impedance.

Device encapsulation
The devices could be encapsulated by applying a liquid silicone elas-
tomer (KwikSil, World Precision Instruments Inc., FL, USA) over
the Flex2Chip interface. The silicone elastomer was cured after 10
min, after which the connectivity and mechanically robustness were
subsequently assessed.

The tensile forces were measured by mounting one end of the
device on a z stage and the other on a weighing balance (PM4000,
Mettler Toledo, OH, USA). At the weighing balance, glass slides
were attached to the device as miniature weights. The device was
then lifted stepwise by the z stage, which gradually lifts the glass
slides off the weighing balance. The tensile force experienced by
the device was calculated from the decrease in weight at the
balance as the glass slides are increasingly supported by the flexible
device. At fixed intervals, a current (20 μA) was applied for 5 s, and
the average voltage was used to measure the resistance of the inter-
connect. The measurements were conducted on a CMOS-MEA
phantom to probe the interfacewith a potentiostat (SP-200, BioLog-
ic, Seyssinet-Pariset, France).

Brain slice preparation
All use of mice and experimental protocols were approved by the
Basel Stadt veterinary office according to Swiss federal laws on
animal welfare. Wild-type mice (male, postnatal day 14, C57BL/
6JRj, Janvier Labs) were decapitated under isoflurane anesthesia,
and the brains were removed and immersed into ice-cold carbo-
gen-bubbled (95% O2 + 5% CO2) artificial cerebrospinal fluid
(ACSF) solution containing 125 mM NaCl, 2.5 mM KCl, 25 mM
glucose, 1.25 mM NaH2PO4, 25 mM NaHCO3, 2 mM CaCl2, and
1 mM MgCl2. The cerebellum was dissected and glued on the
cutting stage of a vibratome (VT1200S, Leica, Wetzlar, Germany).
Sagittal cerebellar slices with a thickness of 380 μm were obtained.
Slices were then maintained in ACSF at room temperature until use.

A 6-mm-diameter stainless steel ring was bonded to a 720-
channel device using cyanoacrylate adhesive (Pattex, Henkel,
Aachen, Germany), where the exposed platinum electrodes were
facing away from the ring. The construct was placed on the acute
slice and held in place with the stainless steel ring. The tissue was
continuously perfused with carbogen-bubbled ACSF at 33° to 36°C
to maintain cell viability.

In vivo preparation
Mice with the heterozygous loss of function mutation in Scn8a
[male, 12 weeks old, C3HeB/FeJ-Scn8amed/J, the Jackson Labora-
tory, stock no. 003798 (38)], referred to here as Scn8a+/−, were the
vertebrate animal subjects used for in vivo measurements. All pro-
cedures performed on the mice were approved by Stanford Univer-
sity’s Administrative Panel on Laboratory Animal Care (protocol
no. 12363). The animal care and use programs at Stanford Univer-
sity meet the requirements of all federal and state regulations gov-
erning the humane care and use of laboratory animals, including the
United States Department of Agriculture Animal Welfare Act and
the Public Health Service Policy on Humane Care and Use of Lab-
oratory Animals. The laboratory animal care program at Stanford is
accredited by the Association for the Assessment and Accreditation
of Laboratory Animal Care. All mice were maintained on a reverse
12-hour dark/12-hour light cycle (temperature: 20° to 25°C; humid-
ity: 50 to 65%) in the Stanford University’s Veterinary Service
Center and fed with food and water ad libitum as appropriate. All
experiments occurred during their active cycle.

Surgery
Anesthesia was induced with isoflurane (4%; maintained at 1.5%)
followed by injection of carprofen (2 mg/kg). Fiducial marks were
marked on the skull at the following coordinates from bregma: an-
teroposterior,−0.85mm;mediolateral, 2.5mm. A self-tapping bone
screw (Fine Science Tools, CA, USA, 19010-10) was set in the skull
over the cerebellum. A stainless steel headbar was cemented onto
the skull using dental cement (C&B Metabond, Parkell, NY,
USA). After headbar implantation, mice were habituated to run
on a treadmill for 7 days. In a second surgical procedure, a 2-
mm-diameter craniotomy was then made over the fiducial mark
and covered with KwikCast (World Precision Instruments, FL,
USA). The mouse then recovered overnight before the record-
ing session.

Electrophysiological recording
Once mounted on the treadmill, the KwikCast above the cranioto-
my was removed, and the well was filled with saline (0.9% NaCl).

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Zhao et al., Sci. Adv. 9, eadf9524 (2023) 7 June 2023 8 of 10



The ECoG device was lain on the surface of the cortex, and the
saline was wicked away to allow sufficient contact between the
device and cortex. KwikCast was then reapplied. The CMOS-
MEA counter electrode operates at a reference voltage of 1.65
V. Consequently, the animal was isolated from the ground by con-
necting the reference of the chip to a skull screw. Recording then
lasted for 40 min.

Spike sorting
Data analysis was performed using custom software written in
Python 3.9.0 and MATLAB 2019b (MathWorks, MA, USA). Auto-
matic spike sorting was performed using Kilosort 3 (https://github.
com/MouseLand/Kilosort) (33, 39). Subsequently, using the
ecephys spike sorting pipeline (https://github.com/AllenInstitute/
ecephys_spike_sorting), double counted spikes were removed
from each cluster (within ±0.16 ms), and the ISI violations within
the refractory period (± 1.5 ms) were calculated. Units were only
classified as good if the number of spikes was greater than 100,
the ISI violations were less than 0.1, and if Kilosort 3 originally
labeled the spike as “good.” Last, clusters were inspected and
curated in Phy (https://github.com/cortex-lab/phy).

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
Legend for movie S1

Other Supplementary Material for this
manuscript includes the following:
Movie S1

View/request a protocol for this paper from Bio-protocol.
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Holistic energy landscape management in 2D/3D
heterojunction via molecular engineering for efficient
perovskite solar cells
Ke Ma1†, Jiaonan Sun1†, Harindi R. Atapattu2, Bryon W. Larson3, Hanjun Yang1,4, Dewei Sun4,
Ke Chen4, Kang Wang1, Yoonho Lee1, Yuanhao Tang1, Anika Bhoopalam1, Libai Huang4,
Kenneth R. Graham2, Jianguo Mei4, Letian Dou1,5*

Constructing two-dimensional (2D) perovskite atop of 3D with energy landscape management is still a chal-
lenge in perovskite photovoltaics. Here, we report a strategy through designing a series of π-conjugated
organic cations to construct stable 2D perovskites and to realize delicate energy level tunability at 2D/3D het-
erojunctions. As a result, the hole transfer energy barriers can be reduced both at heterojunctions and within 2D
structures, and the preferable work function shift reduces charge accumulation at interface. Leveraging these
insights and also benefitted from the superior interface contact between conjugated cations and poly(triaryl-
amine) (PTAA) hole transporting layer, a solar cell with power conversion efficiency of 24.6% has been achieved,
which is the highest among PTAA-based n-i-p devices to the best of our knowledge. The devices exhibit greatly
enhanced stability and reproducibility. This approach is generic to several hole transporting materials, offering
opportunities to realize high efficiency without using the unstable Spiro-OMeTAD.
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INTRODUCTION
Perovskite solar cells (PSCs) have emerged as a strong candidate for
future photovoltaic technology (1–4). However, achieving high ef-
ficiency together with long-term stability is still a challenge (5–7).
More recently, the strategy of constructing two-dimensional/three-
dimensional (2D/3D) heterostructures to passivate interface defects
and improve stability has contributed to some of high-efficiency
devices, including the record-performing PSCs (8–14). These
studies have also revealed that energy level alignment at the 2D/
3D heterojunction is crucial for efficient charge transfer (15, 16).
However, the methods of managing energy level alignment are
limited to phase control of 2D perovskites (i.e., the thickness of
the inorganic layers), owing to the insignificant contribution of
conventional organic ligands to the density of states at the band
edges in 2D perovskites (17).
Here, we developed a series of bulky semiconducting ligands

with tunable energy levels that can form stable 2D perovskites
(Fig. 1A). These π-conjugated ligands provide an opportunity for
manipulating energy level alignment at 2D/3D heterojunctions
through rational design of organic cations, thereby allowing more
efficient hole extraction and reducing interface charge accumula-
tion (18). Furthermore, the reduced energy level offset between
the valence band maximum (VBM) of inorganic sheets and the
highest occupied molecular orbital (HOMO) of conjugated
organic layers in 2D perovskites, as well as preferable ligand
packing geometry, allows more efficient hole transfer through the
out-of-plane direction (19, 20). This holistic energy landscape

management of 2D/3D heterojunction in PSCs, together with the
improved interface quality between perovskite and polymeric hole
transporting layer (HTL) via π-conjugated ligands, enabled the
demonstration of a remarkable power conversion efficiency (PCE)
of 24.6% for poly(triarylamine) (PTAA)–based devices with n-i-p
structure. The fine-tuned conjugated ligands allow more stable
2D structures and suppress interlayer ion migration, which result
in improved photostability and thermal stability.

RESULTS
2D perovskite structures and properties
Our general design strategy of the ligands is tethering an ammoni-
um anchoring group to one end of a conjugated quaterthiophene
unit (18, 21) and having halogen substitution on the opposite end
thiophene to manipulate the HOMO levels of the molecules (22).
The chemical structures of the synthesized organic ligands feature
different substituting groups, namely, F4Tm, Cl4Tm, and Br4Tm,
all of which are derived from 4Tm (Fig. 1B). The synthesis of
halogen-4Tm was based on electrophilic halogenation reactions to
add functional groups and Stille coupling reaction to connect all the
thiophene moieties together (details of synthesis in the Supplemen-
tary Materials). All ligands were converted to iodide salts through
reactions with hydroiodic acid. The halogen substituent acts as an
electron-withdrawing group that deepens the HOMO level of the
ligands, from −5.21 eV for 4Tm to −5.25, −5.26, and −5.25 eV
for F4Tm, Cl4Tm, and B4Tm ligands, respectively (fig. S1 and
table S1).
Within the 2D perovskite structures formed with these ligands,

type II band alignments are formed, because of the small bandgaps
and shallow HOMO levels of the conjugated ligands (Fig. 1C). The
type II alignment results in quenched photoluminescence observed
from these 2D perovskite thin films (fig. S2). Unlike the convention-
al wide-bandgap ligands that usually form type I artificial quantum
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wells in 2D perovskites and generate energy barriers for out-of-
plane charge transfer, the shallow HOMO levels of conjugated
ligands reduce the energy barriers for hole transfer. However, the
shallow HOMO level of 4Tm creates a reverse energy level offset
with inorganic layers in 2D perovskites, which, in turn, can poten-
tially trap holes. The halogen-4Tm reduces the energy level offsets,
suggesting minimal energy barriers and a decreased probability of
hole trapping, which, in principle, could facilitate out-of-plane hole
transport within 2D perovskite structures.
Besides the energy level alignment, a strong dependence between

crystal structures and electronic properties also exists in 2D perov-
skites (23, 24). Therefore, we characterized 2D perovskites through
thin-film x-ray diffraction (XRD) and single-crystal analysis to gain
insights from their crystal structures. The 2D perovskite thin films
can be obtained by one-step spin coating followed by thermal an-
nealing. The XRD patterns with characteristic planes—(001), (002),
(003), etc.—are different from the XRD patterns of the aggregated
ligands (fig. S3), confirming the formation of layered 2D structures
(Fig. 2A). The absorption spectra exhibited distinctive exitonic
peaks at around 512 nm, further supporting the formation of n =
1 2D Ruddlesden-Popper phase perovskites (fig. S4). The corre-
sponding d-spacings of (4Tm)2PbI4, (F4Tm)2PbI4, (Cl4Tm)2PbI4,
and (Br4Tm)2PbI4 were calculated as 3.18, 3.28, 3.28, and 3.37
nm from the 2θ of (001) planes at 2.78°, 2.69°, 2.68°, and 2.62°, re-
spectively, which are correlated with the increased atomic radius of
H, F, Cl, and Br. Note that, although fluorine has a smaller atomic
radius than chlorine, (F4Tm)2PbI4 and (Cl4Tm)2PbI4 share similar
interlayer distances, which is likely due to the interplay between
atomic versus electrostatic attractive and repulsive forces.

To gauge the effect of molecular configuration on intermolecular
packing, we further examined the single crystals of 2D perovskites
formed with different ligands (Fig. 2, B to D). Single crystals of
(Cl4Tm)2PbI4 were obtained by slow-cooling method, while
solvent diffusion method was applied to grow crystals of (Br4Tm)2-
PbI4 (details in the Supplementary Materials). For F4TmI, suitable
crystal specimens for accurate single-crystal structure determina-
tion proved challenging and resulted in high R-factors, although
several attempts have been made, which is probably due to the
weak interactions between F4Tm layers (fig. S5). The average in-
plane Pb─I─Pb bond angle is 151.6° and the Pb─I bond length is
3.17 Å (horizontal) in (Cl4Tm)2PbI4. We observed a small distance
of 3.2 Å between alternating Cl─Cl atoms within two Cl4Tm layers,
which indicates the existence of weak halogen interaction (consid-
ering the 1.75-Å van derWaals radius of a single chlorine atom) and
could contribute to the stabilization of the structure. The (Br4Tm)2-
PbI4 single-crystal structure was resolved with chloroform solvent
molecules trapped between the ligand layers, from which Br─Cl
halogen interaction between Br4Tm and chloroform were observed
because of the shortened interatom distance. Because of solvent in-
tercalation, the inorganic lattice of (Br4Tm)2PbI4 has less distortion
compared with (Cl4Tm)2PbI4, with the average in-plane Pb─I─Pb
bond angle as 152.6° and Pb─I bond length as 3.14 Å (horizontal).
However, part of the conjugated ligand molecules in (Br4Tm)2PbI4
crystal structure exhibit more distortion compared to (Cl4Tm)2-
PbI4, which could increase the formation barrier of this 2D struc-
ture (25).
To understand the relationship between crystal structures and

the electronic properties, we applied time-resolved microwave

Fig. 1. Device structure and conjugated ligands design. (A) Schematic of device structure used in this work with a 2D perovskite layer atop of 3D perovskite. (B)
Chemical structures of the designed conjugated molecules in the form of ammonium cations. (C) The schematic of band alignment of device treated with conjugated
ligands. The bottom shows the band alignments within the 2D perovskite structures formed with different conjugated ligands. The energy diagram is plotted as a
schematic illustration, while the accurate energy levels are labeled in the plot. CBM, conduction band minimum; ITO, indium tin oxide.
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conductivity (TRMC) measurements to characterize the out-of-
plane carrier transport in 2D perovskite thin films (Fig. 2E) (13,
26). The (Br4Tm)2PbI4 sample has the highest yield-mobility
product, which is a factor of 2 to 4 larger than that of (Cl4Tm)2PbI4
and (4Tm)2PbI4. However, the (F4Tm)2PbI4 sample exhibits obvi-
ously lowermobility, which could be correlated with the difficulty of
achieving high-quality (F4Tm)2PbI4 single crystal and the repulsion
between fluorine atoms. We also performed conductive atomic
force microscopy (cAFM) to examine the spatial distribution of
the current path in these thin films (Fig. 2F). In agreement with
the TRMC results, the (F4Tm)2PbI4 sample exhibits the lowest con-
ductivity, while the (Br4Tm)2PbI4 sample preserves the highest con-
ductivity. The higher out-of-plane conductivity of the
(Br4Tm)2PbI4 thin film than the Cl4TmI sample has also been con-
firmed with single-crystal conductivity (fig. S6). The single-crystal

structures show that the outer thiophenes in (Cl4Tm)2PbI4 crystals
favor in-plane edge-to-edge arrangement between the neighboring
Cl4Tm layers, similar to 4Tm samples, which may not support ef-
ficient charge transfer (fig. S7). In contrast, the (Br4Tm)2PbI4
crystal exhibits face-to-face ligand packing geometry, thus exhibit-
ing higher out-of-plane conductivity (23, 25, 27, 28). However, the
cAFM images reveal that (Br4Tm)2PbI4 thin film, although having
higher conductivity, has greater heterogeneity in the current path
distribution, which may result from the nonuniform crystallinity
and the potential higher formation energy of this 2D structure.

2D/3D heterostructure formation and characterization
We then investigated the formation of 2D/3D heterostructures on
the surface of 3D perovskites for photovoltaic devices. The 2D struc-
tures were formed by means of coating the corresponding ligand

Fig. 2. Structure and conductivity of 2D perovskites. (A) XRD of 2D perovskite (n = 1) thin films. (B to D) Single-crystal structures of 2D perovskites with different
ligands. (B) (4Tm)2PbI4. (C) (Cl4Tm)2PbI4. (D) (Br4Tm)2PbI4. The right panels of (B), (C) and (D) present the zoom-in images of ligand interactions. (E) TRMC comparison of
out-of-plane charge transport in n = 1 2D perovskite thin films. ϕ is the carrier generation yield and μ is the mobility for carriers. (F) Conductive atomic force microscopy
(cAFM) of 2D perovskite thin films formed with different ligands. Scale bars, 1 μm. a.u., arbitrary units.
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solution on the surface of 3D perovskite, followed by thermal an-
nealing. To enhance the 2D perovskite signal for XRD characteriza-
tion, we extended the reaction time between 3D perovskite and the
ligands by dropping the ligand solutions and waiting for 60 s before
spinning. The thin-film XRD suggests that n = 1 2D structures form
with all the investigated ligands, as evidenced by the diffraction
peaks at low angles (<10°) (Fig. 3A), which match with the peaks
from pure 2D perovskite thin films. The minor shift of the low-
angle peaks from pure 2D perovskites to the 2D/3D heterostructures
may be induced by the slight lattice distortion caused by 2D/3D in-
terfacial strain. Only the n = 1 phase is formed on the surface with
horizontal orientation, while high-n number phases are absent for
all ligands investigated. We ascribe the stability of 2D structures, the
rigidity of the ligands, and their unlikely penetration into the 3D
structure due to steric bulk, all as factors that prevent formation
of other phases during the treatment. The exclusive formation of
n = 1 phase in 2D/3D junctions distinguishes these ligands from
conventional small ligands and eliminates the influence of phase
impurity in the surface characterizations. The AFM images indicate
the unchanged surface morphology of perovskite with short-time
ligand treatment (fig. S8). The x-ray photoelectron spectroscopy
(XPS) conducted on ligand-treated 3D perovskite thin films dem-
onstrates the existence of oligothiophene ligands on the 3D perov-
skite surface from the peaks of S 2p at 164 eV (fig. S9).Moreover, the
characteristic peaks of F 1s (687 eV), Cl 2p (202 eV), and Br 3d (71
eV) show up in the XPS results of F4TmI, Cl4TmI, and Br4TmI thin
films, respectively, which belong to the terminal substituents of the
corresponding ligands.

We proposed to modulate the surface potential and 2D/3D band
alignment via rational design of ligand molecular configurations.
Through ultraviolet photoelectron spectroscopy (UPS) measure-
ments (Fig. 3B), we verified that ligand treatment upshifts the
VBM in comparing with the control film (untreated), based on
the aligned Fermi level, which is induced by the shallower
HOMO levels of the conjugated ligands (fig. S10 and table S2).
The upshifted VBM generates a more p-type surface, which is ex-
pected to facilitate efficient hole transfer from perovskite to PTAA
(with a reported HOMO at −5.2 eV) (21). The shallow HOMO
levels of these conjugated ligands also allow them to directly
extract holes from 3D perovskites, which is verified by time-resolved
photoluminescence (TRPL) measurement with a biexponential
decay and fast hole extraction process within 20 ns (fig. S11).
The work functions (WFs) have also been extracted from UPS

measurements, which show notable differences between 4TmI
and halogen-4TmI treatment. The 4TmI treatment notably
reduces WF to 3.82 eV from the 4.22 eV of the control film. In con-
trast, the reduction of WF is smaller when halogen substitutions are
introduced, showing less than 0.1-eV changes (Fig. 3B and table S2).
Kelvin probe forcemicroscopy (KPFM)measurements revealedWF
distribution differences at the ligand-treated surfaces (Fig. 3C). The
average WF of 4TmI-treated surface reduced to 4.18 eV from 4.76
eV for the control film, while the change of WF of the halogen-
4TmI–treated surface was negligible (Fig. 3D), which is in accor-
dance with the trend observed in UPS analysis.
The band alignment formed with 4TmI surface treatment

showed that the perovskite surface has shallower VBM compared
with the bulk material, but a negative ΔWF could generate a

Fig. 3. Formation of 2D/3D heterojunction and surface energetic characterization. (A) XRD patterns of 3D perovskite thin films without and with surface treatment.
(B) Ultraviolet photoelectron spectroscopy (UPS) results of various surface treatments. Left: Secondary cut-off region; right: on-set region (light source of 10.2 eV). (C)
Kelvin probe force microscopy (KPFM) surface potential maps of perovskite thin films with different surface treatments. Scale bars, 2 μm. (D) Work function distribution
extracted from KPFM results.
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potential well at the interface of the 2D/3D heterostructure and trap
the electrons (fig. S11). Unlike the downshifted VBM of other 2D/
3D heterostructures formed with wide-bandgap ligands, the hole
transfer benefits from the upshifted VBM of perovskite surface
with conjugated ligands. However, the trapped and accumulated
electrons at perovskite/HTL interface can cause charge trapping–
induced defects (4, 29). In comparison, the 2D/3D heterostructures
formed with halogen-4TmI cause minimum WF shift, thus being
unlikely to create a deep potential well at interfaces. The reduced
charge-trapping defects in halogen-4TmI–treated films are evi-
denced by the enhanced photoluminescence (PL) intensities with
a film structure of glass/3D perovskite/2D perovskite (fig. S12).
The reduced bimolecular recombination was further affirmed
with intensity-dependent photoconductivity transient characteriza-
tion from TRMC measurements (fig. S13).
In addition, benefitted from the exceptional out-of-plane trans-

port of the n = 1 2D perovskite structures containing Cl4TmI and
Br4TmI, the coverage of 2D perovskite atop of 3D thin films does
not decrease the carrier mobility (fig. S14), which further indicates
that the enhanced out-of-plane charge transport in 2D perovskites
is critical to reduce charge transfer barriers at the 2D/3D hetero-
junction. The cAFM results even suggest slightly higher conductiv-
ity in Cl4TmI-treated films than that in Br4TmI samples (fig. S15),
which we attribute to the different formation energy of 2D/3D het-
erojunction with different ligands.

Carrier dynamics and device performance
We investigated the impact of these 2D/3D heterostructures on the
photovoltaic performance by fabricating the PSCs using an n-i-p
device architecture, ITO/SnO2/perovskite/PTAA/Au, with different
surface ligand treatments. In agreement with our analysis, the
Cl4TmI and Br4TmI surface treatment results in remarkably en-
hanced PCE, which outperformed the devices treated with 4TmI
and F4TmI. A typical set of J-V curves of devices fabricated with
different ligands is shown in Fig. 4A. The nonideal energy align-
ment of 4TmI and the unstable 2D crystal structure and low con-
ductivity of (F4Tm)2PbI4 are the limiting factors of these two
ligands. Comparing with Cl4TmI, slightly less improvement with
Br4TmI treatment was achieved, which could correspond to the dif-
ferent conductivity of the 2D/3D heterostructure formed with
Cl4TmI and Br4TmI, as well as the heterogeneity of conductivity
distribution in (Br4Tm)2PbI4 thin film. To verify the reproducibility
of the results, we provide the statistics for at least 38 devices of each
condition (Fig. 4B and fig. S16). Furthermore, we compared our
conjugated ligands to the devices passivated with butylammonium
iodide and phenethylammonium iodide (fig. S17). Neither of these
commonly used ligands was able to produce comparable PCEs as
Cl4TmI and Br4TmI, which suggests the critical role of the semi-
conducting ligands in 2D/3D heterostructures. In addition to the
FA0.9MA0.05Cs0.05PbI3 perovskite composition, we also investigated
the effect of Cl4TmI surface treatment on PSCs with a composition
of double halide (FA0.88MA0.07Cs0.05PbI2.89Br0.11) and also found
an increase in PCE (fig. S18).
Note that we focused on PTAA doped with a hydrophobic Lewis

acid as HTL, because it is considered as a more stable hole trans-
porting material than Spiro-OMeTAD and does not need lithium
salt for efficient doping, which eliminates a degrading factor of
FAPbI3. In addition, PTAA is known to be less sensitive to process-
ing conditions with no air aging requirement and leads to devices

with better reproducibility. However, the limiting factor of the ap-
plication of PTAA is the interface quality with perovskite, leading to
low PCE values in conventional devices (30). Here, the designed
conjugated ligands increase the hydrophobicity of perovskite
surface (fig. S19), forming perfect atomic registry to the perovskite
lattice, and share similar aromaticity and improve the interface
contact between perovskite and PTAA. This critical interface sup-
ports efficient hole transfer and results in increased open circuit
voltage (VOC) and fill factor (FF). With further optimization of
ligand concentrations and passivation procedures (figs. S20 to
S23), and together with an antireflection layer coating, a champion
device with a PCE of 24.63% was achieved through Cl4TmI treat-
ment (VOC = 1.125 V, FF = 84.32%, short circuit current density
(JSC) = 25.96 mA/cm2) with small hysteresis comparing with
control device (Fig. 4C and fig. S24), which is the highest reported
PCE among PTAA-based PSCs to the best of our knowledge (31–
33). A stabilized power output of 24.45% was also measured at
maximum power point (Fig. 4C), and the external quantum effi-
ciency (EQE) spectrum was confirmed with an integrated JSC of
25.5 mA/cm2 (fig. S25). The reproducibility of PTAA-based
devices with our strategy has also been demonstrated by showing
the small deviation from person-to-person variations of four differ-
ent researchers (fig. S26).
We further conducted space-charge–limited current (SCLC) to

probe the hole mobilities in the hole-only devices (Fig. 4D). Devices
treated with different conjugated ligands all exhibit almost two
orders of magnitude increase in hole mobility compared with the
control device, which highlights the critical role of interface treat-
ment in improving the interface contact between perovskite and
PTAA and enhancing charge transport efficiency (table S3) (34,
35). Note that, although the F4TmI-treated perovskite thin film ex-
hibits lower mobility than the control film by TRMC, the F4TmI
device still shows higher hole mobility than the control device,
further supporting the notion that the PTAA/perovskite interface
is the major bottleneck at the device level. In addition, the trap den-
sities extracted from the trap-filled limit voltage (VTFL) in SCLC
plots indicate reduced defect density in ligand-treated devices
(table S3) (36). TRPL measurements on samples with a structure
of glass/perovskite/ligand/PTAAwere used to assess the defect den-
sities at interfaces and the charge extraction processes (Fig. 4E and
table S4). Ligand-treated films, benefitting from the gradient energy
level alignment, exhibit faster charge extraction, as indicated by the
fast decay of PL at initial stage. In the second stage of the biexpo-
nential decay, the PL lifetime is dominated by defect-induced
monomolecular recombination. The lifetime of Cl4TmI-treated pe-
rovskite is 20.65 ns, two times higher than the 9.34 ns of the control
sample that is correlated with the decreased defect density and in-
creased VOC with surface passivation (37, 38). The suppressed
mobile ions in Cl4TmI-treated devices were further evidenced by
the capacitance-frequency profiles of the device compared with
the control device (fig. S27). The decreased capacitance at a low-fre-
quency region (<100 Hz) in the Cl4TmI-treated device reveals less-
mobile ion response, which is correlated with the suppressed defect
density at the surface (39). The tuned energy level alignment of pe-
rovskite surface not only results in efficient charge transfer but also
affects the built-in potential (Vbi). The Mott-Schottky plot analysis
of ligand-treated devices reveals higher Vbi compared with that of
control device, which is induced by the proper band alignment and
the efficient hole extraction, among which Cl4TmI device exhibits
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the highest Vbi (fig. S28 and table S5). In addition, the improved
energy level alignment also reduces the energy barriers for charge
injection when the device is operated as a light-emitting diode
(LED) and results in an electroluminescence EQE of 4.6% (fig.
S29). This strategy is generically applicable to multiple small molec-
ular and polymeric HTL materials with remarkably improved per-
formance (fig. S30), representing a critical design element for future
PSC interfacial engineering.
Last, we tracked the thermal stability of the unencapsulated

devices at 65°C under N2 environment (Fig. 4F). The device
treated with Cl4TmI maintained 80% of its initial efficiency after
2220 hours of heating, while the PCE of the control device
dropped by 20% within 640 hours, showing only one-third of T80

lifetime compared with the Cl4TmI-treated device. The improved
thermal stability is benefitted from the inhibition of ion migration
at interface with the 2D layer modification, characterized with time-
of-flight secondary ion mass spectrometry (TOF-SIMS) (fig. S31).
We also checked the photostability of the encapsulated device
under continuous illumination at an open-circuit condition in N2
environment (Fig. 4G). The photogenerated charge carriers are un-
extractable under an open-circuit condition and can accumulate at
interfaces, accelerating the degradation process. The Cl4TmI-
treated device exhibits 20% relative efficiency drop after 507
hours, while the control device decreased to 80% of its initial effi-
ciency within 50 hours. In addition, the Cl4TmI-treated device
maintained 80% of its initial PCE after 496 hours of continuous

Fig. 4. Device performance and carrier dynamics. (A) J-V characteristics of PSCs based on different surface treatments. (B) Statistics showing the PCE distribution of the
devices with different treatments. (C) J-V characteristic of the champion device with reverse (solid dot) and forward (open dot) scans. Inset: SPO (stabilized power output)
of the corresponding device. (D) Space-charge–limited current (SCLC) characteristics of the hole-only devices treated with different ligands. (E) TRPL spectra of the glass/
perovskite/PTAA films with different ligand treatments between perovskite and PTAA. (F) Long-term stability of PSCs tested at 65°C under N2 environment. The initial PCE
of Cl4Tm and control devices are 20.9 and 17.5%, respectively. (G) Photostability tracking under the open-circuit condition of PSCs without and with Cl4TmI treatment.
The measurement was performed in the N2-filled glovebox with encapsulation. The initial PCE of Cl4TmI and control devices are 21.3 and 18.3%, respectively.
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operation under illumination using maximum power point tracking
under N2 environment with temperature around 45°C (fig. S32).

DISCUSSION
We present the pivotal role of organic molecular design in holisti-
cally manipulating the physical and energy landscapes to reduce
charge transfer barriers and defects at 3D/2D/HTL heterointerfaces.
The synergistic impact of tunable energy levels and molecular
packing geometry of conjugated ligands in 2D structures facilitates
efficient out-of-plane charge transport in 2D perovskites, while the
manageable energy alignment at 2D/3D heterojunction supports
charge extraction in device level. Our strategy of molecular engi-
neering enabled us to demonstrate a remarkable PCE of 24.6% for
n-i-p PSCs based on PTAA HTLs, addressing long-standing inter-
facial issues in PTAA-based devices.

MATERIALS AND METHODS
Materials
SnO2 (15% colloidal solution) was purchased from Alfa Aesar.
PTAA was purchased from 1-Material. 4-Isopropyl-4′-methyldi-
phenyliodonium tetrakis(pentafluorophenyl)borate (TPFB) was
purchased from TCI. PbI2 (99.9999% perovskite grade), CsI,
KOH, polyethylenimine (80% ethoxylated solution) (PEIE),
2,5-bis(tributylstannyl)thiophene, 2-bromo-3-methylthiophene,
tris(dibenzylideneacetone)dipalla-dium(0), tri(o-tolyl)phosphine,
n-butyl lithium, N-fluorobenzenesulfonimide, tetrabutylammo-
nium hexafluorophosphate (TBAPF6), lithium diisopropylamide,
and tributyltin chloride were purchased from Sigma-Aldrich. For-
mamidinium iodide, methylammonium iodide, methylammonium
chloride, and methylammonium bromide were purchased from
Greatcell Solar. Chlorobenzene, dimethylformamide (DMF), di-
methyl sulfoxide (DMSO), and iso-propanol (IPA) are all anhy-
drous and were purchased from Sigma-Aldrich.

2D perovskite single-crystal growth
The (Cl4Tm)2PbI4 single crystal was obtained by slow cooling
method. Two milligrams of Cl4TmI, 5 mg of PbI2, 200 μl of 57 wt
% (weight %) of hydroiodic acid (HI) solution, and 100 μl of H3PO2
were added to 1 ml of ethanol. The mixture was heated at 100°C
until dissolved and then the solution was slowly cooled to room
temperature over the course of 60 hours. By filtration and ethanol
wash, orange needle–like single crystals were collected.
The (Br4Tm)2PbI4 single crystal was obtained by solvent diffu-

sion method. A total of 0.01 M Br4TmI and 0.005 M PbI2 were dis-
solved in gamma-butyrolactone at 70°C overnight. After
dissolution, 0.1 ml of the precursor solution in a small vial was
placed in a large vial with 3 ml of chloroform as antisolvent.
Orange plate–like crystals precipitated out after 3 days. The crystal-
lization process was conducted at room temperature in atmosphere.

2D perovskite film fabrication
Glass slides were cleaned using soap water, water, acetone, and iso-
propanol for 15 min in ultrasonic bath; dried with a nitrogen gun;
and then were used as substrates for 2D perovskite thin-film fabri-
cation. The clean substrates were treated with UVOzone cleaner for
20 min before use. The precursor solution (200 μl) for spin-coating
was prepared by dissolving 0.2 M ligands and 0.1 M PbI2 in dry

DMF/DMSO (in 4/1 ratio) at 70°C. For spin-coating, 20 μl of pre-
cursor solution was used with a spin speed at 2000 rpm for 30 s. In
the end, as-prepared thin films were transfer to a heating plate to
anneal at 100° to 200°C for 10 min. The above precursor solution
preparation, spin,-coating and thermal annealing processes were
conducted in a N2 glove box.

PSC fabrication
The ITO/glass substrates were cleaned extensively with deionized
water, acetone, and isopropanol. The cleaned substrates were
UVO treated for 30 min before using. SnO2 (15 wt%) stock solution
was diluted with IPA:H2O (v/v = 1:1) to 2.14%, and then 0.61% pol-
yethylenimine ethoxylated (PEIE) solution was added to the SnO2
solution. The SnO2 solution was spun-coated onto the ITO sub-
strate at 3000 rpm, followed by annealing at 150°C for 30 min.
After UVO treating the SnO2 surface for 10 min, 10 mM KOH
solution was coated on to the substrate at 3000 rpm, followed by
another annealing at 150°C for 30 min. The SnO2 substrates were
UVO treated for 10 min before transferred into the glovebox to
conduct the following process. The perovskite film was coated on
SnO2 substrate with a two-step method. In the first step, the PbI2
solution (691.5 mg of PbI2, 19.5 mg of CsI, 900 μl of DMF, and
100 μl of DMSO) was spun-coated onto the substrate at 1500 rpm
for 30 s, followed by annealing at 70°C for 1 min. After cooling
down, the cation solution (90 mg of FAI, 5 mg of MAI, 10.8 mg
of MACl, and 1 ml of IPA) was coated on the PbI2 film at 1500
rpm for 30 s, followed by annealing at 150°C for 15 min under
ambient environment (50 to 70% relative humidity). For
FA0.88MA0.07Cs0.05PbI2.89Br0.11 devices, the composition of cation
solution changed to 90 mg of FAI, 3.2 mg of MABr, and 10.8 mg
of MACl in 1 ml of IPA. The perovskite film was then transferred
back to an N2-filled glovebox for ligand and HTL coating. The con-
jugated ligands were dissolved in a mixture of chlorobenzene and
isopropanol (9:1 v/v) with a concentration of 0.5 mg/ml. Because
of the properties of oligothiophene ammonia iodide salt, a
mixture of polar solvent and nonpolar solvent was selected for
better solubility. The concentration of the ligand solution was opti-
mized on the basis of its solubility and influence on device perfor-
mance. For ligand-treated devices, the ligand solution was coated on
perovskite surface at 4000 rpm, followed by annealing at 100°C for 2
min. PTAA HTL was prepared in chlorobenzene solution (30 mg/
ml), doped with 11% TPFB. The doped PTAA solution was stirred
at 45°C overnight to ensure full dissolving and doping of PTAA.
TPFB, a hydrophobic Lewis acid, is selected here as the dopant to
avoid the incorporation of small mobile Li+ into the system while
maintaining the hole mobility of PTAA. PTAA solution was spun
on perovskite film at 4000 rpm for 30 s, followed by annealing at
80°C for 5 min. Last, 90 nm of gold was evaporated onto the
device with shadow mask to determine the device area. For cham-
pion devices, 105 nm of MgF2 was evaporated on to the glass sub-
strate as an antireflection layer. Four pixels are made on each device
substrates, and more than 10 batches of devices were fabricated to
confirm the reproducibility.

Chemical characterization
NMR spectra were collected using a Bruker AV-III-400-MHz spec-
trometer. The cyclic voltammetry was completed with a CHI660
electrochemical analyzer. The working electrode is a glassy
carbon, and the counter electrode is a Pt wire. Ag/AgCl is the
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reference electrode, and the electrolyte is 0.1 M TBAPF6, 1 mM
ligand in dry dichloromethane. The measurement was conducted
at a scan rate of 40 mV/s under a N2-purged environment. Ferro-
cenewas added to the electrolyte to calibrate the reference electrode.

Thin film characterization
The 2D/3D thin films used for characterizations were prepared with
the same methods used in device fabrication, unless otherwise
noted. The thin-film XRD patterns were characterized with a
Rigaku Smart Lab equipped with a Cu Kα source (λ = 1.54056 Å).
The 2D layer formed on top of 3D thin films used for XRD charac-
terization was prepared by allowing the ligand solution (0.5 mg/ml)
to stay on the surface of 3D thin films for an extended time before
spun off. Steady-state PL spectra were measured using a SpectraPro
HRS-300. TRPL spectra were collected using a time-correlated
single-photon counting apparatus (PicoQuant) with a picosecond
pulsed laser at 447 nm as the excitation source. The water contact
angle image was captured with Ramé-hart Model 200. Fractional
absorptance was measured inside a Cary 6000i integrating sphere
center-mounted sample holder to account for diffuse and specular
scatter off the film and quartz substrate independently from absorp-
tion of photons by each film.
All TRMC measurements on the 3D/2D perovskite films were

recorded at 650-nm excitation, over one order of magnitude in ex-
citation power at the lowest fluence limit, while continuously
purging the microwave cavity with dry nitrogen. For the n = 1 2D
perovskite films, 512 nmwas used as the excitation wavelength, with
over two orders of magnitude in power. The pulse width of the 10-
Hz excitation beam is approximately 5 ns, and photoconductivity
transients were recorded over a 500-ns time window for all
samples. Fractional absorptance was used to quantify the TRMC
yield-mobility product data.
The UPS characterization was conducted with an H Lyman-α

photon source (E-LUX 121), which emits photon energy of 10.2
eV, and the electrons were detected with a 5.85-eV pass energy
using a multichannel plate detector and a hemispherical electron
energy analyzer while the perovskite samples were biased at −5
V. The XPS measurements were performed with the same PHI
5600 ultrahigh vacuum system and used an Al Kα source (1486.6
eV; PHI 04-548 dual-anode x-ray source) for excitation.
Both the KPFM and cAFM images were obtained using the

Asylum Research Cypher ES Environmental AFM in the air. The
samples for KPFM and cAFM measurements were prepared on
ITO/glass substrates as conductive substrates, and the AFM tips
used during the measurement were Ti/Pt-coated AC240TM-R3
tips (Oxford Instruments). All the KPFM measurements were con-
ducted with the same tip and repetitively checked with another tip.
In addition, during each KPFM measurement, the perovskite
sample was electrically grounded with a conductive sample
holder, which allows the surface potential of all the samples
having the same zero point. For cAFM, all the measurements
were conducted in the dark. Both the 2D thin-film samples and
2D single-crystal samples were biased at 3 V, while the 3D perov-
skite thin films treated with different ligands were biased at 0.8
V. The 2D single-crystal samples were transferred on to the sub-
strates through tape-peeling method.
Positive high–mass resolution depth profile was performed

using a TOF-SIMS NCS instrument, which combines a
TOF.SIMS5 instrument (ION-TOF GmbH, Münster, Germany)

and an in situ scanning probe microscope (NanoScan, Switzerland)
at the Shared Equipment Authority from Rice University.

Device characterization
The J-V curve characteristics were performed with simulated
AM1.5G irradiation (100 mW/cm2), produced by a Xenon lamp–
based solar simulator (Enlitech, SS-F5-3A). The light intensity
was calibrated with Si reference cell certified by National Renewable
Energy Laboratory (NREL). The active area was defined by Au elec-
trode and was measured under a microscope (around 0.05 cm2).
The voltage scan was conducted under both reverse scan (1.2 to
−0.1 V) and forward scan (−0.1 to 1.2 V). The voltage step is 40
mV from −0.1 to 0.8 V and 10 mV from 0.8 to 1.2 V. The devices
were measured in a nitrogen-filled glovebox. The EQE results were
collected at zero bias under an ambient environment on a home-
built equipment using a preamplifier and a lock-in amplifier at a
chopper frequency of around 161 Hz. The light source was calibrat-
ed with a reference Si (818-UV-L) diode. The SCLC characteriza-
tion was performed with hole-only devices (ITO/PEDOT:PSS/
perovskite/PTAA/Au), and the voltage was scanned from 0 to 5 V
with step size of 20 mV under a dark condition. The hole mobilities
were calculated by fitting the curve using Mott-Gurney law in
Child’s regime with the following equation

J ¼
9ɛ0ɛrμV2

8L3

where ε0 is the vacuum permittivity, εr (i.e., 25) is the relative dielec-
tric constant, μ is the charge mobility, V is the applied voltage, L is
the thickness of perovskite (700 nm), and J is the current density.
The defect density was calculated on the basis of the following

equation

Nt ¼ 2ɛ0ɛrVTFL
qL2

whereVTFL is the onset voltage of the trap filled limit region and q is
the elemental charge.
The capacitance-frequency measurements were performed at a

frequency range of 1000 kHz to 100 mHz using a VersaSTAT elec-
trochemical workstation (Ametek). The devices were measured
with zero direct voltage bias and a sinusoidal perturbation of 20
mV. The Mott-Schottky analysis was performed on the same equip-
ment at fixed frequency (10 kHz) with a scan from 0 to 1.2 V.

Device stability measurement
Formaximum power point stability test, the unencapsulated devices
were exposed under continuous LED light source under N2 envi-
ronment. The devices were biased with a voltage corresponding to
their maximum power point, and the current was continuously
tracked. For open-circuit stability test, the encapsulated devices
were exposed under continuous LED light source under N2 envi-
ronment. All the stability tests were performed without temperature
control, and the device temperature was around 45°C. For thermal
stability test, the devices were located on a hot plate with designated
temperature under N2 environment.

Supplementary Materials
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Supplementary Text
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In situ sensing physiological properties of biological
tissues using wireless miniature soft robots
Chunxiang Wang1,2†, Yingdan Wu1†, Xiaoguang Dong3*†, Milena Armacki4, Metin Sitti1,2,5*

Implanted electronic sensors, compared with conventional medical imaging, allow monitoring of advanced
physiological properties of soft biological tissues continuously, such as adhesion, pH, viscoelasticity, and bio-
markers for disease diagnosis. However, they are typically invasive, requiring being deployed by surgery, and
frequently cause inflammation. Here we propose a minimally invasive method of using wireless miniature soft
robots to in situ sense the physiological properties of tissues. By controlling robot-tissue interaction using ex-
ternal magnetic fields, visualized by medical imaging, we can recover tissue properties precisely from the robot
shape andmagnetic fields. We demonstrate that the robot can traverse tissues withmultimodal locomotion and
sense the adhesion, pH, and viscoelasticity on porcine andmice gastrointestinal tissues ex vivo, tracked by x-ray
or ultrasound imaging. With the unprecedented capability of sensing tissue physiological properties with
minimal invasion and high resolution deep inside our body, this technology can potentially enable critical ap-
plications in both basic research and clinical practice.
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INTRODUCTION
Sensing the physiological properties of soft biological tissues is im-
portant to understand the development of tissues and help diagnose
and treat diseases. The biomechanical and biochemical physiologi-
cal properties, such as electrophysiologic, metabolism, circulation,
thermal properties, and organ mechanics, across a variety of devel-
opmental stages in organs and organisms are key to understanding
the role of various forces in shaping life (1) associated with growth,
aging, regeneration, and wound healing (2, 3). Moreover, the bio-
mechanical and biochemical properties of tissues and organs also
have a strong correlation with the development of diseases (4, 5).
Sensing the physiological properties of soft tissues deep inside the
human body directly and accurately could thus help monitor and
understand disease development, as well as provide feedback
to therapy.
Methods of using medical imaging tools have been developed to

sense the mechanical properties of soft tissues. Optical coherence
elastography can sense the elastic property of soft tissues with a
spatial resolution at the submillimeter level (6) by combining
light transmission and photophysical interactions but has a
limited penetration depth of up to several millimeters. Ultrasonic
elastography (UE) (7, 8) and magnetic resonance elastography
(MRE) (9, 10) have a larger penetration depth (>10 cm), as well
as relatively good spatial (0.3 to 0.8 mm) and temporal (several
seconds) resolutions, but can only measure elasticity. Recent
works on ultrasonic transducers (11–13) attached to the human
skin can perform sensing at a spatial resolution of hundreds of mi-
crometers, which is promising for realizing deep (~4 cm) tissue
sensing of blood flow and elasticity. Despite these recent advances,

there are still limitations of using pure medical imaging to sense ad-
vanced physiological properties of tissues. For example, they could
only sense the elastic properties of tissues. Moreover, UE typically
has a relatively low signal-to-noise ratio (SNR), while MRE cannot
be performed on patients with implantable devices and obesity.
On the other hand, flexible and stretchable electronic devices

have been used to sense various physiological properties of soft bi-
ological tissues on the human skin (4, 5). Passive and active vibra-
tion sensors based on resonators on the skin, such as piezoelectric
actuators (14) and magnetic actuators based on Lorenz forces (15),
can sense the elastic properties of soft tissues, but these methods can
only sense physiological signals limited to a few millimeters close to
the epidermis, limiting their application for deep tissue sensing.
Other flexible sensors implanted inside the organs can sense deep
tissue properties but require open surgery for implantation andmay
potentially cause inflammation (16). For example, existing devices
for measuring the pH of tissues, such as electrical impedance spec-
troscopy (17), are typically wired and rely on endoscope delivery,
which is more invasive, and lack the mobility to be easily relocated.
Ingestible robotic capsule endoscopes (18–20) with various active
locomotion have been shown to sense the physiological properties
of the gut in the gastrointestinal (GI) tract. However, they typically
have a larger size at the centimeter scale due to the difficulty of
scaling down power and communication modules, which limits
their access to narrow areas with collapsed tissues and makes
them potentially lead to obstruction (19).
Here, we propose a framework combining wireless soft robots

and medical imaging to sense advanced physiological properties
of tissues, including adhesion, pH, and viscoelasticity deep inside
the organs. The millimeter-scale soft robots, actuated by magnetic
fields remotely, can attach to and detach from the surface of soft
tissues in a controlled manner and interact with soft tissues using
their static and dynamic body shapes while being monitored and
tracked by medical imaging, such as ultrasound and x-ray medical
imaging. Compared with previously reported implanted electronic
sensors (14, 21), magnetic microdevices (22, 23), and capsule endo-
scopes (18–20) for sensing the properties of tissues (20, 21), the
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untethered multimodal locomotion capability of our wireless soft
robot could enable access to enclosed and confined spaces with
minimal invasion. Our method could potentially sense the physio-
logical properties of tissues, such as adhesion, pH, and viscoelastic-
ity, which are challenging to be sensed using conventional medical
imaging tools, electronic sensors, and other existing
medical devices.

RESULTS
Sensing mechanism
Our proposed sensing framework is composed of three key compo-
nents: a wirelessly actuated soft robot; a medical imaging module,
such as ultrasound imaging or x-ray fluoroscopy machines, for
tracking the robot shape; and the targeted soft tissue (Fig. 1A).
The robot soft body shape is precisely controlled by external mag-
netic fields generated by a customized magnetic actuation system
(figs. S1 and S2). As shown in Fig. 1B, the robot has multiple loco-
motion modes, including walking and climbing on soft tissue sur-
faces, crawling in narrow crevices, and swimming inside liquids, to
navigate through complex terrains and attach to soft tissue surfaces
by a bioadhesive patch bonded to the robot body, which is

controlled by different external magnetic fields (24). Two types of
robot-tissue interaction are reported, which are static and dynamic
interactions. In the static interaction, the robot body interacts with
the soft tissue in a static manner, where the damping force is neg-
ligible, as showcased with a buckling-based motion in Fig. 1C. In
the dynamic interaction, the robot constantly experiences a time-
varying magnetic field, resulting in a dynamic deformation of the
tissue surface, which depends on both the magnitude and frequency
of the external magnetic fields. Figure 1D shows that the robot can
attach its whole body to the soft tissue surface and perform an un-
dulating motion.
To show the fundamental mechanisms of sensing soft tissue

physiological properties, we develop a wireless soft millirobot by
bonding bioadhesive patches on the robot body. Our control strat-
egies allow the robot to interact with soft tissues for in situ sensing,
where we implemented our previously reported switchable tissue
adhesion mechanism (24) on this robot. As shown in Fig. 2A, the
robot has a magnetoelastic soft body, two ring-shaped footpads, and
an adhesive patch bonded to the body surface. The robot (length, L;
width,w; thickness, t) has magnetization magnitude and phase pro-
files M(s) and ϕ(s) (s ∈ [0, L], s: material coordinate) shown in
Fig. 2B, which allows it to realize desired multimodal locomotion,

Fig. 1. Concept of in situ sensing the physiological properties of soft tissues by a wireless miniature soft robot. (A) Concept of wireless miniature soft robots for
sensing soft tissue properties in the gastrointestinal (GI) tract. The inner x-ray image presents an example of the visualized robot body and porcine small intestine tissue.
(B) Schematics of the overall sensing mechanism using a wireless miniature soft robot with multimodal locomotion capability. Left: Process of delivering the robot, robot
navigation, and performing local sensing task. Right: Multimodal locomotion modes of the robot, including walking and climbing on tissue surfaces, crawling in tubular
channels, and swimming in fluids. (C) Sensing soft tissue properties by static robot-tissue interactions, showcased by sensing tissue adhesion and pH values. The subplot
illustrates the real robot. (D) Sensing tissue properties by dynamic robot-tissue interactions showcased by sensing tissue viscoelastic property. The subplot shows the real
robot. In all figures, scale bars are 1 mm.
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including climbing, crawling, and swimming (24). The robot foot-
pads have microspikes coated with hydrogel and tough bioadhesives
made of chitosan, as shown in Fig. 2C, so that it can attach to and
detach from tissue surfaces controlled by external magnetic fields.
The conical microspikes ensure large friction on tissue surfaces,
while the biocompatible chitosan-based bioadhesive, capable of
cross-linking with the mucus layer, provides large adhesion (24).
Two fundamental mechanisms have been proposed for sensing

the physiological properties of tissues in situ. First, the robot can use
buckling-based static shapes to sense robot-tissue adhesion
(Fig. 2D). Such adhesion measurement can also be used for
sensing various mechanical properties of tissues, such as pH and
temperature, by using stimuli-responsive adhesives (25). A remote
magnetic field (Fig. 2E) is controlled to induce the buckling motion
by the distributed magnetic torque along the robot body, which will
be discussed in detail in the next section. The fundamental principle
is that when the robot’s two footpads attach to a soft tissue surface

(Fig. 2D, i), a magnetic field B perpendicular to the tissue surface in
the negative y direction will induce the deformation of the robot
body toward the tissue surface (Fig. 2D, ii). The adhesive patch
will be loaded to the tissue surface due to a buckling effect (26).
After removing the magnetic field, the robot will maintain the
buckled shape due to the patch-tissue adhesion (Fig. 2D, iii). Grad-
ually increasing the magnetic field in the positive y direction
(Fig. 2D, iv) will result in a distributed magnetic torque to detach
the adhesive patch from the tissue surface once the B field reaches a
threshold value (Fig. 2D, v). Moreover, the patch-tissue adhesion
can be estimated using the robot body shape and the input magnetic
field based on a magnetoelastic model using the Euler-Bernoulli
Beam theory (see the “Estimating robot-tissue adhesion” section
in note S1). As illustrated in Fig. 2D, the static shape of the robot
body is described by θ(s) and ∂θ∂s, which are the slope angle and cur-
vature of the robot body at a specific location s ∈ [0, L], respectively.
The robot shape data can be obtained by optical imaging in vitro

Fig. 2. Mechanism of sensing the physiological properties of soft tissues in situ by a wireless miniature soft robot. (A) Schematics of the robot design for sensing
robot-tissue adhesion. The size of the adhesive patch could be adjusted during fabrication to allow two different attaching modes [partial contact in (D) or full contact in
(F)] when contacting soft tissues. The finalized robot size is 6.5 mm × 2 mm × 15 mm (L × w × t). (B) Magnetization profile of the soft robot. The blue arrows indicate the
magnetization profile M(s) of the robot body. (C) Robot footpad design with microspikes and chitosan-based bioadhesives (27) for multimodal locomotion. (D) Sche-
matics of the buckling-based motion of the robot when interacting with soft tissues for adhesion sensing. (E) Time-varying magnetic field for inducing the buckling
motion of the robot when interacting with soft tissues. Bload denotes the magnetic field applied to load the adhesive patch into contact with the substrate. Bdetach
represents the magnetic field required to detach the adhesive patch from the substrate. The magnetic fields at time stamps t1 to t4 are corresponding to those
shown in (D). (F) Illustration of the deformation of the robot and tissue in a period when the robot is actuated by a rotating magnetic field of the constant magnitude
at various frequencies (top, low frequency; bottom, high frequency). (G) Magnetic field waveforms for inducing the dynamic shapes of the robot. The time frames cor-
respond to their counterparts in (F). εyy represents the material strain at the location of s = 3.25 mm at the robot-material interface.
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and medical imaging in vivo, while the input magnetic field can be
obtained from the calibrated magnetic actuation system (fig. S1).
In addition, our robot can also adhere to and dynamically inter-

act with soft tissues to sense their viscoelastic properties under a pe-
riodic magnetic field waveform (Fig. 2F). For example, Fig. 2G
shows rotating magnetic fields with a constant magnitude at
various frequencies. The tissue viscoelastic properties can be esti-
mated from the tissue normal strain εt

yy (or the tissue normal dis-
placement ut

y) and the tissue normal stress σt
yy at the robot-tissue

interface. At the robot-tissue interface, we have σt
yy ¼ � σr

yy and
ut

y ¼ ur
y, where σr

yy and ur
y are the robot’s normal stress and displace-

ment, respectively. We can further use the dynamic shape of the
robot to approximate the tissue strain and stress using a magnetoe-
lastic model. Given a specific robot, we assume that the normal
stress of the soft tissue is proportional to the external magnetic
field with a scaling factor ky assuming small deflections. When sub-
jected to a rotating magnetic field with a frequency of f = ω/2π, σr

yy
can be estimated from the magnetic field given by
σr

yy ¼ ky½MðsÞ;Kr�BðωtÞ, where ky is a function of the bulk
modulus Kr and the magnetization profile M(s) of the robot, inde-
pendent of the external magnetic field and the soft tissue properties.
Therefore, if we perform the frequency sweeping for the function εtyy
ðωtÞ=ByðωtÞ by varying ω, we can estimate the storage and loss
moduli of the tissue E′ and E″ using the low- and high-frequency
parts of the frequency response described in the “Estimating
tissue viscoelastic properties” section in note S2.

Sensing robot-tissue adhesion using static robot-
body shapes
In Fig. 3 and movie S2, we present the robot design, characteriza-
tion, sensing mechanism, and validation results for sensing robot-
tissue adhesion and, therein, the tissue pH values at a specific loca-
tion. A 2 mm × 0.5 mm × 0.35 mm adhesive patch coated with pH-
sensitive bioadhesives is bonded at the middle of the robot body
(Fig. 3A). The patch is composed of three layers: a layer of elastomer
(thickness: 0.1 mm), a thin layer of coated hydrogel (thickness: 0.05
mm), and a layer of pH-sensitive bio-adhesive (thickness: 0.2 mm).
The hydrogel layer serves as a dissipative matrix material for tough
adhesives (27) as well as a bonding material between the elastomer
patch and bioadhesive. The pH-sensitive bioadhesive layer com-
bines both the chitosan-based bioadhesive for tough adhesion to
mucus-covered tissues via cross-linking (27) and the catechol-bor-
onate–based hydrogel adhesive for pH-responsive adhesion via
amine-borate complexation (see the “Fabrication of the adhesive
patch for sensing adhesion and pH” section in Materials and
Methods) (28, 29).
We quantify the pH-sensitive adhesion to tissue surfaces of the

adhesive patch in Fig. 3 (B and C). Figure 3B compares the adhesion
of the adhesive patch on ex vivo porcine stomach and small intestine
tissue surfaces with different pH values. Standard phosphate-buff-
ered saline (PBS) buffer solutions with different pH values are
added to the same tissue surfaces to achieve the desired pH
values, validated by a pH indicator. With a preload of 0.5 mN in
a customized adhesion measurement setup (fig. S3 and movie S2),
we perform a systematic measurement of the patch-tissue adhesion.
The adhesive patch shows adhesion of 1.08 ± 0.07 mN on an acidic
porcine stomach surface with pH 1 but only 0.54 ± 0.06 mN on the

same porcine stomach surface with pH 3. Furthermore, the adhesive
patch shows the adhesion of 0.56 ± 0.04 mN on the porcine small
intestine surface with pH 5, while only 0.23 ± 0.09 mN on the same
porcine small intestine surface with pH 7.4.
In Fig. 3C, we further prove that the patch-tissue adhesion is

almost linearly dependent on the pH of the tissue surface so that
the patch-tissue adhesion can be used to sense pH assuming
similar surface conditions. First, the pH-responsive properties of
the adhesive patch can be designed to sense a wide range of pH
values. For example, the adhesion decreases from 1.08 ± 0.07 to
0.31 ± 0.12 mN on the porcine stomach tissue surfaces when the
pH increases from 1 to 5. This pH range can cover most of the pos-
sible cases in the stomach. For example, the average pH is about 5.4
± 2.1 in patients with gastric cancer, 3.0 ± 2.2 for gastritis, 2.4 ± 1.9
for gastric ulcers, 1.3 ± 0.6 for duodenal ulcers, and 1.7 ± 0.2 for
normal subjects (30). Meanwhile, the adhesion decreases from
0.58 ± 0.03 to 0.11 ± 0.05 mN on porcine small intestine tissue sur-
faces when a pH increases from 4 to 8. In addition, our pH-respon-
sive adhesive patch shows a comparable sensitivity of 1 pH unit like
the commercial pH-indicator strips pH 2.0 to 9.0 (MQuant 1.09502,
Sigma-Aldrich Inc.) with a sensing range from 1 to 8.
Figure 3D shows the design of the robot for achieving both

desired climbing locomotion and the adhesion sensing function.
To achieve both climbing locomotion and deployment for
sensing, we optimize the robot body design with a key design pa-
rameter—the thickness-to-length ratio (TLR), which compromises
the climbing locomotion and the buckling-based attachment to
tissues. With a relatively small TLR, the robot can be deployed
with a buckling motion easily due to a relatively small bending stiff-
ness, but the robot has degraded climbing locomotion due to insuf-
ficient net magnetic torque (fig. S4). We perform a systematic
parameter sweeping of the TLR from 0.018 to 0.033 (body thickness:
0.15 mm) to optimize the TLR for both the robot climbing locomo-
tion and the buckling-based attachment to tissues. We find that a
TLR of 0.023 (body length: 6.5 mm) allows a sufficient climbing
ability with a wide range of reachability quantified by the ratio of
the distance between the footpads to the length of the robot body
(0.3 to 0.5) while using a relatively small actuation magnetic field
(<20 mT). The robot with a TLR of 0.023 also allows easy deploy-
ment, as showcased in Fig. 3E and movie S1.
Figure 4A shows the schematics of estimating the robot-tissue

adhesion using a magnetoelastic model. Given the robot static
shapes parameterized by θ(s), ∂θðsÞ∂s , and the external magnetic field
B, we can estimate the patch-tissue adhesion. Figure 4B illustrates
the free-body diagram of the robot under a “pinned-fixed-pinned”
boundary condition, where the adhesion Fa between the adhesive
patch and the tissue surface is balanced by the reaction forces F1
and F2 in addition to the robot body weight. As shown in Fig. 4C,
F1, F2, and Fa can be estimated by solving the moment and force
balance equations based on the Euler-Bernoulli beam theory (see
“Estimating robot-tissue adhesion” section in note S1). As an
example, Fig. 4D illustrates the sensing process of the robot-material
adhesion Fa on a substrate surface of Ecoflex-0030 silicone rubber
(1:1 weight ratio). In this process, the robot is first loaded for attach-
ment with an external magnetic field of 13.4 mT for 5 s in the +y
axis. Then, an external magnetic field in the −y axis is applied from
0mTwith amagnitude interval of 2.7 mTand a time interval of 2.5 s
until the robot is detached from the surface. Note that our method
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yields consistent adhesion estimation results for over five repetitions
with an average relative SD of 4.4%, as shown in fig. S5.
To further verify our sensing method, we compare the estimated

adhesion using the soft robot on various synthetic substrate surfaces
with the adhesion measured by a high-precision force sensor in a
customized adhesion measurement setup (fig. S3). Figure 4E com-
pares the estimated adhesion and the reference adhesion for syn-
thetic surfaces with various adhesion properties. For the adhesion
range from 0.13 ± 0.02 to 0.82 ± 0.02 mN, the estimated results from
the proposed sensing method match the reference adhesion with
relative errors all less than 12%, as shown in Fig. 4E and movie
S2. The proposed method is also applicable to a substrate surface
with relatively large curvatures. We perform the sensing experi-
ments on the convex, flat, and concave surfaces with a curvature
of −250, −150, 0, 150, and 250 m−1 covered by the 2-mm-thick
Ecoflex-0030 silicone rubber sheets (1:1 weight ratio). The relative
errors between the estimated adhesion on curved surfaces and the
measured force are less than 2.6% (Fig. 4F). In summary, the pro-
posed sensing method can estimate the robot-substrate adhesion
with a relative error less than 20% for a wide range of adhesion
from 0.13 ± 0.02 to 0.82 ± 0.02 mN and various curvatures from
−250 to 250 m−1.
To further quantify the performance of sensing robot-tissue ad-

hesion and therein the pH values, we use the robot to sense adhe-
sion on various tissue surfaces with different pH values. Figure 4G
compares the estimated adhesion by the proposed method and the
reference adhesion measured by a high-precision force sensor (fig.
S3) on tissues, including rat stomach, porcine stomach, and porcine

small intestine (see fig. S6 for more detailed comparisons for the
same tissues covered by PBS solutions of various pH values). The
relative errors in adhesion between the estimation and the measured
values for all three tissues are less than 10%. Therefore, the proposed
method could potentially enable minimally invasive sensing of the
tissue adhesion and pH at a hard-to-reach spot inside the human
body with the aid of medical imaging devices.

Sensing viscoelasticity of soft tissues using dynamic robot-
body motion
In Fig. 5, we present the design of the soft robot to sense tissue vis-
coelastic properties with dynamic robot-body motion. To maintain
the robot-tissue attachment during the dynamic interactions, a 6.5
mm × 2 mm adhesive patch is bonded to the robot body (Fig. 5A).
The adhesive patch is fabricated by coating the robot body with hy-
drogel and bioadhesive sequentially with a total thickness of about
0.05 mm (see the “Fabrication of the adhesive patch for sensing
tissue viscoelasticity” section in Materials and Methods). The adhe-
sive layer bonds the robot and tissue surfaces together while having
a minimal effect on the robot-tissue dynamic interactions. We
further show that the adhesion strength between the robot and
tissue surfaces can be adjusted by the contact time in Fig. 5B. The
adhesion between the bioadhesive patch and the porcine small in-
testine tissue is a function of the contact time, characterized by a
customized setup with a preload of 0.1 mN (fig. S3). The bonding
process involves the intermolecular interaction and cross-linking
between the bioadhesive and the mucus, which is time dependent
(29). When the bonding is sufficiently formed (after 1 min), the

Fig. 3. Sensing the adhesion and pH of soft tissues using a wireless miniature soft robot integrated with a pH-responsive adhesive patch. (A) Design of the soft
robot with a pH-responsive bioadhesive patch. (B) Normal force between the adhesive patch and the soft tissues as a function of the displacement. The adhesion is
quantified using the maximum pull-off force (negative normal force) as denoted in the plot. Soft tissue: porcine stomach and porcine small intestine. (C) pH-responsive
properties of the adhesive patch on porcine stomach and small intestine tissues. (D) Feasible robot thickness-to-length ratio (TLR) for realizing both the climbing loco-
motion and the buckling-based deployment. t, L, and d are the robot body thickness, body length, and the distance between the footpads when buckling, respectively.
The selected robot geometry design is marked by the green box. A small d/L disables the buckling due to the large curvature of the robot body and consequently a large
bending stiffness, while a large d/L hampers the climbing mobility because of the insufficient net magnetic torque. (E) Climbing-based deployment of the robot to the
targeted position and the buckling-based sensing of the robot adhesive patch to the soft tissue surfaces. Scale bar, 1 mm. In all figures, the error bar represents the SD for
n = 5 measurements. The measurements involved a pH-responsive bioadhesive patch per sample, with n indicating the number of samples.
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adhesion per unit area is around 509 ± 47 N/m2 and large enough to
maintain the robot-tissue attachment. In addition, the adhesion per
unit area is still within 574 ± 83 N/m2 as the contact time reaches 10
min, enabling the on-demand detachment under magnetic
actuation.
Figure 5C shows the robot attachment, sensing, and detachment

behaviors for sensing tissue viscoelasticity. First, the robot is de-
ployed and adheres its bioadhesive side to the targeted tissue area
with the whole-body torque generated by the nonzero net magnetic
torque τnet. Then, the robot is actuated to sense tissue viscoelasticity
under a rotating magnetic field (magnitude: 7.5 mT). When the
sensing process is completed, the robot body is detached from the
tissue surface under a magnetic field with a relatively large magni-
tude (~26 mT). Figure 5D shows the minimum magnetic field

needed for the detachment as a function of the contact time when
the robot is attached to the porcine small intestine tissue. A more
detailed illustration of the robot dynamic motion under a rotating
magnetic field is presented in Fig. 5E and movie S3, where the robot
undulates when attaching to an agarose gel [0.3 weight % (wt %)]
back layer under a rotating magnetic field (24 mT, 0.1 Hz).
We further demonstrate the method to estimate the tissue

storage modulus E′ and the loss modulus E′′ using a frequency
sweeping method based on the mechanical model in Fig. 6A. On
the one hand, E′ is estimated under a low-frequency (0.1 Hz) rotat-
ing magnetic field. In this case, the robot deformation magnitude is
only dependent on E′ and the effect of E′′ is negligible. As illustrated
in Fig. 6B, the robot shows distinct deformation magnitudes when
interacting with materials of different E′ upon applying the same

Fig. 4. Quantification of the performance of sensing robot-tissue adhesion and therein the pH. (A) Schematics of the overall sensingmechanism. The robot shape is
assumed to be known and described by functions θ(s) and ∂θðsÞ

∂s . The magnetic field input is assumed to be known as B(t). (B) Schematics of the robot-tissue interaction
model. (C) Schematics of the distributed torque and force applied to the robot body. (D) Top: Snapshots of the robot at rest, the robot loaded for attachment, the robot to
be detached, and the robot just detached (movie S2). Bottom: Magnetic field input signals and the estimated forces. The proposed method yields consistent adhesion
estimation results for over five repetitions with an average relative SD of 4.4%. Synthetic substrate material: FxPro 1:2 (Dragon Skin FX Pro/1 Silicone Rubber; mixture ratio,
part A:part B = 1:2 by weight, Smooth-On Inc.). (E) Comparison of the estimated and real robot-tissue adhesion on synthetic materials (see “Preparation of synthetic
materials for adhesionmeasurements” section inMaterials andMethods). (F) Estimated adhesion on curved surfaces of synthetic materials. Estimated adhesion lies within
the range of 0.596 to 0.606 mN compared to the measured adhesion of 0.612 ± 0.020 mN. r is the curvature radius. Material: Ecoflex 0030 silicone rubber with a weight
ratio of 1:1 (Smooth-On Inc.). (G) Estimated robot-tissue adhesion on different animal soft tissue surfaces. In all figures, scale bars are 1 mm. Error bars indicate the SD for n
= 5 measurements. For the estimation data, the measurements involved a robot per sample, with n indicating the number of samples. For the reference data, n is the
number of samples measured by the setup in fig. S3.
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low-frequency magnetic field (20 mT, 0.1 Hz). The average material
strain εyy at the robot-material interface, calculated by εyy ¼

Ð 0:7L
0:3Lεyy

ðsÞds=0:4L (L = 6.5 mm; see Fig. 6B, i, and fig. S7), varies signifi-
cantly with the amplitude of 0.19 and 0.11 for E′ = 3.2 ± 0.3 kPa
and 6.2 ± 0.5 kPa, respectively.
On the other hand, E′′ is estimated from the robot deformation

magnitude change by sweeping the rotating magnetic field at differ-
ent frequencies. As shown in Fig. 6C, the robot deforms less for the
same material when the actuation frequency increases, and the εyy
amplitude drops from 0.23 to 0.08 under the actuation frequency of
1.9 and 14.2 Hz. In our method, the scaling factors k and kτ, inde-
pendent of materials, are first calibrated using synthetic materials to
obtain the function E′ ðεyy=ByÞ and E″ ðεyy=ByÞ, which are further
used to estimate E′ and E″ of tissues (see the “Estimating tissue vis-
coelastic properties” section in note S2). First, E′ ðεyy=ByÞ is estimat-
ed under the actuation frequency of 0.1 Hz. In Fig. 6D, we use the
agarose and gelatin gels as the training and validation materials to
obtain the fitted function εyy=By ¼ 54:128ðE0Þ

� 1:067. In this func-
tion, k is calibrated as 54.128 Pa/mT, and the index value −1.067
is close to −1, which validates that E″ has a negligible effect on
the estimation of E′ under the 0.1-Hz actuation. It is notable that
the E′ of the experiment synthetic materials ranges from 1.9 ± 0.2
kPa to 51.2 ± 0.6 kPa, which covers the stiffness range of most soft
tissues (31). After E′ is estimated, the frequency sweeping method is

used to compute the time constant τ, as shown in the subplot of
Fig. 6E. Further, kτ, the ratio of τ to E′/E″, is calibrated with the
agarose-based viscoelastic gel and further validated by the gelatin-
based gel and chicken breast tissue (kτ = 0.0703 s; Fig. 6E), through
which E″ is obtained on the basis of the estimated E′ and τ. Last, the
healthy porcine GI tissues are adopted to test the viscoelasticity
sensing method ex vivo. Figure 6 (F and G) shows that the estimated
E′ and E″ of the tissues match the reference moduli characterized by
the rheometer. The relative errors are within 8% for E′ and 12% for
E″, as shown in the subplots of Fig. 6 (F and G). Notably, the degree
of robot deformation can be controlled by adjusting the magnetic
field. This helps minimize the effect of sample boundary conditions
on the robot deformation, particularly when the material thickness
is small (see fig. S8), and εyy in the robot coordinate system is
adopted for the calibration process (see fig. S9).
Our robot also has the potential to achieve distributed sensing

due to the continuous stress imposed on the contact interface
along the robot body. The method can be potentially used for
disease location sensing during its development, such as cystic fi-
brosis in lungs (32). As illustrated in Fig. 6H (i) and movie S3,
the robot contacts the stiff cylinder and is actuated by the rotating
magnetic field, during which the robot deformation difference with
and without a stiff cylinder can indicate the cylinder location in
Fig. 6H (ii). Correspondingly, the material deforms less at the

Fig. 5. Sensing the viscoelasticity of soft tissues using awireless soft robot integrated with a bioadhesive patch. (A) Bioadhesive patch design. The adhesive patch
is made of a hydrogel layer coatedwith bioadhesives. (B) Adhesion between the robot adhesive patch and the soft tissues as a function of the contact time. The soft tissue
is from the porcine small intestine. Error bars indicate the SD for n = 5 measurements. The measurements involved a robot adhesive patch per sample, with n indicating
the number of samples. (C) Video snapshots (movie S1) of the deployment, sensing, and retrieval process of the soft robot on the porcine small intestine surfaces. (D)
Magnitude of the applied rotating magnetic field for detaching the adhesive patch from soft tissues as a function of the contact time. The soft tissue is from the porcine
small intestine. (E) Video snapshots (movie S3) of the robot dynamic shape when interacting with the agarose gel (0.3 wt %) under a rotating magnetic field with a
magnitude of 24 mT and a frequency of 0.1 Hz. In all figures, scale bars are 1 mm.
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Fig. 6. Quantification of the performance of sensing viscoelasticity. (A) Illustration of the mechanic model for the dynamic robot-material interaction. (B) (i and ii)
Robot dynamic shape when interacting with different synthetic materials. Material: 0.3 and 0.4 wt % agarose gel with E′ = 3.2 ± 0.3 and 6.2 ± 0.5 kPa, respectively. (iii and
iv) Applied magnetic field waveform and the measured normal strain εyy at the robot-material boundary. εyy ¼

Ð 0:7L
0:3LεyyðsÞds=0:4L (L = 6.5 mm), as the middle part of the

robot body has the largest signal-to-noise ratio (SNR) (see fig. S5). (C) (i and ii) Robot dynamic shape subject to rotating magnetic fields of different frequencies. (iii and iv)
By and εyy at the robot-material boundary. Material: 70-0.3 agarose-based gel (weight ratio, sucrose:water:agarose = 70:30:0.3) with E′′ = 439.1 ± 46.8 Pa. (D) Correlation
between εyy/By and the reference storagemodulus E0ref of different synthetic gels. (E) Correlation between the measured time constant τ and the ratio of the characterized
loss modulus E00ref and storage modulus E

0
ref . Subplot: frequency response of the robot normal deformation [magnitude: 20logðεyy=ByÞ]. (F and G) Comparison of the

estimated and real (F) E′ and (G) E′′ of different porcine tissues. (H) Sensing simulated disease spots spatially. (i) Fluorescence image of a tested sample. A stiff cylinder
of 1.0 wt % agarose gel (E’ = 51.2 ± 0.6 kPa; diameter, 2 mm) is embedded inside the 0.3 wt % agarose gel (E’ = 3.2 ± 0.3 kPa). (ii) Comparison of the robot deformation with
and without a cylinder. (iii) Comparison of the material maximum displacement distribution with and without a cylinder. Scale bar, 1 mm. In all figures, error bars rep-
resent the SD of n = 5measurements. For the estimation data, themeasurements involved a robot per sample, with n indicating the number of samples. For the reference
data, n is the number of samples measured by the rheometer (Discovery HR-2, TA Instruments).
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cylinder location (Fig. 6H, iii). In fig. S10, the location and diameter
of the cylinder are adjusted to simulate different occasions, and the
corresponding robot and material deformation are shown in figs.
S11 and S12. By analyzing the robot deformation, the cylinder loca-
tion and its influence on the surrounding area can be quantified
(fig. S13).

Sensing soft tissue mechanics ex vivo for organs with
diseases
To show the potential of using our robot tomonitor and understand
the biomechanics of soft tissues with diseases, we present ex vivo
sensing tissue pH and viscoelastic properties of soft tissues using
our robot together with x-ray imaging in Fig. 7 and movies S4
and S5. The robot is first deployed into the diseased area of the

mouse models and then actuated by the external magnetic field to
implement the sensing functions, as shown in Fig. 7A. An x-ray
cabinet imaging tool tracks the robot and surrounding soft tissues
during the sensing processes. Figure 7 (B and C) shows that the
static and dynamic robot-body shapes can be distinguished from
the soft tissues in the x-ray images. For dynamic shape-based
sensing, this framerate can allow sensing the storage modulus E′
of soft materials and the loss modulus E″ of the soft material with
a cutoff frequency up to 7 Hz based on the Nyquist sampling crite-
rion. The x-ray imaging device has a framerate of 30 frames per
second (FPS), which is sufficiently fast for imaging robot-body
dynamic motion with a frequency of less than 10 Hz. Notably, the
x-ray radiation dose in our experiment is under 410 μSv/hour (see
the “x-ray medical imaging” section in Materials and Methods),

Fig. 7. Demonstration of measuring the physiological properties of soft tissues in an ex vivo intestinal disease model using x-ray medical imaging. (A) Sche-
matics of sensing the tissue physiological properties in ex vivo disease model under x-ray medical imaging. (B) Video snapshots (movie S4) of sensing the pH of the tissue
by the robot with the pH-responsive bioadhesive patch under x-ray cabinet imaging. (C) Video snapshots (movie S5) of sensing the viscoelastic properties of the tissue by
a soft robot with the bioadhesive patch attached to one side of the whole robot body visualized by x-ray cabinet imaging. (D) Sensed adhesion between the soft robot
and stomach tissue of mice with and without the thirty-eight–negative kinase 1 (TNK1) expression–related disease (34). The subfigure shows sensing adhesion on mice
stomach tissues (D4) ex vivo. (E) Sensed viscoelastic properties of colon tissue of mice with and without the TNK1 expression–related disease. The subfigure indicates
sensing viscoelasticity on mice colon tissues (D4) ex vivo. In all figures, error bars represent the SD. For the estimation data, n = 3 tissue samples were prepared, with a
robot attached per sample. For the reference data, n = 5 tissue samples were measured by the customized setup (fig. S3) for adhesion or the rheometer (Discovery HR-2,
TA Instruments) for viscoelastic properties. Scale bars, 1 mm.
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which is safe for live animal experiments (33). In addition, we also
show that ultrasound imaging can be used for tracking the robot
body shape to sense tissue viscoelastic properties with a framerate
of up to 30 FPS (fig. S14).
Further, mice with forced expression of thirty-eight–negative

kinase 1 (TNK1), which exhibit impaired intestinal barrier (34),
and healthy wild-type littermates are used to showcase the proposed
methods for sensing pH and viscoelasticity to diagnose diseases.
Regulation of apoptosis and immunomodulatory functions have
been ascribed to TNK1, which is a promising target during multi-
organ dysfunction syndrome to prevent damage in several organs,
especially the gut. Because of the TNK1 expression, the normal in-
testinal architecture is perturbed. In addition, the basal pH in the
stomach of the TNK1-expression mouse is higher than that of a
mouse from the healthy control group (fig. S15) since the diseased
mice are fasted because of abnormal intestinal activities (34).
Figure 7D compares the robot-tissue adhesion estimated by the

proposed method, the reference data measured by the high-preci-
sion force sensor, and the pH value measured by the pH indicator
of the mice stomach tissues with (H1 to H5) and without a TNK1
expression–related intestinal disorder/disease (D1 to D5). Despite
the deviations among individuals from the same group, the
TNK1-expression disease shows high relevance with the estimated
adhesion results, which also matches the reference results and the
corresponding pH values. The proposed adhesion sensing method
shows its ability to indicate the difference in adhesion or pH of the
ex vivo tissues, with 0.32 ± 0.01 mN to 0.44 ± 0.01 mN for TNK1
expression–diseased mice compared to 0.47 ± 0.02 mN to 0.59 ±
0.02 mN for healthy mice, potentially serving as a minimally inva-
sive tool for detecting diseases.
Figure 7E compares the storage and loss moduli estimated using

our method and the reference data characterized by a rheometer of
the colon tissues of mice with (H1 to H5) and without a TNK1 ex-
pression–related disease (D1 to D5). The estimated storage and loss
moduli for the TNK1-expression mice range from 1.9 ± 0.3 to 3.4 ±
0.8 kPa and 0.5 ± 0.1 to 1.2 ± 0.3 kPa, respectively, whereas the es-
timated storage and loss moduli for the healthy mice are from 6.5 ±
1.3 to 11.3 ± 1.8 kPa and 1.8 ± 0.4 to 3.8 ± 0.6 kPa, respectively. The
estimated results are consistent with the reference data measured by
the rheometer and can indicate the abnormal viscoelastic properties
of the tissues.

DISCUSSION
We have reported a generic framework to sense the physiological
properties of soft tissues using wireless miniature soft robots and
medical imaging. A fundamental magnetic-mechanical model is de-
veloped to recover the mechanical properties of soft tissues, such as
adhesion and viscoelasticity, with the tracked robot shape changes
using medical imaging. This framework has been showcased with
two example applications. One is a soft robot with an integrated
pH-responsive adhesive patch for sensing robot-tissue adhesion
and therein the correlated pH values using a buckling motion.
The other one is a soft robot with an integrated adhesive patch
that can be deployed on soft tissue surfaces and measure the visco-
elasticity of soft tissues using a dynamic undulating motion. We
have performed systematic experiments on synthetic materials
and ex vivo soft tissues and validated the sensing mechanisms by
comparing them with direct and high-precision measurements of

the synthetic materials and biological soft tissues. Last, we have
demonstrated the feasibility of sensing the mechanics of soft
tissues in mice with diseases as a tool for diagnostics and monitor-
ing GI tract diseases.
Compared with other implantable magnetic and electric devices

where the components are embedded inside the tissues (22, 23), our
device can traverse complex soft and wet tissues to provide mini-
mally invasive sensing ability to a wide range of tissue properties.
Our robots can bond to the surfaces of soft tissues on demand
and sense the advanced physiological properties of soft tissues.
The deployment of the robot can be realized by a soft-body self-de-
formation or using an existing medical device, such as an endo-
scope. On the other hand, existing miniature robots have only
shown simple in vitro sensing of temperature using thermally re-
sponsive liquid elastomer materials on a magnetic body (35). Our
soft robot–based approach can locally sense the tissue biomechanics
in vivo, where themedical imaging signals are amplified by the body
shapes, allowing sensing various physiological properties of soft
tissues. In addition, our method can potentially achieve a higher
SNR compared with UE. The SNR of the basic UE is below 6 (36)
and can be improved to up to 14 with the optimization algorithms
(37, 38), while the SNR of our method can reach 39 because of the
high contrast between the robot and the sensed materials under x-
ray imaging (see the “Calculating the signal-to-noise ratio” section
in note S3).
The biocompatibility of our soft robot can be ensured by coating

a thin layer of biocompatible materials such as polydimethylsilox-
ane (PDMS) (39) or parylene C (40) to prevent the toxic NdFeB par-
ticles from contacting the tissues. We will investigate the
biocompatibility before and after coating with the standard cell sur-
vival test in the future. In addition, our soft robot–based sensing
may be affected by the fluid flow but might be compensated with
faster medical imaging and integrating the robot-fluid interaction
into the mechanical model, which will be explored in future
work. Moreover, despite that the multistep fabrication process can
result in a variance of the robot properties (fig. S16), the current
experimental results show acceptable deviation in the measured
properties of the tissues using five different robots. However, we
can always calibrate the robot properties for better accuracy
before using the robot for sensing.
Our demonstrated sensing mechanisms can potentially be used

for sensing peptic ulcers (41) in the GI tract, where the pH level
changes markedly compared with normal tissues, as well as pulmo-
nary fibrosis (42) and cancer (43), where the viscoelastic properties
have changed substantially when the disease is developing. It should
be noted that it is indeed difficult for our robot to detect a sudden
change in the pH value, which generally takes about 30 s to sense the
pH with our robot. However, the pH of the surfaces in the GI tract
does not change rapidly (44). We can improve the sensing speed by
integratingmore sensitive bioadhesives, such as optimizing the con-
centration of the amine groups and borate ester groups in the bio-
adhesives (28, 29) or increasing the surface area to volume ratio by
incorporating microstructures into the adhesive patch design (45),
in the future.
The proposed framework of using wirelessly actuated miniature

robots to interact with soft tissue surfaces while monitoring their
shape deformation using medical imaging thus opens a door for
monitoring and understanding tissue biomechanics in vivo
during disease development as well as providing feedback
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information for the applied therapeutic solutions. Our method thus
adds unprecedented capabilities to available minimally invasive
sensing methods and medical devices, potentially enabling versatile
applications in both basic research and clinical practice.

MATERIALS AND METHODS
Fabrication of the soft millirobot
As shown in fig. S17A, the footpads were made of PDMS (Sylgard
184, Dow Inc.) with a weight ratio of 20:1 between the monomer to
the cross-linker using a two-step molding method. A spike mold
was prepared using a two-photon polymerization (2PP) three-di-
mensional (3D) printer (Photonic Professional GT, Nanoscribe
GmbH) with a rigid commercial photo resin (IP-S, Nanoscribe
GmbH). The spike mold has 9 × 7 conical spike arrays of 200 μm
in height, 100 μm in diameter, 200 μm in spacing, and a 2 mm × 1.5
mm× 60 μm backing layer. We pipetted the benzophenone solution
(20 wt % in ethanol, Sigma-Aldrich Inc.) over the micro-spike patch
as the hydrophobic photoinitiator and coated the patch with the
poly(ethylene glycol) diacrylate (PEGDA; Sigma-Aldrich Inc.) as
a dissipative hydrogel layer and a chitosan-based bioadhesive as
the tough adhesive for tissue surfaces sequentially. The bioadhesive
for the footpads was prepared by dissolving the chitosan (high mo-
lecular weight, Sigma-Aldrich Inc.) as a bridging polymer and the
unsulfated N-hydroxysuccinimide (98%, Sigma-Aldrich Inc.) as a
coupling reagent (12 mg/ml) into the compound MES buffer
(Sigma-Aldrich Inc.) at the weight ratio of 2.0 and 0.12%, respec-
tively. The robot body was fabricated with the procedure shown
in fig. S17B. First, Ecoflex 00-30 silicone rubber (mixture ratio,
part A:part B = 1:1 by weight, Smooth-On Inc.) and NdFeB micro-
particles (average diameter, 5 μm; MQFP-15-7, NeoMagnequench)
were mixed at a 1:2 ratio by weight and then poured onto apoly(-
methyl methacrylate) substrate with 150-μm-thick spacers, against
which a razor blade was scraped for the control of the sheet thick-
ness. The scraped mixture was cured at 90°C on a hot plate for 30
min. The cured sheet was then cut into a 4 mm × 2 mm rectangular
sheet using a laser machine (LPKF ProtoLaser U3, LPKF Laser &
Electronics AG). The material has a density of 2.5 g/cm3 and a
Young’s modulus of 163 ± 5 kPa measured by a tensile testing
machine (5940 series, Instron GmbH). In fig. S17C, the footpads
were bonded with the robot body with Ecoflex 00-30 silicone
rubber (mixture ratio, part A:part B = 1:1 by weight, Smooth-
On Inc.).

Fabrication of the adhesive patch for sensing adhesion
and pH
The adhesive patch for sensing dry adhesion had a back layer of
Ecoflex-0030 silicone rubber. It was cut into a 0.5 mm × 2 mm ×
100 μm rectangular sheet prepared using a laser machine (LPKF
ProtoLaser U3, LPKF Laser & Electronics AG). The sheet was
bonded to the middle part of the robot body using uncured
Ecoflex-0030 as glue. The adhesive patch used for sensing tissue ad-
hesion consists of three layers: the 100-μm-thick elastomer, the dis-
sipative hydrogel, and the pH-responsive bioadhesive. The
elastomer layer was prepared the same way as the used dry adhesive
patch. Then, we pipetted the benzophenone solution (20 wt % in
ethanol) over the patch as the hydrophobic photoinitiator and
coated the patch with PEGDA as a dissipative hydrogel layer. To
prepare the pH-responsive bioadhesive, 5,5′,6,6′-tetrahydroxy-

3,3,3′,3′-tetramethyl-1,1′-spirobiindane (Sigma-Aldrich Inc.),
boric acid (Sigma-Aldrich Inc.), and sodium hydroxide (Sigma-
Aldrich Inc.) were dissolved into deionized water with a concentra-
tion of 0.11, 0.022, and 0.02 g/ml, respectively, in the final solution.
The mixture was stirred at 90°C for 8 hours for reaction and then
filtrated with a 0.2-μm sterile syringe filter. Polyvinyl alcohol (mo-
lecular weight, 89,000 to 98,000, 99+% hydrolyzed; Sigma-Aldrich
Inc.) and the chitosan-based bioadhesive solution were added to the
solution at a weight ratio of 1:3:4 and then stirred at 90°C for 1 hour.
The mixture solution (~0.2 μl) was pipetted over the hydrogel layer
of the patch. The characterization result of the pH-responsive bio-
adhesives was shown in fig. S18.

Fabrication of the adhesive patch for sensing tissue
viscoelasticity
Benzophenone solution (20 wt % in ethanol) was pipetted over the
robot body to initiate the surface bonding to hydrogels by serving as
the hydrophobic photoinitiator. PEGDAwas poured onto the robot
body and then degassed for 30 min. After curing in a 365-nm ultra-
violet chamber (ELG100S, Dinies Technologies GmbH) for 6 min,
the coated robot body was washed using deionized water to remove
the unreacted chemicals. The chitosan-based bioadhesive was then
applied to the robot body surface by dip coating.

Preparation of synthetic materials for adhesion
measurements
The synthetic materials used for adhesion characterization included
Dragon Skin 0020 (Smooth-On Inc.), Dragon Skin FxPro (Smooth-
On Inc.), and Ecoflex 0030 (Smooth-On Inc.). The corresponding
monomer and cross-linker were mixed at the ratio denoted as the
prefix of the name of the surface and degassed for 5 min. The
mixture of 2 ml was then poured into a small petri dish and
cured at 60°C for 10 min. A 2-mm-thick rectangular sheet (size:
10 mm × 5 mm) was cut for adhesion tests. In addition, the 3D
phantom models with surfaces of various curvatures were prepared
using a 3D printer (Form 3, Formlabs Inc.) with the photo resin
Clear V4 (Formlabs Inc.). Then, the Ecoflex 0030 rubber was
applied to the surfaces by dip coating. The tested materials included
Ecoflex 0030 with weight ratios of 1:1 and 2:1, Dragon Skin FxPro
with weight ratios of 1:2 and 2:1, and Dragon Skin 0020 with a
weight ratio of 1:1.

Preparation of synthetic materials for viscoelasticity
measurements
The agarose gel samples were prepared in the following steps. First,
agarose powder (BioReagents A9539, Sigma-Aldrich Co.) was
mixed with deionized water, after which the mixture was continu-
ously heated and stirred at 90°C until all the powder was dissolved.
Then, the solution was boiled for another 5 min, poured into a 3D-
printed container (photo resin Clear V4, Formlabs Inc.) with a di-
mension of 25 mm × 10 mm × 10 mm (length × width × thickness),
and then cooled at room temperature 24°C for about 30 min. Sub-
sequently, the robot with the bioadhesive was attached to the gel.
The same procedure was repeated for preparing agarose gel
samples with varying thicknesses using different containers. The
agarose gels with weight ratios of 0.3, 0.4, 0.5, 0.6, and 1.0 wt %
were prepared. The gelatin powder from porcine skin (∼300 g
Bloom, Type A, Sigma-Aldrich Co.) was mixed with deionized
water and then stirred at 90°C. After the gelatin powder was fully
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dissolved, the solution was cooled down at 60°C for 20min and con-
gealed when immersed in ice water. Thereafter, the robot was at-
tached to the gelatin gel. The gelatin gels with weight ratios of 3.0,
4.0, and 5.0 wt % were prepared.
Sucrose was used for the preparation of viscoelastic samples (46).

The sucrose powder (S9378, Sigma-Aldrich Co.) was added to the
deionized water, and the mixture was heated and stirred at 90°C
until all the powder was dissolved. Then, the gels were made
through the same procedures above. For example, 60-0.3 agarose-
based gel (weight ratio, sucrose:water:agarose, 60:40:0.3) was used
for testing the material viscoelasticity in Fig. 6C. Likewise, 50-0.3,
60-0.2, 60-0.4, and 70-0.3 agarose-based gels and 50-3 and 60-3
gelatin-based gels were used. Fluorescent red polyethylene micro-
spheres (UVPMS-BR-1.090 27-32 μm, Cospheric Co.) were
adopted to visualize the deformation of the material under a fluo-
rescent microscope (Leica M165 FC, Leica Microsystems). The
mixture of the fluorescent microspheres (diameter: 27 to 32 μm)
and surfactants Polysorbate 80 (P1754, Sigma-Aldrich Co.) was
added to the agarose gel solution and stirred at room temperature
for at least 2 min, after which the mixture was cooled for more than
30 min. The soft agarose gel sample with a rigid cylinder embedded
was prepared using the following steps. First, the 1.0 wt % agarose
gel solution was poured into the negative cylinder mold, whose one
end was sealed by plastic tape. Then, the tape was removed, and the
cured cylinder was extracted and placed on the bottom of the con-
tainer. Afterward, the 0.3 wt % agarose gel solution was poured into
it, and themixture cooled at about 24°C for more than 30min. If the
cylinder needed to be at a distance from the robot, the agarose gel
with a given thickness was attached to the cylinder side with the 0.3
wt % agarose gel solution. Last, the robot was attached to the desired
position with the abovementioned method.

Adhesion measurements
The adhesion measurement using the robot was conducted in the
electromagnetic actuation setup, as shown in fig. S1. To make the
measurement consistent for each test, a sequence of external mag-
netic field waveforms were designed and preprogrammed using
LabVIEW (National Instruments Inc.). As shown in Fig. 4D, the
procedures include three steps. First, we increased the magnetic
field By from 0 to 10 mT rapidly to load the adhesive patch for at-
tachment (snapshot at a time interval of 2.5 s) and maintained it for
5 s. Second, we increased the magnetic fieldBy in a step-wise wave-
form from 0 mT up to 20 mT in the negative y direction with an
interval of 2 mT while maintaining the magnetic field value at
each step for 2.5 s to detach the adhesive patch (snapshot at a
time interval of 14.2 s). Last, the measurement cycle was completed
until the adhesive patch was completely detached from the tissue
(snapshot at a time interval of 17.3 s). The procedures were repeated
for at least five times to reduce the measurement errors.
The adhesion measurements to obtain ground-truth data were

conducted in a customized experimental setup, as reported in our
previous work (24). The adhesive patches, including the dry adhe-
sive patch and the pH-responsive adhesive patch, were prepared in
the same way as described in the “Fabrication of the adhesive patch
for sensing adhesion and pH” section, except that the patches were
cropped into 1 mm × 1 mm square sheets. They were attached to a
3D-printed tip and aligned to the substrate, as shown in fig. S3B.
The tissue samples were prepared for every 10 tests (within 5
min) from the fresh animal organs to avoid the dehydration of

the tissues. The approaching and retracting speeds of the probe
were both set to 20 μm/s. The preload and contact time were set
to 0.5 mN and 3 s, respectively.

Viscoelasticity measurements
The soft robot attached to a tissue sample was actuated by a rotating
magnetic field of different frequencies generated by the Halbach
array, as shown in fig. S2. A translational motorized stage
(LTS300/M, Thorlabs Inc.) mounted on the vertical stage (DIN
12897, Bochem Instrumente GmbH) was used to control the posi-
tion of the Halbach array in the x and z axes, while a stepper motor
(535-0372, RS Components GmbH) or DC motor (242478, Maxon
Co.) was used to rotate the Halbach array.
To measure the viscoelasticity of the material, the prepared

sample was first placed under the field of view of the microscope.
The motorized stage moved the Halbach array to ensure that the
robot was located at the center of the array. Then, the motor
started rotating at a given frequency. The Halbach array was
rotated at 0.1 Hz for sensing the material elasticity. Subsequently,
the robot was actuated by sweeping the magnetic field from 0.3 to
15 Hz to measure the material viscoelasticity. The magnetic field
magnitude was adjusted by using different Halbach arrays and
changing the z distance from the robot to the array. The robot
showed sufficient large deformation for visualization while not de-
taching from the material. The whole process was recorded with a
high-speed camera (mmDK-2740, Dantec Dynamics A/S Inc.) at a
sampling rate of 400 FPS. Five material samples were prepared for
each type of material. Five soft robot samples were used for each
material sample. The viscoelasticity of the samples was character-
ized using the oscillation frequency module on a rheometer (Dis-
covery HR-2, TA Instruments). The constant strain was set to
0.1%. The frequency varied from 0.1 to 100 rad/s with five test
points between 1 and 10 in a log scale. The gel and tissue samples
were prepared as 2-mm-thick circular plates with a diameter of 20
mm. The storage and loss moduli used as the ground truth data for
quantifying the sensing accuracy of our soft robot–based method
are the mean values of those measured at the frequency of 0.1 Hz.

Robot shape tracking and analysis
The robot shape tracking was achieved by extracting its edge or seg-
menting the image plus centerline extraction at each frame, during
which the robot footpads were also tracked. A range of discrete
points were sampled at the same interval from the extracted center-
line or edge and further used to fit the B-spline to represent the
robot curve. All the procedures were accomplished by a customized
python code, which is available on GitHub (https://github.com/
wchunxiang/biomechanics-estimation).

Visualization and analysis of surface material deformation
Digital image correlation implemented with a customized python
code was used to compute the displacement field of the material,
whose deformation was visualized by fluorescent particles. On the
basis of the assumption that there was no flip between the robot
body and the tested material, the displacement of the tracked parti-
cles and the robot were combined to compute the strain field. The
displacement in the x and y axes of the point ½xðiÞ0 ; y

ðiÞ
0 � in the dis-

placement field were calculated by ux½x
ðiÞ
0 ; y

ðiÞ
0 ; t ¼ j� ¼ xðiÞj � xðiÞ0

and uy½x
ðiÞ
0 ; y

ðiÞ
0 ; t ¼ j� ¼ yðiÞj � yðiÞ0 , where ½x

ðiÞ
j ; y

ðiÞ
j � was the position
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of the ith particle or robot curve point in the jth frame and ½xðiÞ0 ; y
ðiÞ
0 �

was the original position of the tracked particle or robot curve point
with no magnetic field actuation. Further, the discrete field points
were processed by linear interpolation and data smoothing to
obtain the displacement field, as shown in fig. S19 and movie S3.
In Fig. 6H and fig. S12, the value of the maximum displacement
field ∆u(x, y) at position (x, y) was calculated by

Δuðx;yÞ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

fmax½uxðx;y; tÞ� � min½uxðx;y; tÞ�g2þfmax½uyðx;y; tÞ� � min½uyðx;y; tÞ�g2
q

ð1Þ

The wavelet transform used for the analysis of the effect of the
cylinder inside the homogeneous bulk material was based on the
default function cwt (Continuous 1-D wavelet transform) of the
SciPy package (47).

Correction of the robot curve misalignment for
viscoelasticity sensing
As illustrated in fig. S9, the error in the extracted robot shape due to
the misalignment between the imaging coordinate system xyz and
the robot-tissue coordinate system x′y′z′ about the x axis can be cor-
rected using the following equation

x
y
z
1

2

6
6
4

3

7
7
5 ¼

1 0 0 x0
0 cosðφÞ � sinðφÞ y0
0 sinðφÞ cosðφÞ z0
0 0 0 1

2

6
6
4

3

7
7
5

x0
y0
z0
1

2

6
6
4

3

7
7
5 ð2Þ

where (x0, y0, z0) is the origin coordinate of x′y′z′ in xyz and φ is the
misalignment angle about the x axis, φ = arcsin [(l − t)/w]. Here, l is
the nominal thickness of the robot, and t and w are the real thick-
ness and width of the robot body. Assuming that the robot only
deforms in the x′y′ plane during the actuation, the real robot dis-
placement u0y can be obtained using the correction,
u0y ¼ uy=cosðφÞ, where uy is the detected robot displacement in
the imaging coordinate system.

X-ray medical imaging
An x-ray imaging device (XPERT 80, KUBTEC, Stratford CT) was
used to visualize the robot shape changes on tissues. As illustrated in
fig. S20A, sensing adhesion under x-ray imaging was achieved by
adjusting the position and orientation of the permanent magnet.
With the Halbach array mounted on a rotary motion stage in fig.
S20B, the robot motion for viscoelasticity sensing was clearly dem-
onstrated in movie S5. The x-ray accelerating voltage was set to 65
kV during the experiments, and the video was recorded at 30 FPS.
The x-ray dose was measured with the radiation meter (RM-400,
Voltcraft GmbH) under the α + γ + β mode for the x-ray accelerat-
ing voltage 65 kV and current 86 μA.

Preparation of animal organs
The porcine organs in the GI tract, including the small intestine,
stomach, and chicken breast, were from the local food factory in
Stuttgart, Germany. The rat stomachs were from the Anatomy
and Cell Biology Laboratory in University of Ulm, Germany. The
organs were minimally cleaned by emptying the organ while min-
imizing the surface damage. The tissues used for tests and charac-
terization were within 24 hours and stored in a refrigerator at 2°C.
The organs were cut into blocks with a size of 25 mm × 15 mm

(width × height) and a thickness of 6.4 ± 1.4 mm. Then, the
robot was attached to the surface to sense viscoelasticity. For visco-
elasticity characterization, the organs were cut into circular plates
with a radius of 10 mm and a thickness of 5 mm. For the adhesion
tests, the organs were cut and attached to a glass slide. Then, the
robot was put on the tissue to test the adhesion property.

Preparation of mice with TNK1 expression–related
intestinal disorder or disease model
The expression of TNK1 in 8-week-old Tnk1-knockin mice (Ro-
sa26rtTA/+, Hprt MycTnk1tg) was induced by the single intraperi-
toneal injection of doxycycline (50 μg/g). The control group of
healthy mice was treated with the intraperitoneal injection of the
same volume of saline solution (0.9% NaCl). Twenty-four hours
after the injection, the mice were sacrificed and dissected. Genetic
modification of TNK1-knockinmicewas verified by genotyping. To
prepare the tissues for the viscoelasticity tests, the colon and the in-
testinal organs behind it were cut out, and the robot was attached to
the internal surface of the opened colon. To prepare the tissues for
the adhesion tests, the stomach was opened and minimally cleaned
by emptying the inner stuff. All tests were completed within 3 hours.

Supplementary Materials
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Notes S1 to S3
Figs. S1 to S23
Legends for movies S1 to S5
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APPL I ED PHYS ICS

Ultrafast dynamic machine vision with spatiotemporal
photonic computing
Tiankuang Zhou1,2,3,4†, Wei Wu1†, Jinzhi Zhang1,4, Shaoliang Yu5, Lu Fang1,3,6*

Ultrafast dynamic machine vision in the optical domain can provide unprecedented perspectives for high-per-
formance computing. However, owing to the limited degrees of freedom, existing photonic computing ap-
proaches rely on the memory’s slow read/write operations to implement dynamic processing. Here, we
propose a spatiotemporal photonic computing architecture to match the highly parallel spatial computing
with high-speed temporal computing and achieve a three-dimensional spatiotemporal plane. A unified training
framework is devised to optimize the physical system and the networkmodel. The photonic processing speed of
the benchmark video dataset is increased by 40-fold on a space-multiplexed system with 35-fold fewer param-
eters. A wavelength-multiplexed system realizes all-optical nonlinear computing of dynamic light field with a
frame time of 3.57 nanoseconds. The proposed architecture paves theway for ultrafast advancedmachine vision
free from the limits of memory wall and will find applications in unmanned systems, autonomous driving, ul-
trafast science, etc.
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INTRODUCTION
Processing dynamic light fields at high speed has proven to be of
vital importance in visual computing and scientific discovery.
With the development of artificial neural networks (1, 2),
machine learning–based electronic visual computing has achieved
excellent performances in various applications (3, 4). The rapid im-
plementation of dynamic visual computing such as tracking, detec-
tion, and recognition has become vital in time-varying scenarios,
including autonomous driving (5) and intelligent robots (6). Unfor-
tunately, the integration density of silicon transistors gradually ap-
proaches physical limits, thereby saturating the computational
speed of electronic computers and electronic visual computing (7,
8). Besides visual computing, studying ultrafast light fields is also
crucial for scientific research. Repetitive probing and continuous
imaging support recording transient processes down to the nano-
second and picosecond levels (9–11). However, the reconstruction
and analysis of ultrafast visual dynamics require digital transferring
and postprocessing with electronic computers, which precludes
real-time analysis and feedback control of the ultrafast phenomena
(12).
Endowed with low-loss, parallel, ultrafast, and clock-free light

propagation, photonic computing has been heralded as a prospec-
tive solution to alleviate the limitations of electronic computing and
expedite light-field processing (13–17). Recently, researchers have
validated the advantages of photonic computing in performing
high-speed linear matrix operations with coherent photonic inte-
grated circuits (18, 19), on-chip resonators (20), diffractive optical
processors (21–25), photonic phase-change materials (26–28), dis-
persive optical delay lines (29), etc. It has also been demonstrated

that light can be used for ubiquitous computing, including nonlin-
ear neuron activation (30), nondeterministic polynomial-time hard
(NP-hard) optimization (31, 32), equation solving (33), and integra-
tion as well as differentiation (34–36). On the basis of the linear and
nonlinear optical computing paradigms, photonic neural networks
have been constructed for machine vision tasks such as edge detec-
tion (37), image classification (25, 38), saliency detection (22), and
human action recognition (25, 39). Despite recent advances, state-
of-the-art photonic computingmethods are incapable of processing
ultrafast dynamic light fields. Currently, to process spatiotemporal
light fields, dynamic inputs are usually computed sequentially in the
spatial domain, while the spatial output at different time steps needs
to be transmitted, stored, and further processed with digital elec-
tronics (25, 39). Although such a procedure exploits the advantage
of high spatial parallelism of light propagation, digital transmission
and read/write operations of memory pose severe limitations to in-
ference speed, which impairs the merit of photonics for high-speed
computing.
The incorporation of spatial and temporal photonic computing

to eliminate the digital bottlenecks is promising for ultrafast light-
field processing. This is because the spatiotemporal manipulation of
light fields can overcome the limitations of spatial-only modulation
(40, 41). Temporal information preprocessing with nonlinear reser-
voirs has been applied in vowel recognition (42), serial data classi-
fication (43), time-series prediction (44), etc. In addition, multi-
mode fiber has also been used to build a nonlinear reservoir for
single-image classification (45). However, these solutions apply
only to spatial or temporal data. The limited degree of freedoms
(DOFs) render these approaches ineffective in processing high-di-
mensional light fields. Another approach, that is, computational
imaging, exploits the dimensional advantages of light and realizes
high-speed imaging. For example, single-pixel imaging encodes
the spatial data in the temporal dimension for fast and compressed
imaging (46). The time-stretched serial time-encoded amplified
imaging uses a dispersed supercontinuum laser pulse to spectrally
capture and record the serialized image contents (9). However,
without a computational model, these computational imaging
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methods only record the data and are unable to effectively compute
and make decisions. Thus far, a general parametric photonic com-
puting solution to process spatiotemporal light fields at high speed
is still lacking, which restricts the rapid implementation of advanced
machine vision architecture and real-time analysis of ultrafast visual
dynamics. Technically, (i) owing to the inherent dimension mis-
match of the spatial and temporal light fields, computing and con-
verting between highly parallel spatial light fields and high-speed
temporal optical dynamics remain challenging. (ii) The DOFs of
spatial and temporal computing are limited; thus, there is a gap
between the existing photonic computing methods and full-space
spatiotemporal computing.
In this study, we propose and implement a spatiotemporal pho-

tonic computing (STPC) architecture for ultrafast dynamicmachine
vision. By co-optimizing a general STPC unit, the STPC extracts
spatiotemporal information and makes predictions based on
time-varying light fields. In essence, the STPC architecture com-
prises the spatial computing module, the spatiotemporal multiplex-
ing module, and the temporal computing module. Specifically, (i) a
spatial computing module involves a spatial modulator that per-
forms per-point multiplication, convolution, etc. (ii) To effectively
compute and convert between spatial and temporal optical dynam-
ics, we devise spatial multiplexing (SMUX) and wavelength multi-
plexing (WMUX) modules to match the highly parallel spatial
outputs and high-speed temporal inputs while adequately preserv-
ing content information. Spatial content is thus processed and
mapped to parallel sequences of temporal dynamics spatially and
spectrally, leading to the generation of a temporal computing–com-
patible spatiotemporal feature space. (iii) In the temporal comput-
ing module, to store and merge the fast-changing optical signals, an
analog temporal buffer is constructed such that the information can
be delayed and reproduced in the optical domain. Temporal matrix-
vector multiplication (MVM) is then performed to build weighted
connections in the time domain, which is co-designed with spatial
computingmodules to implement comprehensive computing in the
entire spatiotemporal plane. The STPC architecture is enhanced
with an experimental system learning method, which can optimize
the parametric physical system along with the computational model
and improves the accuracy of STPC by more than 80%. The exper-
iments of the SMUX-STPC network showed superior performance
on spiking sequence classification, human action recognition, and
object motion tracking tasks. Compared with existing photonic
computing methods, the SMUX-STPC system increases parameter
efficiency and reduces inference time by more than one order of
magnitude. A two-layer all-optical WMUX-STPC network with
multivariate nonlinear activation function recognizes the ultrafast
flashing sequences with nanoseconds frame time, free of memory
read/write latencies. The STPC architecture bolsters high-perfor-
mance photonic neural networks and enables real-time analysis of
dynamic visual scenes beyond nanosecond time scales.

RESULTS
STPC architecture
The STPC architecture is illustrated in Fig. 1A. Millisecond-to-
nanosecond time-varying light fields from a dynamic scene propa-
gates into the STPC network, which consists of cascaded blocks of
STPC units, each with a spatial module and a temporal module con-
nected by a multiplexing module. Through combinations of spatial

and temporal operations, the STPC unit extracts information from
the high-dimensional dynamic light fields and infers semantic in-
formation from the contents of the scene. The core STPC system is
shown in the left panel of Fig. 1B, with the network model displayed
on the right. The unfolded system is shown in Fig. 1C. Each STPC
unit transforms the spatiotemporal input xi(s, t) to the output y(s, t),
where s, t are the spatial and temporal coordinates, respectively. The
output y(s, t) is subsequently activated nonlinearly and fed into the
next layer. There are three main procedures in each spatiotemporal
(ST) layer: (i) spatial modulation in the spatial computing module,
(ii) spatiotemporal multiplexing, and (iii) MVM in the temporal
computing module. The input spatiotemporal light field xi is a
three-dimensional (3D, two spatial dimensions and one temporal
dimension) stack. In the spatial computing module, xi(s, t) is
weighted with a spatial light modulator, such as a digital micromir-
ror device (DMD), or a liquid crystal on silicon–based spatial light
modulator to perform amplitude and/or phase modulation, that is

xstðs; tÞ ¼ wsðs; tÞxiðs; tÞ ð1Þ
As shown in Fig. 1 (B and C), during the period of each input

temporal slice, xi(s, t) is sequentially modulated K times, such
that the effective number of temporal slices in xst(s, t) is K times
that of xi(s, t). Although we used element-wise weighting in
spatial computing, it can also be generalized to other spatial com-
puting models, such as convolution (47) and diffractive process-
ing (25).
The spatially weighted results xst(s, t) are then fed into the tem-

poral channels. When spatial outputs transition into temporal
channels, the mode diversity decreases drastically. Thus, directly
coupling the spatial contents into the single-mode temporal
channel leads to the loss of most of the information. Thus, we
propose SMUX STPCs andWMUX STPCs to increase the informa-
tion capacity (48), which coordinates between highly parallel spatial
and high-speed temporal modules

oðu; tÞ ¼
ð

Tðu; sÞxstðs; tÞds ð2Þ

where T(u, s) is the spatial-to-temporal transfer function, and u is in
the multiplexing dimension, which is the space and wavelength for
SMUX andWMUX, respectively. The details of SMUX andWMUX
are presented in Fig. 2B.
The temporal module then takes in themultiplexing outputs o(u,

t), where a temporal MVM is constructed. Discretizing the time, the
temporal operations can be formulated as

yðu; kΔτÞ ¼ Σi wtðkΔτ; iΔtÞoðu; iΔtÞ ð3Þ

Specifically, temporal modulation is conducted to weigh the
temporal inputs with an intensity modulator (MOD), producing
wt(kΔτ, iΔt)o(u, iΔt), with Δτ denoting the output sampling
period and Δt indicating the recurrent period in the temporal
buffer. The temporal buffer, constructed through waveguide exten-
sion and recurrent coupler (CL) connection, offers picosecond to
millisecond buffering and merging of temporal signals. With i =
1,2,3,…,M and k = 1,2,3,…,N, Eq. 3 essentially formulates the mul-
tiplication between an M × 1 vector and an N × M matrix. An im-
plementation of linear MVM and the extension to nonlinear MVM
are presented in Fig. 2C. The dynamic light field y(u, t) is then non-
linearly activated using nonlinear optical effects such as the
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saturable gain effect of a semiconductor optical amplifier (SOA) and
demultiplexed back into the spatiotemporal domain, which is fed
into the subsequent ST computing units for further processing.
Last, the characteristics of the light field are inferred, including
the type of action and (non-)normality of the transient pattern.
Figure 2A shows the dimensionality of photonic computing. As

shown in the left panel of Fig. 2A, basic spatial and temporal pho-
tonic computingmodules are afflicted with (i) dimension mismatch
and (ii) gap in the spatiotemporal plane. Electronic digital comput-
ing (EDC) can help alleviate these dimension issues; however, it also
induces speed bottlenecks due to the read/write operations of the
memory. STPC resolves these two issues in two ways, respectively.
First, as shown in the middle panel of Fig. 2A, directly coupling the
spatial light fields into the temporal channels would shrink the
spatial information diversity (shaded arrow). The lost information
could be recovered by stretching the shrunken spatial dimension
and modulating the light field in the temporal dimension in
SMUX-STPC. In the WMUX-STPC, the spatial dimension is

rotated to the wavelength dimension such that the information
can be accommodated in the temporal channel with a large
optical bandwidth. Second, the photonic computing DOFs are
limited. As shown in the left panel of Fig. 2A, a single spatial com-
puting module (green ellipsoid) or temporal computing module
(purple ellipsoid) could only process a temporal slice or a spatial
slice, respectively, thus a gap between the single modules (inner
dashed ellipsoid in the right panel of Fig. 2A) and the full ST
plane (external dashed ellipsoid in the right panel of Fig. 2A). In
this work, we propose the temporal MVM to connect the outputs
from spatial computing modules at different time steps so that the
computing DOFs are extended to the full spatiotemporal plane.
With matched dimensions and fulfilled spatiotemporal plane, the
STPC architecture can process dynamic light fields without
memory read/write latency.
Figure 2B depicts the implementation of the SMUX andWMUX

in the STPC. In SMUX-STPC, the input space is divided into sub-
regions Ωj, and the spatial features in each division are collectively

Fig. 1. STPC for ultrafast dynamic light-field processing. (A) STPC architecture. Dynamic scene encoded on spatiotemporal light fields enters the STPC network con-
sisting of STPC units. Each unit contains a spatial module and a temporal module connected by a multiplexing module. Decision-making is finally executed by the last
STPC unit. (B) Core system of the STPC unit (left) and the corresponding network model (right). The input spatiotemporal light field xi is modeled as a 3D (two spatial
dimensions and one temporal dimension) stack. In the spatial module, a DMD performs spatial modulations and expands the stack in the time dimension. Spatial output
xst is spatially/spectrally multiplexed (MUX) into the temporal module (o). Through temporal modulations in the modulators (MOD) and buffering in the recurrent buffer,
the temporal module performs weighted connection (MVM) in the time domain and produces the output y, which is activated by photonic nonlinearity (NL) and fed to
the next layer. (C) Unfolded system of an STPC unit in time. The M/K spatiotemporal input slices are expanded K times in the spatial module, producing M output slices.
TheM slices are sequentially computed and recurrently merged in the N ×M temporal MVM to produce the N final output slices. COL, collimator; FL, focusing lens; CL, 2 ×
2 fiber coupler; SOA, semiconductor amplifier.
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coupled into a single-mode-fiber channel through the focusing lens,
that is, o( j, t) = ∫Ωj

T( j, s)xst(s, t)ds, with T( j, s) being the coupling
coefficients from spatial location s to the jth temporal channel. The
SMUX and high-speed modulation implemented by millions-of-
pixel spatial light modulators convert spatial information spatio-
temporally. The higher modulation rate and the more spatial chan-
nels, the more retained information. With a fixed modulation speed
and spatial channel number, there is a trade-off between the pro-
cessing time and the amount of information retained. In WMUX-
STPC, the spatial features are encoded onto different wavelengths
and multiplexed into a single temporal channel, that is, spatial-to-
temporal transfer function T( j, s) = δ(s − sj)T(s), and o( j, t) = ∫ δ(s −
sj)T(s)xst(s, t)ds, with δ(s − sj) being the Kronecker delta function
that encodes the spatial features at sj onto wavelength j and T(s)
being the spatial coupling coefficient. With WMUX, abundant
spatial contents can be conserved spectrally so that it supports the
processing of ultrafast dynamics without additional high-speed
spatial modulators.
Figure 2C illustrates the mathematical model of the temporal

MVM, including the linear (left) and nonlinear (right)

implementations. Denote the buffer transfer function as f (·), the
general form of the temporal MVM can be formulated as y(u, k)
= f {oMwt(k, M ) + … + f [wt(k,2)o2 + f [wt(k,1)o1)]} (k = 1, 2, …,
N ). In the linear implementation, the fiber loop is used as the
buffer; thus, f (x) = x. The input series o1, o2, …, oM is multiplied
by vectors wt(1), wt(2), …, wt(M) {wt( j) = [wt( j,1), wt( j,2), …, wt( j,
N )]T}, respectively, with the intensity MOD, forming o1wt(1),
o2wt(2), …oMwt(M ) injected into the temporal buffer. Each time
light cycles through the temporal buffer, the signal is recurrently
merged, such that the output sums to y = o1wt(1) + o2wt(2) + … +
oMwt(M). The linear matrix multiplication performs coherent sum-
mation and thus supports complexmatrix elements at a singlewave-
length. For signals at different wavelengths, the light intensities are
summed so that the matrix elements are nonnegative real values. A
nonlinear implementation of the temporal MVM is also shown in
the right panel of Fig. 2C. The temporal weighting is performed by
modulating the injection current of the SOA. In the recurrent
buffer, an optical-electrical-optical (OEO) converter is constructed
with a photodiode (PD), a transimpedance amplifier (TIA), a
voltage amplifier [low-noise voltage amplifier (LNA)], and an

Fig. 2. Implementation ofmultiplexingmodules and temporal MVMs. (A) Dimensionality of STPC. Left: Basic spatial and temporal modules with dimensionmismatch
and a gap in the spatiotemporal plane, which is usually alleviated with an EDC at the expense of speed bottlenecks. In the STPC, the spatiotemporal dimension mismatch
is resolved withmultiplexing techniques (middle), and the spatiotemporal gap is filled using the temporal MVM unit (right). (B) Implementation of spatial and wavelength
multiplexing techniques that coordinate between spatial and temporal modules. In space-multiplexed (SMUX) STPC, the high-resolution output from the spatial module
is divided into subdivisions. Light in each division is coupled into separate temporal fiber channels through a lens array. In wavelength-multiplexed (WMUX) STPC, spatial
light is encoded on different wavelengths, and the multiwavelength optical signal is fed into a wide-band fiber channel. (C) Implementation of the linear (left) and
nonlinear (right) MVM. Left: Each multiplier in the vector is multiplied by a column of multiplicands in the temporal modulator. The multiplied signals are then
looped in the temporal buffer and recurrently added. Right: A nonlinear temporal MVM. The SOA performs temporal weighting. The detector (DET), amplifiers (transi-
mpedance amplifier, TIA; voltage amplifier, LNA), and modulator (MOD) construct an OEO loop, which nonlinearly transforms the inputs in the temporal buffer. CL, 2 × 2
fiber coupler.
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intensity MOD. Thus, the temporal transfer function f(·) exhibits
nonlinear behavior that is programmable by tuning the bias of
the intensity modulator. When the intensity modulator is biased
at its minimal output (the NULL point), f (x) = a · sin (b · x)2,
where a and b are system parameters depending on the input
power and the loop gain coefficient. As nonlinear matrix multipli-
cations are computed in terms of intensity, the elements of the non-
linear matrix elements are nonnegative as well. In addition, as the
nonlinear buffer features a sinusoidal transfer function here, the
matrix elements are thus nested in the sinusoidal function. In
general, the proposed temporal MVM is a temporally reconfigura-
ble recurrent neural network (49).

SMUX STPC network for high-speed dynamic scene analysis
Figure 3A illustrates the learning process of the STPC physical ex-
periments, including model training and system learning. The
entire system consists of three parts: datasets with input and
target pairs, an experimental system, and the experimental
outputs. The experimental system contains the model parameters
and system parameters. The model parameters include the
weights of the STPC, which primarily involve the spatial computing
masks and the temporal modulation weights. The system parame-
ters characterize the transfer function of the experimental physical
system with spatial and temporal modules that can be initially cal-
ibrated with random inputs. Given the training input and target
pairs, we pretrain the system using the calibrated system parameters
until convergence. Owing to the bias and noise in the calibration
data, the experimental results deviate from the simulation. Here,

Fig. 3. Space-multiplexed (SMUX) STPC network for high-speed dynamic scene analysis. (A) Model training and system learning. The experimental system contains
model parameters and system parameters. The model parameters configured in the STPC are learned with training input and target pairs, while the system parameters
characterizing the transfer function of the physical system are learned with the experimental inputs and outputs to improve the system modeling fidelity. (B) An SMUX-
STPC network consisting of six spatial divisions was designed to recognize high-speed video dynamics. Each division was spatially and temporally computed to infer the
final results. (C) Spatial computing and temporal multiplication accuracy before (blue) and after (orange) system learning on spiking handwritten digits classification
experiment. Inset shows the error distribution before and after system learning. (D) Kilohertz computing dynamics of the STPC system. The outputs from temporal
multiplication were fed into andmerged in the temporal buffer. The orange circles represent the simulation results, while the green line plots represent the experimental
outputs. (E) Experimental confusion matrix of spiking handwritten digits classification. (F) Two samples from the human action recognition experiment. The first and the
third rows show the input frames to the STPC network. The second and fourth rows show the spatiotemporal dynamics in the temporal buffer along with the final
decision. (G) Examples in motion tracking dataset. Square objects were configured to move in three directions, up-left, down-left, and rightward. Scale bars, 1 mm.
PD, photodiode; MOD, modulator; AMP, amplifier; CP, coupler; a.u., arbitrary units.
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we devise a system learning process to finely train the system param-
eters when the model parameters are fixed and the system param-
eters are updated to fit the experimental output with higher
precision. After completing the system learning process, the
system corresponds better with the numerical prediction, and we
use the refined system parameters for the final training of the
model parameters, which are subsequently used for the
experiments.
The proposed spatiotemporal architecture was validated using

an SMUX-STPC network consisting of six SMUX divisions config-
ured to recognize high-speed dynamics (Fig. 3B). In each division,
every frame in the five-frame sequence is modulated with two
spatial masks on the DMD working at a frame rate of 8024 frames
per second (fps). Each spatial computing produced a temporal stack
of 10 frames, summing to a spatiotemporal stack of dimension 6 ×
10. The 6 × 10 outputs were then coupled into temporal channels. In
the temporal module, multiplications were performed in a SOA by
modulating its injection current. An OEO loop was constructed
with a 25.293-km fiber ring, amplifiers (AMP, including a TIA
and a low-noise amplifier), and intensity MOD to buffer and
relay the inputs. Through the 10 × 5 temporal MVM in the temporal
module, the 6 × 10 spatiotemporal outputs from the spatial module
were transformed to a spatiotemporal stack of size 6 × 5, which was
combined for the final inference results (details are provided inMa-
terials and Methods).
Furthermore, the STPC network was experimentally tested on

the dynamic version of the benchmarking handwritten digits clas-
sification task using the neuromorphic Modified National Institute
of Standards and Technology database (N-MNIST) (50), which in-
cludes 10 classes of temporal spiking events. Each sample was pre-
processed into a sequence of five spiking maps with a resolution of
541 × 541 DMD pixels (details are provided in Materials and
Methods). To calibrate the system parameters, we first calibrated
the DMD, SOA, and temporal buffer and used these measured
transfer functions for the system simulation during the pre-training
process (details of system calibration are provided in Materials and
Methods). However, owing to the difference between the distribu-
tions of the calibration and dataset inputs, as well as the measure-
ment noise present in the calibration process, the experimental
outputs on 61 randomly selected training sequences obviously de-
viated from the simulations, as is shown by the blue data points in
Fig. 3C. We further used these 61 randomly selected training se-
quences as the system learning subset to finely adjust the coupling
matrix of the DMD and the system parameters of the SOAwith the
input data and the measured output. During system learning, the
system parameters were updated using the gradient descent training
method, targeting the captured experimental results (details are
provided in Materials and Methods). After system learning and ad-
ditional training, the experimental measurements corresponded
better with the expected results (orange data points in Fig. 3C),
and the relative error of spatial computing and temporal multipli-
cation decreased from 12.05 to 1.20% and from 17.48 to 2.91%, that
is, by 90.04 and 83.35%, respectively.
Figure 3D shows the evolution of the temporal buffer in tempo-

ral computing. In the first row, the output from temporal multipli-
cation is displayed, which contains 10 coupled inputs, each
weighted five times by SOA. In the temporal buffer, at each time
step, the input light was merged with the buffered light in the tem-
poral buffer. The merged light then passed through the buffer

transfer function. There were 10 cycles of buffer and merge. At
time step 11, the output was produced (shaded box). The construct-
ed temporal buffer performed a 10 × 5 full connection at a frame
rate of 8024 fps. The 6 × 5 spatiotemporal outputs were then spa-
tially computed to classify the objects as one of the 10 digits. In the
experiment, before system learning, the experimental accuracy de-
graded to 53.03% on the selected system learning subset, far below
the training accuracy of 98.49%. After the system learning, we ran-
domly selected 500 testing sequences from the testing set to evaluate
the blind testing accuracy. The overall experimental accuracy was
88.4%, which agreed well with the simulation testing accuracy of
92.1%. The confusion matrix is shown in Fig. 3E. More than half
of the categories were classified with more than 90% accuracy.
To further validate the capability of SMUX-STPC to recognize

high-speed dynamic motion, we experimented with the KTH
human-action video dataset (51). The dataset contained videos of
six different actions, namely, boxing, clapping, waving, jogging,
running, and walking, performed by 25 subjects. Videos were
further decomposed into sequences of training and testing datasets
and were fed into the constructed SMUX-STPC for recognition,
with each input sequence consisting of five frames (details of pre-
processing in Materials and Methods). On the basis of the content
of the five-frame inputs, the STPC network determined the catego-
ry. Figure 3G shows two inputs, “waving” and “walking,” and the
corresponding spatiotemporal dynamics. For these two different
classes, the spatiotemporal outputs in the first temporal step were
highly similar, suggesting that single-frame images have limited di-
versity and that human action recognition based on a single image
frame is challenging. As more frames were fed into the system, the
unique features of the different motions began to accumulate. Even
with the same STPC architecture, the recognition performances
with dynamic inputs (five frames) outperform those of single-
frame inputs by more the 10% (fig. S16), which implies the impor-
tance of the STPC architecture in dynamic light-field processing.
After system learning, the experimental sequence accuracy in-
creased from 48.49 to 80.45%, approaching a simulated accuracy
of 86.81%. We also calculated the video accuracy voted by the
winner-takes-all policy for all the frames of the same video. The ex-
perimental video accuracy of the STPC was 90.74% (successfully
classified 49 of the 54 testing videos), which is the same as simula-
tion video accuracy. The confusion matrix and video classification
results are shown in fig. S4.
The high-speed SMUX-STPC network will revolutionize video-

based real-world applications, for example, biological research (52).
In biology, tracking cell movements is a fundamental procedure that
helps with analyzing tissue development and diseases (53). To study
the potential of SMUX-STPC on this problem, we constructed a
motion tracking dataset comprising 704 cell-like square objects
moving in three directions, up-left, down-left, and rightward (Ma-
terials and Methods). The examples from the dataset are shown in
Fig. 3G. An SMUX-STPC network with spatial outputs of size 8 × 10
and temporal outputs of size 8 × 5 was trained to classify the object
as one of the three categories. With sufficient spatial and temporal
connections, the SMUX-STPC successfully classified the testing
dataset with 100% accuracy in the experiment, corresponding well
with the simulation. The complete testing datasets and the spatio-
temporal dynamics are shown in movie S1.
We compare the SMUX-STPC system with a state-of-the-art

photonic video processor (25) performing the same tasks on the
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KTH and motion tracking dataset. The results are shown in fig. S14
and section S1. Endowed with adequate trainable spatial and tem-
poral connections, the SMUX-STPC architecture has competitive
performances compared with the previously reported diffractive
processor with 0.27 million parameters and five recurrent blocks
while containing only 6.20- and 7.60-kilobyte parameters for the
KTH recognition and motion tracking tasks, respectively, thus re-
ducing the number of parameters by more than 35-fold compared
with the 0.27-million-parameter benchmark. Furthermore, free
from the limit of digital latency, the STPC system works at a fre-
quency of 8024 Hz.With 10 spatial computes for the final inference,
it has thus a speed of 802.4 sequences per second, which effectively
increases the processing rate by more than 40 times compared with
~20 fps state-of-the-art speed (25, 39). The details of the system
evaluations are provided in section S1.

WMUX all-optical nonlinear STPC network for nanosecond
dynamic light-field analysis
When the spatial inputs are encoded on different wavelengths,
making use of a large spectral bandwidth, multiwavelength inputs
can be multiplexed into the temporal channel without sacrificing
spatial information. Thus, the structure of the WMUX-STPC is ap-
propriate for processing ultrahigh-speed visual dynamics. To enable
ultrafast spatiotemporal computing, a two-layer all-optical nonlin-
earWMUX-STPC network was constructed, as shown in Fig. 4A. In
the spatial computing module, the spatial content was processed at
the speed of light using a static spatial modulation mask on DMD.
Subsequently, the spatial contents were squeezed into a single tem-
poral fiber channel, and the weighted connection was temporally
implemented with a 40-GHz modulator and a 0.6-m optical fiber
buffer. All-optical nonlinearity between the two layers was realized
through the nonlinear gain process of the stimulated emission. The
details of the wavelength-multiplexed full connection are shown in
Fig. 4B. The temporal dynamics were weighted and recurrently
added in the all-optical buffer. At each time step, the spatial
content was squeezed spatially and conserved spectrally. Thus, the
spatial contents were computed in parallel by using the wideband
optical modulators. Figure 4C illustrates the all-optical nonlinearity
from the stimulated emission process of the SOA. The gain coeffi-
cient of the SOA is dependent on the input power and decreases
with the increase of the input power. For self-gain modulation
with input and output signals of the same wavelength, an increase
in the input power leads to an increase in the output power but a
decrease in the gain coefficient. For the multispectral inputs, an in-
creased input power at one wavelength lowers the total gain of the
SOA, resulting in a decrease in the output power at other wave-
lengths. In this work, self-gain modulation and cross-gain modula-
tion effects are combined to construct a multivariate nonlinear
neuron activation function, zλi

= g(yλ1, …yλN
), where yλi

is the input
power at wavelength λi, and zλi

is the output power at wavelength λi.
Figure 4D shows the measured gain versus the input power, in
which a highly nonlinear region was used in our experiment. We
swept the input power of Ch1 and Ch2 and measured the output
power of Ch1 (with Ch2 as the control channel). A gain coefficient
dependent on the total input power was clearly observed (section
S2). The self-modulation and cross-modulation effects of each
wavelength channel were measured. The results are shown in the
right panel of Fig. 4D. When increasing the input power of one
wavelength, the output power at the corresponding channel will

increase nonlinearly (top right panel in Fig. 4D), while the output
at other channels will decrease nonlinearly (bottom right panel in
Fig. 4D), as a result of the decreased total gain. Previously reported
optical nonlinear neuron activation function models were univari-
ate; that is, the output of a specific channel depends solely on its own
input (30). Here, we develop a novel multivariate optical nonlinear
activation function for multivariate STPC by modeling the self and
mutual nonlinearity across multispectral channels.
We experimentally configured a high-speed dynamic scene con-

sisting of two spherical objects flashing on and off at a nanosecond
time scale (3.57 ns per frame) to validate the performance of the
proposed method for high-speed processing. A dataset containing
sequences of two objects with two different flashing orders was con-
structed (object 1 flashes first and object 2 flashes first). Every se-
quence comprises three frames, wherein one object flashes in a
frame slot. There are 180 training data and 60 testing data, each
with different flashing intensities. Experimentally, owing to the
limited frame rate of existing cameras, it is difficult to capture the
frequently and continuously flashing pattern and to discriminate
the flashing order. As shown in Fig. 4E, dynamic datasets were
slowed down and monitored using an InGaAs camera. A two-
layer WMUX-STPC model was used to recognize the dynamics
based on the previously calibrated parameters. Specifically, in
each frame, the spatial input content was encoded on two different
wavelengths. The spatial inputs were spatially weighted in ampli-
tude using DMD. Thereafter, the signal was squeezed into one
fiber channel by WMUX. In the temporal channel, the 3 × 2 and
2 × 2 temporal weighted connections were implemented with an in-
tensity modulator and temporal buffer at layer 1 and layer 2 of the
WMUX-STPC network. The multispectral output from the first
layer entered the SOA and was activated nonlinearly, and the sub-
sequent output was finally demultiplexed by a DWDMmultiplexer
and fed into the second spatiotemporal layer for the inference of the
final computing results (details of the system are illustrated in Ma-
terials and Methods).
The sequences of the datasets were projected onto a two-dimen-

sional (2D) manifold using principal components analysis (PCA;
details in Materials and Methods) (right panel of Fig. 4E). The
data from the two categories were distributed in three clusters and
overlapped with each other, which are not linearly separable. The
task is challenging because accurately identifying the category re-
quires simultaneously determining the spatial location and tempo-
ral flashing order of the two objects. The output dynamics of class 1
(the third row of Fig. 4E) and class 2 (the sixth row of Fig. 4E) from
the first layer of WMUX-STPC is visualized in Fig. 4F, the frame
time is 3.57 ns, and the temporal weighting slots have a duration
of 1.78 ns. Figure 4G shows the nonlinear activation outputs of
the testing datasets. The output levels at different wavelengths are
plotted against the input of their respective wavelengths (top) and
total input (bottom). The multiwavelength input-output transfer
function is highly nonlinear, as the output power levels depend
on both the input power at the respective wavelength and the
total input power (Fig. 4D). With a nonlinear multilayer architec-
ture, the WMUX-STPC network successfully classified the entire
testing dataset, which is consistent with the simulation. Compara-
tively, a one-layer WMUX-STPC network achieved only 84.4%
testing accuracy (section S1 and fig. S15). The experimental
results are shown in Fig. 4H. By setting an appropriate threshold
(dashed line), the first half (class 1) and the second half (class 2)
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of the dataset are clearly distinguished. The complete experimental
results are presented in fig. S10. The system was then configured to
operate in continuous mode. The input sequences flashed at a high
repetition rate of up to 10 MHz. Among the continuous series, only
one of the sequences flashed differently, and the WMUX-STPC
network successfully determined the outliers. This shows that the
all-optical WMUX-STPC network is capable of real-time process-
ing with a response time at the nanosecond level. The final output
can be used for real-time feedback control of the system.
Nanosecond real-time processing is already competitive against

state-of-the-art specially designed electronic systems, including

event cameras and field-programmable gate arrays (FPGAs) with
at least nanoseconds cycle time (section S1). To further increase
the processing speed of the system, the round-trip delay of the tem-
poral buffer in the WMUX-STPC can be minimized on a photonic
integrated circuit platform. Through simulation on a low-loss
silicon-nitride-on-insulator photonic platform, we numerically val-
idated that a ring resonator with a 1.4-mm ring length would reduce
the delay time to 10 ps (section S3). We also extracted matrix mul-
tiplication operations of similar dimensions and executed them on a
standard central processing unit (CPU) and graphics processing
unit (GPU) system. Each read-compute-write cycle consumes at

Fig. 4. Wavelength-multiplexed (WMUX) all-optical nonlinear STPC network for nanosecond dynamic light-field analysis. (A) Wavelength-multiplexed STPC
network. The spatial light field was encoded on wavelengths and multiplexed (MUX) into a temporal channel. Different wavelength channels shared the multiplication
weights and were recurrently added. Between layers, an all-optical nonlinear module took in the multispectral inputs, and the outputs were demultiplexed spatially after
nonlinear activation. (B) Implementation of wavelength-multiplexed full connection. The multispectral spatial outputs were multiplexed into the temporal channel and
modulated with a 40-GHz intensity modulator (MOD) and recurrently added in the temporal buffer consisting of a 0.6-m fiber ring. (C) Spectral nonlinearity of SOA, with
nonlinear self-gain modulation and cross-gain modulation. (D) Left: Measured highly nonlinear region of SOA. Data points with the same color denote the same control
power. Right: Measurement of self-gain modulation (top) and cross-gain modulation (bottom). (E) Slow motion of the ultrafast dataset captured by an InGaAs camera.
Right: Low-dimensional manifold of the dataset, with PCA. (F) Layer 1 output temporal dynamics of class 1 and class 2 samples, with a 3.57-ns frame time. (G) Nonlinear
activation. Outputs of different wavelengths as a function of the respective input (top) and as a function of total input (bottom). (H) Final output and classification results
of the whole dataset. (I) Monitoring the continuous high-speed dynamics with a 10-MHz frame rate and a 3.57-ns frame time. Top: Temporal buffer output. Bottom:
Output with a selection window. Scale bar, 3 mm.
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least 4 and 20 μs on average (section S1). In summary, the proposed
WMUX-STPC is three to five orders of magnitude faster than the
CPU- and GPU-based general-purpose system and is also compet-
itive against the specially optimized electronic system.

DISCUSSION
In this study, an STPC architecture is proposed and experimentally
demonstrated for ultrafast dynamic machine vision. By codesigning
the multiplexed spatiotemporal computing architecture and co-
learning the parametric physical system with the neural network
model, fast and precise computing on spatially and temporally
varying light fields becomes possible. The STPC comprehensively
extracts content information in high-dimensional optical feature
space and is free of the digital burden of transmission and
storage; thus, it is promising for the high-speed analysis of
complex visual scenes. We experimentally validated that the
SMUX-STPC network can process daily visual scenes with similar
performance to that of existingmethods while having over an orders
of magnitude improvement in speed and parameter efficiency. In
addition, the WMUX-STPC network supports ultrahigh-speed
photonic machine vision with multiwavelength inputs and
permits discerning visual dynamics with frame times of nanosec-
onds to picoseconds. The introduction of multivariate all-optical
nonlinearity effectively enhances the performances of the STPC
network on linearly inseparable problems.
The SMUX-STPC system uses a high-speed modulator to stretch

the spatial information in the temporal dimension; thus, a higher
modulation speed can increase the inference speed and contribute
to better information extraction. Currently, the upper speed limit of
the DMD is tens of kilohertz, with millions of modulation pixels.
With the advancement of high-speed spatial light modulators
(54–56), the speed of SMUX-STPC would be further accelerated.
Moreover, in the WMUX-STPC system, to increase the spatial res-
olution, the continuous wave (CW) laser sources can be upgraded
with a supercontinuum source to allow for continuous sampling in
the spatial optical domain (9). In the future, multimode fibers could
also be used to enlarge the capacity of the temporal channels and
provide alternative forms of nonlinearity (45). To scale up the
STPC networks, the loop number in an all-optical buffer can be op-
timized by adjusting the coupling coefficients of the coupler (fig.
S17). The noise induced by the amplifiers may be further controlled
with quantization of analog-to-digital converters and digital-to-
analog converters.
In state-of-the-art electronic computers, memory access is asso-

ciated with latencies of more than 100 ns (57), which precludes real-
time processing of dynamic events at the nanosecond time scale and
inhibits the ultrafast implementation of artificial neural networks,
as sequential data dependencies in the neural network architecture
result in frequent read/write operations (58). The memory depen-
dencies also block the access of existing photonic computing tech-
niques to the full potential of light (a discussion of existing methods
is provided in section S5). The STPC architecture eliminates the
memory read/write burden by codesigning the computing, interfac-
ing, and buffering modules in the spatiotemporal computational
domain. Furthermore, with recent advancements in hundreds-of-
gigahertz optical modulators and detectors (59–61), low-loss pho-
tonic integrated circuits, and ~100-GHz high-speed waveform gen-
erators, the temporal resolution of the STPC is expected to reach

~10 ps. The capability of high-speed and consecutive computing
not only accelerates neural network computing but also underpins
real-time analysis of nonrepetitive transient visual phenomena (62,
63), thereby enabling in situ feedback control of light-field dynam-
ics over gigahertz frequency. The STPC architecture broadens the
scope of photonic computing, paving the way for ultrafast advanced
machine learning and transient experimental control in the
optical domain.

MATERIALS AND METHODS
Experimental system
In the spatial module of the SMUX-STPC system, the temporal free-
space input stack was processed using a high-speed DMD
(DLP9500, Texas Instruments DLP). The output from the spatial
module was then downsampled by being focused through a focus-
ing lens and coupled into a single-mode fiber. In this manner, free-
space inputs were spatially squeezed and extended temporally with
high-speed spatial modulation and converted to guided-wave dy-
namics in the fiber. The polarization of light in the fiber was con-
trolled with a polarization controller to align with the slow axis of
the SOA (Thorlabs S9FC1004P) input. By modulating the injection
current of the SOA, its gain coefficient was varied, and the input
guided-wave dynamic sequence was temporally weighted. A
quarter of the emitted light from the SOA is split out with a 1 × 2
fiber coupler and monitored by a photodiode (PD-1, Thorlabs
DET08CFC/M). The remainder of the light entered the temporal
buffer constructed by an OEO loop through a 2 × 2 fiber coupler.
Within the temporal buffer, the light passed through the 25.293-km
fiber as a temporal delay line. The delayed optical output was then
detected by a photodiode (PD-2), and the photocurrent was ampli-
fied by a TIA (FEMTO DHPCA-100) and a low-noise voltage am-
plifier (LNA, AMI 351A-1-50-NI). The amplified electrical signal
drove the intensity modulator (Thorlabs LN05S-FC), and the tem-
poral dynamics were converted back to the optical domain with dif-
ferent wavelengths from those of the spatial module (1550 and 1568
nm, respectively), which was subsequently fed back to the input of
the buffer. The round-trip delay of the entire temporal buffer is ap-
proximately 124.6 μs, which matches the 8024-Hz spatial comput-
ing frequency. In the fiber coupler, the recurrent signal was
incoherently merged with the input signal from the spatial
module. The temporal module effectively performed weighted con-
nections, and the final outputs from the buffer were monitored
using a photodiode outside the buffer (PD-3). The details of the
system are shown in fig. S1.
In an all-optical nonlinear WMUX-STPC system, the dynamic

input scene was encoded on multiwavelength inputs to the DMD.
In the experiment, we used laser beam spots at 1550.12 and 1550.92
nm to simulate two spherical objects. The on-and-off states of the
objects were controlled with 10-GHz electro-optical modulators.
The inputs were spatially weighted on the DMD, squeezed into a
single fiber, and amplified by an erbium-doped fiber amplifier
(EDFA; Amonics AEDFA-PA-35). The spatial computing outputs
from the EDFA were Nλ 3 × 1 vectors with three timeslots and Nλ
wavelengths. Each entry of the vector corresponded to a time dura-
tion of 3.57 ns. Then, the multiwavelength temporal inputs were
modulated with a 40-GHz broadband modulator with a pulse
width of 1.78 ns. The recurrent temporal connection was performed
in an all-optical buffer consisting of an all-pass ring resonator with a
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fiber ring of around 0.6-m length. The weighted optical connection
parallelly implemented Nλ MVM on the 3 × 1 vectors with a 3 × 2
weight matrix. The outputs from the buffer were then selected with
a high-speed modulator and were nonlinearly activated by the SOA
(Thorlabs S9FC1004P) and demultiplexed before being injected
into the second layer. The second layer performed a weighted con-
nection, and the outputs were Nλ 2 × 1 vectors. With the detection
of a PD, outputs of different wavelengths were summed, producing
the final output of size 1 × 2, with the largest entry denoting the
categories of the test sample. The high-speed system was controlled
with a 5-GHz-bandwidth arbitrary wave generator (RIGOL
DG70004) with 10-GHz drivers. The high-speed outputs were cap-
tured using a 10-GHz oscilloscope (Tektronix MSO64B). The
details of the system are shown in fig. S2.

Dataset and preprocessing
N-MNIST dataset
The N-MNIST dataset (50) contains neuromorphic forms of hand-
written digits captured by event cameras. It consists of 60,000 train-
ing samples and 10,000 testing samples. Each original sample is a
spiking event series of ~5000 in length, with each entry in the
series denoting the spiking position. The spiking events were first
uniformly divided into 13 short image frames. For each frame,
the spiking positions were grouped in a 2D plane and converted
into a binary image with a resolution of 34 × 34. In the experiments,
we selected the first five of the processed binary images and cropped
26 × 26 pixels from the center of the image, which were up-sampled
to 541 × 541 and used for the evaluation in the experiments.
KTH human action dataset
The KTH dataset (51) contains 600 videos with a spatial resolution
of 160 × 120, including six different types of natural actions (boxing,
handclapping, handwaving, jogging, running, and walking) per-
formed by 25 subjects in four different scenes. The same prepro-
cessing method as (25) was used to extract the silhouette to
accommodate the DMD used in the system. In the experiment,
the first scene was selected for comparison with the existing
methods, and the spatial resolution was rescaled to 541 × 541.
Videos were divided into subsequences with a length of five and
split into training and testing sets. The training set had 16 subjects,
including 7680 subsequences, while the testing set had 9 subjects,
including 2160 subsequences.
Motion tracking dataset
To validate a potential real-world use of the STPC network, we con-
structed a motion tracking dataset emulating the cell motion and
performed the tracking task with it. The dataset contains 704
samples (674 for training and 30 for testing) moving in three direc-
tions, up-left, down-left, and rightward. Each sample contains five
frames, where a 63 × 63 square object was randomly placed in the
541 × 541 grid initially and then moved toward one of the three di-
rections. The interframe stepping distance is set to be 83 pixels for
the rightward direction and 59 pixels for the up-left and down-left
directions.
Flashing object dataset
The flashing object dataset constructed for nanosecond dynamic
recognition contains two spherical objects flashing at different
time steps. The dataset contains three frames, with the frame time
being 3.57 ns, and one object flashes at a single frame. Examples of
the six flashing patterns are shown in Fig. 4E. The relative flashing
intensity of each object was randomly sampled from the range of 5.4

mW to 6.0mW. The entire dataset contains 180 training data and 60
testing data. As shown in Fig. 4E, PCA (64) was performed on the
testing dataset. Specifically, singular value decomposition was cal-
culated on the basis of the centered dataset to obtain the projection
matrix with which the data were projected onto a low-dimension-
al space.

Calibration of STPC units
In the SMUX-STPC system, the spatial computing modules can be
numerically modeled as o ¼ j tTs ðwsxiÞ þ b0 j

2, where xi denotes the
input light fields, ws denotes the spatial weights, ts denotes the cou-
pling coefficients, b0 denotes the background, and o denotes the in-
tensity of the light fields coupled to the optical fiber. In the
experiment, ts, ws, and xi had an effective dimension of 676 × 1.
To calibrate the spatial coupling coefficient ts, 3300 random
binary spatial masks representing wsx were projected onto the
DMD. Each pixel value in the mask was drawn from independent
and identically distributed Bernoulli distribution. The proportion
of DMD pixels being in the “on” state varied from 30 to 57%. A
neural network of the same form as the numerical model was
then constructed. The collected (wsx,o) pairs were fed into the con-
structed network to train the coefficient ts. The learning batch size
was set to 16; the learning rate was set to 0.000005, and the learning
rate decayed by 1% every 5000 iterations. In addition, the network
was trained using Adam optimizer (65). The training error de-
creased to less than 5% after 15 epochs of training. Figure S5
shows the convergence curve, converged phase, and amplitude of ts.
The transfer function of the SOA is formulated as o′ = o ·wt(o, v),

where o is the input to the SOA, v is themodulation voltage, and o′ is
the output power. We swept the input-output relation of the SOA
with different levels of input intensity o from 0 to 30 μW and swept
the voltage v from 0 to 5 V. These points were selected as markers
for the calibration of the function o′ = φ(o, vt), from which the com-
plete function could be interpolated. The results are presented in fig.
S6. For each control voltage level, the input gain coefficient de-
creased with an increase in the input power, which is a manifesta-
tion of the nonlinear saturable gain effects of the SOA.
In the experiment, the modulator was biased toward the NULL

point. The characteristics of the temporal buffer can be modeled as
o′′t = a · sin [b · (o′′t−1 + o′t)]2, where o′t is the input intensity at time
t, o′′t−1 is the precedent recurrent intensity, and o′′t is the current
recurrent density at time t. In addition, a and b are the system pa-
rameters dependent on the driving laser power and amplifier gain
coefficient, respectively. The system was calibrated by projecting
light pulses onto a temporal buffer andmeasuring the decay dynam-
ics of the cavity. The decay dynamics were then fitted to the transfer
formula to obtain parameters a and b. Details of the calibration dy-
namics and the fitting results are shown in fig. S7.
In theWMUX-STPC system, the transfer dynamics of the spatial

computing module are modeled as o = ts(xi,ws), where xi,o,ws are the
input light fields, output light, and spatial weights, respectively. Spe-
cifically, under different ws levels, we swept the input light field xi
and measured the output intensity o. The measurement triplets
(xi,o,ws) were further used for fitting the function o = ts(xi, ws).
The transfer characteristics of object 1 and object 2 are shown in
fig. S8. Then, widebandmultiplication was also validated. Thewave-
length of the input light varied from 1528 to 1566 nm, and the trans-
mission coefficient was measured against the modulating voltages.
Specifically, wemeasured the high-speedmodulating characteristics
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at 1550.12 nm with 1.78-ns short pulses with amplitude varying
between 0 and 2.1 V. In addition, the modulation output can be for-
mulated as wt(v) and o′ = o · wt(v). The measurements are shown in
fig. S9. Last, the nonlinear transfer function of the SOAwas calibrat-
ed by measuring the self-gain modulation and cross-gain modula-
tion nonlinearity. We denote the input intensity of different
wavelengths with yλ1, yλ2, …,yλN

. The input intensity was swept
from 0 to the maximal intensity (6 mW), and the outputs zλ1, zλ2,
…,zλN

were measured. In the experiments, we measured the transfer
function of two wavelengths, zλ1 = g(yλ1, yλ2) and zλ2 = g(yλ2, yλ1). The
results are shown in Fig. 4D.

Neural network architectures and training methods
In the SMUX-STPC network, after calibration of the spatial com-
puting module, temporal modulation module, and temporal
buffer, the calibrated system parameters were used for pretraining
the experimental system. In each of P spatial channels, the input
image sequence consists ofM/K frames, and each frame is spatially
modulated by K spatial masks. The M spatial outputs are then
coupled into the temporal buffer for spatiotemporal computing,
forming temporal inputs oj ¼ j tTs ðxi �ws;jÞ þ b0 j

2, where j = 1,2,3,
…,M and ws,j is the jth trainable spatial weight mask. Each value in
the M outputs is modulated by N temporal voltage weights in the
temporal computing module, vj,k, k = 1,2,3, …N, and the inputs to
the temporal buffer are o′j,k = φ(oj, vj,k). In the temporal buffer, the
dynamics is o′′j,k = a · sin [b · (o′′j−1,k + o′j,k)]2. In spiking sequence
classification and human action recognition experiments, M, N, K,
and P were set to 10, 5, 2, and 6, respectively. Through the first ST
unit, we obtained 6 × 5 spatiotemporal outputs yk = o′′M,k, which
were demultiplexed to a second ST unit simulated with an electronic
linear layer, producing 10 × 1 and 6 × 1 output vectors, respectively,
for final classification. In the motion tracking experiment, P was set
to 8, and the output dimension was set to 3 × 1, while the other pa-
rameters were set the same as in the other two experiments. The
source code of the numerical simulation was written in Python
3.7 using the PyTorch package on the Windows 10 platform with
an Nvidia GeForce RTX 3070 GPU. During the training, the
cross-entropy loss was used, and regularization terms were used
to enhance the stability of the system and to maximize the signal-
to-noise ratio in the experiments (details of training loss are pre-
sented in section S4). Adam optimizer was used for the training,
and the training batch size was set to 16. In addition, the spatial
learning rate was set to 0.01, and the temporal learning rate was
set to 0.0001. Furthermore, training on the N-MNIST, KTH, and
motion tracking datasets required 200, 100, and 2000 epochs, re-
spectively, to converge.
In the WMUX-STPC network, the input sequential light field is

the triplet (xit0, xit1, xit2). xit was fed into the spatial transfer function
ot = ts(xit, ws), and the input light fields at different time slots share
the same spatial weight ws. The output triplet (ot0, ot1, ot2) was then
fed into the temporal multiplication unit (intensity modulator);
thus, o′ = o · wt(v), and the output o′ from the temporal multiplica-
tion unit was recurrently added in the temporal buffer. The tempo-
ral output y was fed to the nonlinear activation function g(y1, y2).
The final two outputs at wavelengths λ1 and λ2 were demultiplexed
and fed to the second layer. In this manner, the first layer imple-
ments 3 × 2 temporal nonlinear computing, while the second
layer implements 2 × 2 temporal computing without nonlinear ac-
tivation. The final outputs were used to determine the category of

dynamics. In the network training, the cross-entropy loss was used
with the Adam optimizer (regularization loss is presented in section
S4), with a learning rate of 0.0005, on the same platform as that of
the SMUX-STPC network. The training took 200 epochs to
converge.

Experimental system learning
In the experiment, the calibrated parameters were dependent on the
calibration data. Owing to the discrepancy between the inference
inputs and random calibration inputs, as well as the presence of
system noise in the calibration, the accuracy of the calibrated trans-
fer matrix is biased to the distribution of the calibration data; con-
sequently, the system computing accuracy may not be the best for
the inference inputs.
To enhance the system modeling accuracy, instead of simply

using calibrated system parameters for the final experiments, we
used a further step to learn the system parameters with trainable
functions, which we termed system learning. From the perspective
of machine learning, we regard the parameters that characterize the
experimental system as variables that are trainable and, together
with the model parameters (weights in the ST modules of STPC),
comprise the entire set of parameters. As a result, the pretraining
step is the process of learning the neural network model parameters,
and the system learning is the process of learning the experimental
system parameters. These two steps can be iteratively performed to
asymptotically approach the best computational neural network
model and most accurate system model collaboratively. Compared
with existing photonic neural network trainingmethods that update
only the model parameters during the learning process (25, 66–68),
the proposed system learning method constructed a unified train-
able framework with both the experimental system parameters and
computational model parameters, thus exploring the complete
parametric space and achieving optimal convergence. A flowchart
of the learning process of STPC is shown in fig. S3.
After pretraining, we extracted a subset of the training data and

measured the experimental output to fine-train the system param-
eters. Specifically, we extracted a small portion of the training data
(61 in spiking sequence classification, 42 in human action recogni-
tion, and 66 in motion tracking) as the system learning subset and
measured the outputs from the spatial modules and the temporal
multiplication modules. In spatial computing, the output
~oj ¼ j tTs ðxi �ws;jÞ þ b0 j

2is collected (the experimental measure-
ments are denoted with a tilde), and we used the ð~oi; xiÞ pair to
finely train the parameters (ts, b0). During the training, the learning
rate was set to 0.000005, which decayed by 1% every 5000 iterations,
and the batch size was set to 16. In addition, the training process
converged after 500 epochs (fig. S5). We also collected SOA input
and output pairs with experimental inputs ~o0 ¼ φð~o; ~vtÞ. We used
the (~o0;~o; ~vt) triads to train the SOA calibrated markers with a learn-
ing rate of 0.0001 combined with a decay rate of 10% every 5000
iterations. The training process converged after 60 epochs (fig.
S6). Furthermore, the system parameters from system learning
were used for further training of the model parameters for 20
epochs, with the learning rate set to 0.0001. Last, the converged pa-
rameters were deployed in the experimental system.
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In-plane anisotropy of graphene by strong interlayer
interactions with van der Waals epitaxially grown MoO3

Hangyel Kim1, Jong Hun Kim1,2, Jungcheol Kim3, Jejune Park4, Kwanghee Park5,6, Ji-Hwan Baek1,
June-Chul Shin1, Hyeongseok Lee1, Jangyup Son7,8, Sunmin Ryu5, Young-Woo Son4,
Hyeonsik Cheong3, Gwan-Hyoung Lee1*

van der Waals (vdW) epitaxy can be used to grow epilayers with different symmetries on graphene, thereby
imparting unprecedented properties in graphene owing to formation of anisotropic superlattices and strong
interlayer interactions. Here, we report in-plane anisotropy in graphene by vdW epitaxially grown molybdenum
trioxide layers with an elongated superlattice. The grown molybdenum trioxide layers led to high p-doping of
the underlying graphene up to p = 1.94 × 1013 cm−2 regardless of the thickness of molybdenum trioxide, main-
taining a high carrier mobility of 8155 cm2 V−1 s−1. Molybdenum trioxide–induced compressive strain in gra-
phene increased up to −0.6% with increasing molybdenum trioxide thickness. The asymmetrical band
distortion of molybdenum trioxide–deposited graphene at the Fermi level led to in-plane electrical anisotropy
with a high conductance ratio of 1.43 owing to the strong interlayer interaction of molybdenum trioxide–gra-
phene. Our study presents a symmetry engineering method to induce anisotropy in symmetric two-dimensional
(2D) materials via the formation of asymmetric superlattices with epitaxially grown 2D layers.
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INTRODUCTION
van der Waals (vdW) epitaxy is a widely used technique for fabri-
cating two-dimensional (2D) epitaxial layers on a variety of growth
templates with crystallographic alignment (1–3). The major advan-
tages of vdW epitaxy originate from the dangling bond–free inter-
face and relatively weak vdW interactions between the epilayers and
growth templates (4), enabling the growth of epilayers with a re-
markable mismatch of lattice (5) and symmetry (6–8) without sub-
stantial interfacial strain or misfit dislocations. The interlayer
interaction is of particular importance in vdW epitaxy with symme-
try mismatch due to the formation of anisotropic superlattices (9–
12) and directional strain during a cooling procedure (13).

Here, we report the in-plane anisotropy in graphene induced by
the strong interlayer interaction with vdW epitaxially grown α-
MoO3. The strong interlayer interaction at the vdW interface
helped modulate the mechanical and electrical properties of mono-
layer graphene. The epilayer and graphene template with different
thermal expansion coefficients (TECs) exerted a high compressive
strain on graphene, which increased up to −0.6% with increasing
MoO3 thickness. Meanwhile, the graphene was highly p-doped (p
= 1.94 × 1013 cm−2) by the charge transfer from MoO3 regardless of
the MoO3 thickness. Notably, MoO3-deposited graphene exhibited
in-plane anisotropy (conductance ratio of 1.43) in the electrical
conductance owing to the crystal orientation–related periodic

potentials by MoO3, maintaining a high carrier mobility of 8155
cm2 V−1 s−1. Our study shows that vdW epitaxial interface can
induce the strong interlayer interaction and in-plane anisotropy,
which can be used to modulate the crystal orientation–dependent
properties of 2D materials.

RESULTS
Crystal structure of MoO3/graphene heterostructure
To investigate the interlayer interaction at a symmetry-mismatched
epitaxial interface, we used orthorhombic α-MoO3 (Pnma space
group) with in-plane anisotropic mechanical, electrical, and
optical properties (14–18). MoO3 layers comprising MoO6 octahe-
dral double layers (a = 3.96 Å and c = 3.70 Å) were stacked along the
b axis with weak vdW forces (14, 19–22). MoO3 was grown on ex-
foliated graphene by the thermal evaporation of the Mo film in the
air (see Materials and Methods) (23). Figure 1A shows MoO3-
grown monolayer graphene (MoO3/Gr). Figure 1B shows the
Raman spectra of the as-exfoliated graphene and MoO3/Gr
samples. Two main Raman peaks of MoO3 can be observed at
~817 and ~ 995 cm−1, corresponding to the stretching modes of
doubly coordinated oxygen along the a axis (24, 25). The absence
of D peak, an indicator of defects in graphene, implies that there was
no recognizable damage in graphene during MoO3 growth (26, 27).
However, G and 2D peaks, which are sensitive to doping and strain,
shifted markedly after the deposition of MoO3. This indicates that
the deposited MoO3 induced doping and strain in the underlying
graphene. This is discussed later in the paper. The morphology
and thickness of MoO3 were measured using atomic force micros-
copy (AFM), as shown in Fig. 1 (C and D). The graphene was fully
covered by bilayer MoO3 (2L-MoO3) with a few thick islands, as re-
ported previously (fig. S1) (23, 28). The MoO3 surface was clean and
flat without contamination or damage. The height profile in Fig. 1D
(from the white dashed line in Fig. 1C) shows that the thickness of
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the monolayer MoO3 corresponds to half of the unit cell (~0.7 nm)
(14, 19–22).

Epitaxial relationship between MoO3 and graphene
To reveal the crystal structures and epitaxial relationship between
MoO3 and Gr, we used spherical aberration-corrected transmission
electron microscopy (Cs-TEM). The TEM image in Fig. 2A shows
MoO3/Gr transferred onto a TEM grid with holes, where 2L-MoO3
is partially grown on the graphene. The high-resolution TEM image
in Fig. 2B confirms the epitaxial growth of crystalline MoO3 on the
graphene. The diffraction pattern obtained by fast Fourier trans-
form (FFT), shown in the inset of Fig. 2B, verifies that the
rhombic pattern (blue dashed line) of MoO3 is aligned with the hex-
agonal pattern (orange dashed line) of graphene. The (200) plane of
MoO3 is parallel to the ð1100Þ plane of graphene (29, 30). The FFT-
filtered TEM images of graphene (left) and MoO3 (right) in Fig. 2C,
obtained from each diffraction pattern, clearly show the growth of
rectangular MoO3 unit cells with lattice parameters of 3.97 and 3.75
Å on the graphene with an epitaxial relationship: a and c axes of
MoO3 are parallel to the armchair (ac) and zigzag (zz) directions
of graphene, respectively. The atomic model in Fig. 2D shows the
formation of a superlattice (indicated by yellow dashed lines) in
the MoO3/Gr heterostructure with an epitaxial relationship. The
long superlattice unit cell in MoO3/Gr can induce distinct period-
icities along two directions of ac and zz in graphene (9–12).

Modulation of doping and strain in graphene by MoO3
epilayer
To investigate the interlayer interaction between MoO3 and gra-
phene, we measured the Raman spectra of the graphene regions
covered by MoO3 islands of different thicknesses (1L to 5L), as
shown in Fig. 3A. For comparison, the Raman spectra of the as-ex-
foliated graphene (gray) and uncovered graphene (black) are also

shown in Fig. 3A. The uncovered graphene is the region with no
deposition of MoO3 after epitaxial growth. Although the uncovered
graphene had no MoO3, there was a blue shift in the G and 2D peaks
owing to the annealing effect (31). Notably, the MoO3/Gr region
showed a marked blue shift in the G and 2D peaks compared to
the as-exfoliated and uncovered graphene. Furthermore, the two
peaks substantially blue-shifted with increasing MoO3 thickness.
The marked shifts in the Raman peaks indicate a strong interlayer
interaction between the MoO3 epilayers and graphene, leading to
considerable doping and strain in graphene depending on the
MoO3 thickness (26, 27).

To separately measure the doping concentration (p) and strain
(ε) of MoO3/Gr, we marked the positions of the G (ωG) and 2D
(ω2D) peaks in the correlation plot of Fig. 3B. The doping and
strain of graphene can be quantified by projecting ωG and ω2D to
the doping concentration (magenta) and strain axes (gray), respec-
tively (fig. S2) (32). As shown in Fig. 3B, the uncovered graphene is
p-doped (p = 7.8 × 1012 cm−2) with a small compressive strain of
−0.07% after the MoO3 growth process, which is due to the confor-
mal contact of graphene on the SiO2 substrate by annealing under
ambient condition (31, 33, 34). In the case of MoO3/Gr, the gra-
phene is highly p-doped (p = 1.94 × 1013 cm−2) regardless of the
MoO3 thickness, while the compressive strain increases with the
number of MoO3 layers. Different MoO3 thickness dependence of
the doping concentration and strain can be clearly visualized in
Fig. 3 (C to E). Although MoO3 regions of different thicknesses
were deposited on the graphene, as shown in the AFM image of
Fig. 3C, the p-doping concentration of the graphene measured by
the Raman peaks was maintained irrespective of the number of
MoO3 layers, as shown in Fig. 3D. Meanwhile, thicker MoO3 epi-
layers resulted in a higher compressive strain, as shown in Fig. 3E.

To clearly show the MoO3 thickness dependence of doping and
strain in graphene, we plotted the doping concentration and

Fig. 1. vdW epitaxial growth of MoO3 on monolayer graphene. (A) Optical microscope image of MoO3/Gr. (B) Raman spectra of as-exfoliated Gr (black) and MoO3/Gr
(red). The notable features after MoO3 growth are the emergence of MoO3 Raman peaks at ~820 and ~990 cm

−1, blueshift in the G and 2D peaks, and absence of D peak.
a.u., arbitrary units. (C) AFM image of MoO3/Gr of the dashed area in (A). (D) AFM height profile along thewhite dashed line in (C). The heights of MoO3 islands correspond
to multiple layers of MoO3 (~0.7 nm)
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compressive strain as a function of the MoO3 thickness in Fig. 3 (F
and G), respectively. The p-doping concentration of 1L-MoO3/Gr
was almost twice higher than that of the uncovered graphene and
almost invariant for 1L-MoO3 to 5L-MoO3 (Fig. 3F). This indicates
that a high p-doping concentration of graphene can be achieved
using only monolayer MoO3. This is attributed to the efficient
charge transfer between MoO3 and graphene by the large and thick-
ness-insensitive work function of MoO3 (28, 35–37). In contrast, the
compressive strain of MoO3/Gr clearly shows a dependency on the
MoO3 thickness (Fig. 3G). The compressive strain exerted on gra-
phene by MoO3 is due to the difference in the TECs between MoO3
and graphene (14, 38, 39) as well as the high lateral stiffness and
friction of MoO3 (28, 40, 41). The strain of graphene increased,
and the increment gradually decreased with the number of MoO3
layers. This may be due to the formation of a more rigid MoO3
structure with increasing thickness. Both the doping and strain of
graphene induced by the MoO3 epilayer indicate a strong interlayer
interaction between MoO3 and graphene with an epitaxial
relationship.

In-plane anisotropy of MoO3/Gr
The formation of an elongated superlattice and strong interlayer in-
teraction at the MoO3-Gr heterointerface can induce crystal orien-
tation–dependent modulation of the properties of graphene. To
verify the orientation-dependent structural modulation, we mea-
sured the angle-resolved polarized Raman spectra of MoO3/Gr by
rotating an analyzer (θout) at a fixed polarizer (θin) (see Materials
and Methods for detailed information on angle-resolved polarized
Raman spectroscopy). Figure 4A shows the G peaks of 3L-MoO3/Gr
measured at four specific angles. The G peaks were deconvoluted

into two peaks of G+ (red area) at 1621.7 cm−1 and G− (blue
area) at 1623.2 cm−1, which have eigenvectors parallel and orthog-
onal to the strain direction, respectively (fig. S3) (42–44). The inten-
sities of these peaks vary as a function of θout, resulting in a periodic
shift in the convoluted G peak, as shown in the contour plot in
Fig. 4B. The peak intensities of G+ (red circles) and G− (blue
circles) are plotted in polar coordinates in Fig. 4C. They show
well-defined cos2 θout patterns that repel each other in accordance
with theoretical predictions (solid lines in Fig. 4C), indicating the
presence of a uniaxial strain in graphene (42–44). Therefore, our
observations from the polarized Raman spectra show that the
vdW epitaxially grown MoO3 generates an anisotropic strain in gra-
phene (13, 14, 38, 39).

We also measured the angle-resolved electrical transport in the
1L-MoO3/Gr device. The inset of Fig. 4D shows a device in which
multiple electrodes of different angles are deposited around the 1L-
MoO3 island. Figure 4D shows the transfer curves (IDS-VG) mea-
sured with different electrodes at specific angles, indicating a
highly p-doped MoO3/Gr, as observed in the Raman measurement.
In addition, the current levels and slopes of the transfer curves
strongly depend on the measured orientation. Figure 4 (E to G)
shows the p-doping concentration at VG = 0 V, conductance (G),
and field-effect mobility (μFE) of MoO3/Gr in polar coordinates.
The p-doping concentration was calculated using the equation
p ¼ ɛ0ɛrVCNP

e tox
, where ε0, εr, VCNP, e, and tox are the vacuum permittiv-

ity, relative permittivity of SiO2, charge neutrality point of the
MoO3/Gr device, elemental charge, and thickness of SiO2, respec-
tively. The doping level showed no orientation dependence because
the doping of graphene was generated by the charge transfer
between MoO3 and graphene (Fig. 4E). In contrast, both

Fig. 2. Epitaxial relationship between MoO3 epilayers and monolayer graphene growth template. (A) Low-magnification TEM image of MoO3/Gr. (B) High-reso-
lution TEM image of MoO3/Gr. The inset shows the corresponding FFT image. Only a single set of rhombus pattern indicates the growth of single-crystal MoO3 (blue). In
addition, the perfect alignment of MoO3 and graphene (orange) patterns demonstrates the epitaxial growth of MoO3 on monolayer graphene. (C) FFT-filtered images of
graphene (left) andMoO3 (right). (D) Schematic of MoO3/Gr superlattices (yellow dashed boxes) based on their epitaxial relationship. The periodicity along the horizontal
direction (a axis of MoO3 and ac direction of graphene) is approximately eight times greater than that along the vertical direction (c axis of MoO3 and zz direction of
graphene).
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conductance and μFE exhibit anisotropy with 180° periodicity, as
shown in Fig. 4 (F and G), respectively. Anisotropy conductance
ratio (Gmax/Gmin) was 1.43 at VG = 0 V, which is comparable to
that of a representative in-plane anisotropic 2D material, black
phosphorus (~1.5) (45–47). Similarly, μFE of MoO3/Gr showed a
large anisotropy ratio (μFE,max/μFE,min) of 1.77, maintaining a high
mobility of 8155 cm2 V−1 s−1 at p = 1 × 1012 cm−2. This result shows
that in-plane electrical anisotropy can be achieved by epitaxially
grown MoO3 even in symmetrical graphene with isotropic Dirac
cones at K and K′ points of the Brillouin zone (BZ) (48, 49). The
insulating properties of MoO3 indicate no electrical contribution
to the conductivity of MoO3/Gr (fig. S4). Note that the vdW epitax-
ially grown MoO3 led to a high p-doping concentration of graphene
without substantial degradation in the carrier mobility. As a result,
MoO3/Gr shows low sheet resistance of ~133 ohms per square (figs.
S5 and S6). Although the contact resistance of the MoO3/Gr is
reduced by doping compared to graphene device, influence of con-
tacts on the conductivity of MoO3/Gr was excluded because of small
values (fig. S7).

Anisotropic distortion of graphene band structure by MoO3
epilayer
To clarify the origin of the unconventional conductance anisotropy
of MoO3/Gr, we performed first-principles calculations based on

density functional theory (DFT). Anisotropic periodic potentials
on graphene cause anisotropic deformation of its band structure
(50, 51). Accordingly, we expected that the epitaxially grown
MoO3 layers would create anisotropic periodic potentials in gra-
phene in close contact. The formation of a rectangular superlattice
and uniaxial compressive strain, which was experimentally observed
in MoO3/Gr, can induce atomic-scale corrugation in monolayer
graphene. Therefore, the MoO3 epilayers can exert anisotropic pe-
riodic potentials on corrugated graphene, leading to an anisotropic
deformation of the band structure in graphene.

To verify our hypothesis, we constructed a MoO3/Gr hetero-
structure by considering the strain induced by thermal expansion.
The optimized lattice constants were 2.47 Å for monolayer gra-
phene, and a = 3.96 Å and c = 3.70 Å for MoO3 monolayer. As ob-
served in the TEM images in Fig. 2, the a and c axes of MoO3 are
aligned with the ac and zz directions of graphene, respectively. A
MoO3/Gr heterostructure with supercells of MoO3 (16 × a + 2 ×
c) and graphene (15 × ac + 3 × zz) was constructed by minimizing
the mismatch between the lattice parameters of MoO3 and graphene
and by applying orientation dependent TECs for MoO3 and gra-
phene (14, 39). In the constructed MoO3/Gr heterostructure, the
graphene had anisotropic compressive strains of 1.2 and 0.2%
along the ac and zz directions under the constraints of the MoO3
lattice, respectively. Figure 5A shows the out-of-plane deformation

Fig. 3. Hole concentration and strain in the MoO3-grown graphene. (A) Raman spectra of the as-exfoliated Gr (gray), uncovered Gr (black), and MoO3/Gr with various
MoO3 thicknesses (rainbow colored, red to purple with increasing MoO3 thickness). For MoO3/Gr, the apexes of the G and 2D peaks are connected by dashed lines for
visual guidance. (B) Correlation plot of theω2D − ωG for the samples shown in (A). (C) AFM image of MoO3/Gr with variousMoO3 thicknesses. (D and E) Mapping images of
doping and strain of MoO3/Gr, respectively. The strain shows distinctive difference depending on the MoO3 thickness, whereas doping exhibits a difference depending
only on the presence of MoO3 epilayers. (F and G) Plots of hole concentration and strain as a function of the number of MoO3 layers.
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of graphene in contact with epitaxially grown 1L-MoO3. Within the
superlattice (indicated by a black box), the MoO3-deposited gra-
phene was corrugated with a maximum out-of-plane displacement
of 0.09 Å. The carbon atoms that were aligned (misaligned) with the
terminal oxygen atoms of MoO3 were relocated below (above) the
mass center of the graphene layer. The upward and downward dis-
placements of the carbon atoms in graphene are indicated in red
and blue, respectively. Because of the atomic arrangement, gra-
phene exhibited a 1D-like corrugation parallel to the zz direction,
and the periodicity of the corrugation corresponded to the length
of the superlattice.

The directional corrugation of graphene results in periodic po-
tentials on graphene depending on the distance between MoO3 and
graphene. In the supercell geometry, the electronic energy bands
fold into small BZ of the cell so that the modifications of Dirac
energy bands of graphene are hardly noticeable. To avoid this, we
projected or unfolded the dense energy bands in the supercell BZ

into the original BZ of graphene (52–54). Figure 5B shows the un-
folded energy bands of the optimized MoO3/graphene heterostruc-
ture (fire contour) along two directions of x (ac) and y (zz), shown
in Fig. 5A, projected onto the graphene layer. The Fermi level (EF;
gray dashed lines) is downshifted by ~0.7 eV below the Dirac point
of graphene, which supports our experimental observation of high
p-doping concentration of graphene by the deposition of MoO3. We
also compared the band structures of the isolated graphene layer
(green dashed lines), which had the same compressive strain as
the MoO3/graphene heterostructure. We noted that the apparent
gapful (gapless) Dirac point along qx (qy) direction in Fig. 5B is
caused by strain induced shift of Dirac point along qy direction.
The effective band structure along the y axis on the right side of
Fig. 5B is strongly altered at certain energy ranges, while that
along the x axis on the left side of Fig. 5B is similar to that of isolated
graphene (white dashed boxes). Around the Fermi level, band split-
ting is noticeable, indicating strong hybridization with the MoO3

Fig. 4. Anisotropy in graphene induced by MoO3 epilayers. (A) Fitting results of four representative angle-resolved polarized Raman spectra. The measured data are
represented by the hollow circles, while the red and blue shaded areas correspond to the fitted results of the G+ and G− peaks, respectively. The peak positions of G+ and
G− are indicated by the red and blue dotted lines, respectively. (B) Contour plot of the angle-resolved polarized Raman spectra of G peak as function of analyzer angle
(θout). (C) Intensities of G+ (red) and G− (blue) peaks plotted in the polar coordinate. Spheres correspond to the intensities, and solid lines correspond to the results fitted
to the theoretical expectation (42, 43). (D) Orientation-dependent transfer characteristics of MoO3/Gr electric device. The inset shows an optical image of the MoO3/Gr
electric device. (E toG) Polar coordinate plots of the hole concentration at zero-gate voltage (E), conductance (F), and field-effectmobility (G) of theMoO3/Gr device in (D),
respectively. Conductance and field-effect mobility are measured under various carrier concentrations, which are represented with different colors.
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layer. It is estimated that the directional electronic difference shown
in Fig. 5B induces anisotropy in the electrical transport properties of
the MoO3/graphene heterostructure.

On the basis of these band structures, the conductivities (σ)
along the x and y axes could be estimated using the Boltzmann
transport equation under a simple constant relaxation time (τ) ap-
proximation (55). Considering the crystal symmetry of the current
system, the resulting conductivity along α(=x,y) direction (σα) is
given by

σαðμ;TÞ ¼
e2τ
8π3

ð ðX

n½v
α
n;k�

2δðɛ � ɛn;kÞ

� �
∂f ðɛ; μ;TÞ

∂ɛ

� �

dkdɛ ð1Þ

where vα
n,k, εn,k, τ, and f are the α-directional component of k-de-

pendent group velocity, energy of the nth band, relaxation time
(considered a constant for simplicity), and Fermi distribution func-
tion as a function of the energy (ε), chemical potential (μ), and tem-
perature (T ), respectively. As shown in Fig. 5C, the electrical
conductivity along the y axis is lower than that along the x axis
around the Fermi level, consistent with our experimental results. Al-
though the simulation results partly support observed anisotropic
conductance originated from structural disparities for two orthog-
onal directions, the obtained anisotropy is still smaller than the
measurement. We may consider further detailed characteristics

reflecting actual experiment situations, such as larger supercell ge-
ometries and different scattering times along the direction, to
improve the simulation results later.

DISCUSSION
In conclusion, we systemically investigated the interlayer interaction
between MoO3 epilayers and monolayer graphene growth templates
in the symmetry-mismatched epitaxy. Our results demonstrated
that the extreme modulation of doping and strain in graphene
was generated by the strong interlayer interaction with the MoO3
epilayers. First, the hole concentration in graphene could be mark-
edly increased by the deposition of a single layer of MoO3. Our
results were comparable with those obtained using other similar
doping methods (deposition of a charge-transfer layer on graphene)
(56, 57). In addition, by modulating the thickness of the MoO3 epi-
layers, the strain exerted on graphene could be controlled, preserv-
ing a high hole concentration. Furthermore, the directional
deformation of the graphene band structure leads to anisotropy in
the electrical conductance of symmetric graphene. Overall, our
work shows that the strong interlayer interaction between vdW ep-
itaxially grown 2D oxides and 2D materials can be used as an ap-
proach for symmetry engineering of 2D materials, while preserving
their outstanding electrical properties. Our findings have promising
applications in optoelectronic devices that require optical and elec-
trical anisotropy.

Fig. 5. Anisotropic band distortion in MoO3/Gr. (A) Out-of-plane deformation of graphene for optimized MoO3/Gr heterostructure. Blue (red) color represents the
displacement of carbon atoms below (above) the center of mass of the graphene layer. (B) Unfolded energy bands of the MoO3/Gr heterostructure, projected onto the
graphene layer, along the x axis (left) and y axis (right) in the vicinity of the K point. The gray dashed lines represent the Fermi level of MoO3/Gr. The green dashed lines
indicate the band structure of isolated graphene with the same compressive strain as that in the heterostructure, 1.2% along the ac direction and 0.2% along the zz
direction. The color scale indicates the k-dependent spectral weight for the primitive BZ of the graphene layer. (C) Calculated in-plane electrical conductivities using the
unfolded spectral functions projected on graphene at 300 K along the x and y axes.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Kim et al., Sci. Adv. 9, eadg6696 (2023) 7 June 2023 6 of 9



MATERIALS AND METHODS
Sample preparation
A MoO3/graphene heterostructure was prepared using our previ-
ously reported methods (23). As the Mo source, a 100-nm-thick
Mo film was deposited on a SiO2 (285 nm)/Si substrate using an
e-beam evaporator or a DC magnetron sputter. The quality and
morphology of MoO3 were irrelevant to the metal deposition
method. As the target substrate, graphene was mechanically exfoli-
ated on another SiO2/Si substrate. Only monolayer graphene flakes
were selected and used as target templates after their thicknesses
were identified using Raman spectroscopy. To synthesize MoO3
on monolayer graphene, the Mo film was placed on a preheated
heater (525°C), and, shortly after, the target substrate was located
0.5 mm above the Mo film upside down. The Mo film was oxidized
and sublimated into MoOx and condensed on the graphene-exfoli-
ated substrate because of the temperature difference between the
source and target substrates. After 10 min, the target substrate
was immediately removed from the heater. The thickness and cov-
erage of MoO3 could be roughly controlled by varying the deposi-
tion time.

Raman spectroscopy
Raman spectra were acquired using a Raman spectroscope (Renish-
aw Raman, inVia Reflex Confocal Raman Microscope, 532 nm, 600
gratings). Angle-resolved polarized Raman measurements were
performed using a home-built confocal micro-Raman system with
excitation sources of the 2.33 eV (532 nm) line from a diode-
pumped solid-state laser. A 50× objective lens (0.8 numerical aper-
ture) was used to focus the laser beam onto the sample and collect
the scattered light (backscattering geometry). The Raman signal was
dispersed using a Jobin-Yvon HORIBA iHR550 spectrometer (2400
grooves mm−1) and detected by a liquid nitrogen–cooled back-illu-
minated charge-coupled device detector. The laser power was kept
below 0.1 mW. The polarizer was fixed at constant angle (θin), and
the analyzer angle (θout) was rotated to select specific polarization of
the scattered light. An achromatic half-wave plate was placed in
front of the spectrometer to keep the polarization direction of the
signal entering the spectrometer constant with respect to the groove
direction of the grating.

Transmission electron microscopy
MoO3/Gr was transferred to a holey carbon Au TEM grid using a
poly(methyl methacrylate) (PMMA)–based transfer method.
PMMA was spin-coated on the SiO2/Si substrate where MoO3/Gr
was located and immersed in a 2 weight % KOH solution after
scouring the edges of the substrate. The PMMA/MoO3/Gr film
floated on the solution because SiO2 was etched by KOH. The
film was rinsed with deionized water several times and transferred
onto a holey carbon Au TEM grid, and PMMA was removed by
placing the TEM grid in acetone overnight. High-resolution TEM
images were captured using a Cs-TEM (JEOL JEM-ARM 200F
Cs-TEM).

Atomic force microscopy
AFM images were measured using NX-10 (Park Systems). Both
contact and noncontact modes were performed considering the
status of the samples and environment.

Device fabrication and electrical measurements
e-beam lithography was performed to define the patterns of the
source and drain electrodes surrounding MoO3/Gr. Subsequently,
Cr/Pd/Au (2 nm/30 nm/40 nm) was deposited on MoO3/Gr
using an e-beam evaporator. The electrical measurements of the
devices were performed using a parameter analyzer (Keithley
2400) under ambient conditions. The two-probe field-effect mobil-
ity (μFE) of MoO3/Gr was calculated using the following equation

μFE ¼ gm
L

WVDSC
ð2Þ

where c is the unit back-gate capacitance of 285-nm SiO2, gm = dIDS/
dVG is the transconductance, VDS is the drain voltage, and L and W
are the channel length and width, respectively. The channel width is
defined as the width of the metal electrodes. The transconductance
was obtained by linearly fitting the transfer curve.

DFT calculations
To investigate the electronic and transport properties of the MoO3/
graphene heterostructure, we performed first-principles calcula-
tions based on DFT (58, 59) using the VASP code (60, 61). Projec-
tor-augmented wave potentials (62, 63) were used to describe the
valence electrons. The cutoff energy for the plane wave basis was
set to 450 eV, and atomic relaxation was performed until the Hell-
mann-Feynman force acting on every atom decreased below 0.01 eV
Å−1. Dipole correction was included for a more precise calculation.
For the exchange-correlation function, the rev-vdW-DF2 method
(64) was adopted to consider vdW interactions. The BZ was
sampled using a 2 × 8 × 1 k-grid for the rectangular supercell of
MoO3/graphene. To avoid spurious interlayer interaction along
the out-of-plane direction, a vacuum region of 15 Å was introduced.
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APPL I ED SC I ENCES AND ENG INEER ING

The strength of surgical knots involves a critical
interplay between friction and elastoplasticity
Paul Johanns1, Changyeob Baek2, Paul Grandgeorge1,3, Samia Guerid4, Shawn A. Chester5,
Pedro M. Reis1*

Knots are the weakest link in surgical sutures, serving as mechanical ligatures between filaments. Exceeding
their safe operational limits can cause fatal complications. The empirical nature of present guidelines calls for
a predictive understanding of the mechanisms underlying knot strength. We identify the primary ingredients
dictating the mechanics of surgical sliding knots, highlighting the previously overlooked but critical effect of
plasticity and its interplay with friction. The characterization of surgeon-tied knots reveals the relevant ranges of
tightness and geometric features. Using model experiments coupled with finite element simulations, we
uncover a robust master curve for the target knot strength versus the tying pre-tension, number of throws,
and frictional properties. These findings could find applications in the training of surgeons and robotic-assisted
surgical devices.
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INTRODUCTION
Surgery is a delicate craft in which high-quality suturing requires
precision manual skills (1, 2). Knots are central to surgical proce-
dures, where they are used as ligatures during suturing (3, 4).
Knots are the weakest link in a suture (5, 6), with disastrous conse-
quences when they fail if they fail (7, 8). A typical complication in
surgery is wound dehiscence, whereby a previously sutured incision
reopens, thus preventing wound healing (9). The related incisional
hernia can be as high as 20% within the first year following midline
laparotomy (10). In many common surgical procedures, suturing
using monofilaments (versus braided ones) is advantageous for
lower infection risks, albeit more challenging to ensure mechanical
safety (11).

Surgeons tie sliding knots daily, consciously, or unwittingly (12);
all intended flat knots tied in monofilaments capsize into a sliding
conformation (13). Typical sliding knots consist of a series of half-
hitches around a nearly straight filament segment under tension. A
notation has been developed (5, 12, 14, 15) to describe these knot
configurations: “S” denotes a sliding throw, and “||” or “×” indicates
an identical or nonidentical subsequent throw, respectively. For
example, S || S refers to the sliding granny knot with two identical
throws, and S × S to the sliding square knot with two nonidentical
throws. The more complex S || S × S configuration describes a
sliding granny knot followed by a sliding square knot. This notation
is used throughout.

Although a high variability of knot-tying techniques is found
across surgeons (1), additional throws in a knot have been shown
to consistently decreases spontaneous untying rates (5, 16, 17). Fur-
thermore, the tying pre-tension applied by the surgeon to tighten
each throw appears to depend more on individual perception
than experience (18). Even if the importance of mechanical analysis

of knots has long been recognized in the medical profession, exist-
ing guidelines for best practices are primarily empirical and histor-
ical, not relying on physics-based structural analyses (5). Despite
their broad and practical relevance, the predictive understanding
of the physical mechanisms underlying knots remains crude. Exist-
ing frameworks in the classic mathematical theory of knots or elastic
rod theory (19) are limited to purely geometric abstractions (20–22)
or loose physical knots (23, 24) and, thus, cannot capture the me-
chanical behavior of tight physical knots with their three-dimen-
sional (3D) deformations and frictional contact (25–27). In
addition to the fundamental challenges related to topology, geom-
etry, 3D elasticity, contact, and frictional interactions, knotted sur-
gical monofilaments also undergo elastoplastic deformation (28,
29). The consequences and potentials of plasticity in functional
knots have, to the best of our knowledge, not been considered
to date.

Here, we seek to establish physics-based operational and safety
guidelines for the strength of surgical sliding knots, focusing on
commercial polypropylene suturing monofilaments which are
common in surgical practice. We develop a physical model system
to study the resistance of the knot to slippage—the knot strength—
by systematically varying the tying pre-tension, number of throws,
and knot topology (|| versus × throws). Our data are consistent with
a power law for the knot strength as a function of the applied pre-
tension and a linear relation between the knot strength and the
number of throws. In addition, we characterize knots tied by an ex-
perienced surgeon, finding that they intuitively leave a safety
margin between the regimes where knots are too loose to be func-
tional and the high-tension regime resulting in filament fracture.
The influence of friction on knot safety is explored systematically,
using finite element modeling(FEM) to simulate elastoplastic knots
with varying frictional interactions. Last, we propose a normaliza-
tion that collapses all the data onto a master curve, describing the
knot strength of tight knots in all of the configurations we consid-
ered and awide range of friction coefficients. Our analysis suggests a
robust mechanism for the strength of these surgical knots.
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RESULTS
The photograph in Fig. 1A (and movie S1) shows a series of half-
hitch throws tied by a surgeon in a polypropylene suturing filament
(Prolene, Ethicon Inc., Johnson & Johnson). This monofilament of
circular cross section and area, A, was used throughout the study in
the diameters of 0.25 or 0.49 mm United States Pharmacopeia
(USP) designation 3-0 and 1, respectively (30)]. The yield strength
of as-received Prolene was determined from uniaxial stress-strain
measurements to be σY = 19.1 MPa [from the 0.1% offset yield
point (31)]. Typically, multiple suturing knots allow binding
tissue, sealing an accident tear or a surgical incision (11, 32). In
Fig. 1 (B1 to B3) (and movie S2), we illustrate the typical surgical
failure mode of wound dehiscence using a suturing practice pad
with three stitches (S || S × S each) of different tightness. The
outer knots k1 and k3 are tighter than the middle knot k2. The
system was loaded by gradually increasing the far-field uniaxial
stress field of magnitude σ∞. At a sufficiently large stress level,
the filament of the middle knot, k2, starts sliding (Fig. 1B2) until
it completely slips out and, from then on, no longer fulfills its
binding function (Fig. 1B3).

In Fig. 1 (C and D), we present optical microscope images (top)
of S || S and the S × S knots, tightened using a UTM (universal
testing machine; Instron 5943), along with their topological
diagram (bottom). The knots (surgeon- and machine-tied) were
tied around rigid 3D-printed pins (stereolithography 3D printer:
Form 2, Formlabs; Clear V4 resin), with a flat upper surface of

width, 2L = 6 mm (Fig. 1E). This pin geometry was chosen on
the basis of the common rule for skin closures (33), prescribing
the distance between the needle’s entry point and the wound’s
edge, L, to equal the thickness of the tissue, ranging from 1 to 4
mm in the human body. After the half-hitch (identical or noniden-
tical throw) was set manually in its loose configuration on the rigid
pin, the two free extremities of the filament were clamped to the
UTM. The protocol to tighten the knot to a set pre-tension, ~T; is
described in Materials and Methods.

We characterized sliding knots by quantifying their slippage re-
sistance as follows. The loop surrounding the pin was cut open (Fig.
1E), and the protruding sliding strand (extremity of the filament at
the cut) was threaded through the hole of a rigid stopper plate, as
schematized in Fig. 1F for the S || S knot. Then, the knotted config-
uration was pulled against this plate to measure the knot-slipping
force, ~F: In this model system, the plate represents the bound
tissue in the suturing system, where tractions may lead to wound
dehiscence (Fig. 1B). Figure 2A1 presents the experimental setup,
where the protruding (sliding) strand, previously part of the loop,
was first slid through a clearance hole (0.30 − mm diameter for 3-0
USP filament) in a flat, rigid acrylic plate (4−mm thickness). Using
the UTM at the constant speed of 1 mm/s, the S || S knot is then
pulled against the plate, blocking vertical translation, and eventually
leading to the sliding mechanism (Fig. 2, A1 to A4). In Fig. 2B, we
plot the resulting dimensionless slipping force ~F ¼ F=ðσYAÞ versus
the normalized displacement ~δ ¼ δ=D: Initially, ~F increases as the

Fig. 1. Failure of surgical sliding knots. (A) Photograph of the tying of a common sliding knot by an experienced surgeon in a Prolene polypropylene filament on a rigid
support. (B1 to B3) Photographs illustrating knot safety and sliding for different levels of tightness of the S || S × S knot in a suture system on a practice pad, at increasing
levels of the far-field stress, σ∞. (C and D) Optical microscope image (top) and topological diagram (bottom) of the S || S (C), and S × S (D) sliding-knot topologies. (E)
Schematic of the S || S × S knot tied around a 3D-printed pin and visualization of the cutting location in the suture loop. (F) FEM-computed configuration for a S || S knot
tied with a pre-tension of ~T ¼ 10:9: The same configuration is implemented in the mechanical testing experiments to measure the slipping force, ~F; of the S || S knot (cf.
Fig. 2).
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vertical filament is pulled upward and the knotted filament is resist-
ed by the stopper plate (Fig. 2A2). Past an initial transient, the force
reaches a plateau, where the filament slides with a nearly constant
slipping force (Fig. 2A3). This characteristic force, denoted nondi-
mensionally as ~F0; corresponds to the knot strength, ultimately, the
cause of the knot’s untying (Fig. 2A4). Note that forces are nondi-
mensionalized in units of σYA; applied dimensionless tensions
greater than 1 involve plastic deformation of the straight fila-
ment strand.

Next, we use the mechanical testing described above to charac-
terize the knot strength, ~F0; while systematically varying the tying
pre-tension, ~T; and the number of throws, n. First, we focus on
the S || S × S topology (n = 3), with each throw pre-tensioned
equally. Different levels of ~T lead to the three distinct regimes show-
cased in Fig. 3A: (i) loose knots (~T , TminÞ; (ii) tight knots
(Tmin � ~T � TmaxÞ; and (iii) filament fracture (~T . TmaxÞ: Loose
and tight knots were distinguished quantitatively using volume
measurements on the sliding granny knot. In fig. S1, we report
results on the knot’s volume (measured from the convex hull of
x-ray tomography data) as a function of ~T; demonstrating two dis-
tinct slopes. The transition between the two regimes is compatible
with the convex hull computation applied on the ideal (purely geo-
metric), tightest sliding granny knot, using the Ridgerunner algo-
rithm (34). From this volumetric analysis, the minimum knot
tying pre-tension is determined as ~Tmin ¼ Tmin=σYA ¼ 2:59+ 0:1
4 (leftmost vertical line in Fig. 3B), below which the knot is consid-
ered loose.

Beyond the onset of tight knots, in the intermediate region (ii),
the knot strength follows

~F0 ¼ ~K~Tα ð1Þ

where the exponent α and the prefactor ~K are two fitting parame-
ters. Equation 1 provides an excellent fit to the data up to filament
fracture. This upper limit is determined by rate- and temperature-
dependent fracture tests on knotted Prolene filaments and repre-
sented by the rightmost vertical line at ~Tmax ¼ TmaxσYA ¼ 15:74+
0:63 (fig. S2).

We turn to surgeon-tied knots, mapping their strength to the
model experiments described above. Using the same monofila-
ments, topology (S || S × S), and rigid supports as in the model ex-
periments, an experienced surgeon was instructed to hand-tie 38
knots, tightened identically to their routine suturing procedure.
The level of pre-tension of the manually tied knots was unknown
(see the representative knot in Fig. 3C). Using our experimental
setup, the surgeon-tied knots were then tested for their strength, ~F0
;which, as presented in Fig. 3D, exhibits a nearly uniform histogram
in the range, 1:7 , ~F0 , 7:7: The probability distribution is sum-
marized by the box plot with a median normalized strength of 3.2
and lower and upper quartiles at 2.7 and 5.2, respectively. Projecting
the median knot strength and interquartile ranges (shaded region
from Fig. 3D to Fig. 3B) onto the results from the model experi-
ments on the S || S × S knot provides an estimate of the operating
range of pre-tensions for surgeon-tied knots, ~Tsurgeon [ ½6:6 � 10�:
We find that ~Tsurgeon [ ½~Tmin; ~Tmax�; the surgeon targets the middle
of the intermediate regime (ii) for tight knots identified by our
model experiments while leaving safety margins between loose
knot configurations, ~Tmin; and filament fracture, ~Tmax:

Thus far, we focused on the S || S × S knot, the simplest config-
uration comprising the two sliding topologies of interest: S || S and S
× S. However, surgeons typically tie more than three half-hitches for
increased knot safety. To explore the effect of the number of throws,
n, on knot strength, we return to the model experiments and inves-
tigate configurations with an initial S || S knot followed by different
numbers of non-identical (×) throws (Fig. 3E). In Fig. 3B, we plot ~F0
versus the tying pre-tension, ~T: These more complex knots with ad-
ditional throws exhibit the same functional dependence, Eq. 1, as
the simpler S || S × S topology, with α = 1.59 ± 0.03. The consistency
of α across the different tested topologies is notable, considering the
underlying geometric complexity. These robust results call for a de-
tailed theoretical analysis, which is beyond the scope of the present
study. The knot strength increases with n with a prefactor ~K; which
we denote as a multiplicative-strength factor. In Fig. 3F, we plot the
fitted value of ~K versus n, finding the linear relation ~K ¼ β1n; with
β1 = 0.047 ± 0.003. All the fitted parameters are summarized in
table S1.

In Fig. 3F, fig. S3, and table. S1, we show that the behavior ac-
cording to Eq. 1 and the value of K are identical for the S || S × S
and the S || S || S knots. In other words, these two topologies are
equivalent regarding knot strength. Therefore, quantifying the me-
chanical performance of complex surgical knots with various topo-
logical combinations of multiple throws reduces to characterizing a
single sliding knot (n = 2) with a single topology (e.g., S || S). Com-
bining the above observations, we find that surgeon-tied sliding
knots are in the tight regime, where the knot strength follows Eq.

Fig. 2. Mechanical tests of the strength of a S||S knot. (A1 to A4) Sequence of
photographs during mechanical testing, visualizing the sliding process of a previ-
ously tied knot that is pulled against a stopper plate to measure the slipping force,
~F: The frames are shown at increasing values of dimensionless displacement, ~δ ¼
δ=D; of the vertically pulled filament. (B) Representative curves (experiments and
FEM) of ~F versus displacement, ~δ: The plateau of the curves defines the knot

strength, ~F0: The points A2 and A3 correspond to the photographs in (A2) to
(A3). The S || S knot was tied to a pre-tension of ~T ¼ 10:9:
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1, with the same exponent, independently of the number of throws
or the topological combination. The knot strength is described by a
multiplicative-strength factor, ~K; which depends linearly on the
number of throws, such that

~F0 ¼ β1n~Tα ð2Þ

We proceed by complementing the experimental results with
fully 3D finite element modeling (FEM) simulations to gain physi-
cal insight into the underlying mechanism leading to the knot
strength in the tight regime. We used the commercial package
ABAQUS/EXPLICIT (Simulia, Dassault Systèmes) to simulate

knotted filaments, probing physical quantities not accessible in
the experiments, especially the reactions on the surface of the fila-
ment. The self-contact of the monofilaments was modeled using
Amontons-Coulomb friction enforced through normal penalty
forces, combined with tangential frictional forces, with a prescribed
dynamic friction coefficient, μ = 0.20 ± 0.02 (fig. S4). On the basis of
(35, 36), a 3D continuum-level constitutive model for elastic-visco-
plastic mechanical behavior (specialized for uniaxial tension) was
developed and implemented in the simulations (fig. S5 and table
S2). The filaments used throughout this study undergo unknown
deformation during manufacturing and packaging, leading to in-
trinsic curvature upon unpacking. To account for this (unknown)
loading history in the simulations, we considered an effective resid-
ual bending stress, σR, applied on the initially straight model of the
filament (fig. S6).

After calibrating the FEM simulations for uniaxial and bending
deformations (Materials and Methods) of our filaments, we simu-
lated S || S knots by applying a sequence of prescribed displacements
and rotations to control the nodes located at each end and the
central filament coordinate (see Materials and Methods and
movie S5). For generality, the simulations were performed with a
unit-diameter filament. The numerical configuration presented in
Fig. 1F was tied with ~T ¼ 10:9: The corresponding force-displace-
ment curve is shown in Fig. 2B (dashed line). Note that, at this stage,
the FEM has no adjustable parameters; all material parameters and
mechanical properties were determined independently. As a final
validation step of the numerics, we compared the computed knot
strength against experiments over the full range of ~T in the tight
knots regime (ii). In Fig. 4A, we replot the experimental ~F0 data
for the S || S knot with the solid line representing the corresponding
fit from Fig. 3B. In the same plot, we juxtapose the FEM data com-
puted using the experimentally measured kinematic friction coeffi-
cient, μ = 0.2 (* symbols). The agreement between experiments and
FEM furthers the confidence in the numerical model and validates
the choice for the nondimensionalization of the forces by σYA,
noting that all simulations were performed assuming unit diameter.
Last, we leveraged the FEM to vary μ systematically; the data in Fig.
4A reveals that the knot strength increases with μ.

Zooming into the inner workings of the knot, we used the FEM
to compute the normalized contact pressure, p/σY, between the half-
hitches and the quasi-straight sliding filament. For the representa-
tive case of an S || S knot (n = 2) with ~T ¼ 9:5; Fig. 4B shows a 3D
visualization of p/σY and its projected 2D map, the latter focusing
on the contacting regions. We distinguish two main contact
domains related to the two half-hitches, with four distinct pressure
hot spots. Integrating the local normal tractions over the entire
surface of the knotted rod yields the integrated normal contact
force, ~Fn ¼ Fn=σYA: It is useful to define the prereleased configu-
ration as the state when the pre-tension is still applied before freeing
the ends and the released configuration when the ends have been
freed for testing. Their respective renderings are shown in Fig. 4C
(left and right, respectively). The inset in Fig. 4C plots the integrated
normal contact force in the released versus that in the prereleased
configurations, i.e., ~Frn versus ~Fprn : For μ ≥ 0.15, we find ~Frn � ~Fprn
(dashed line), meaning that the released configuration maintains
the normal contact force onto the sliding filament due to the
plastic deformation accumulated during the pre-tensioning step.
For μ < 0.15, ~Frn , ~Fprn as the knot dilates (elastic springback)

Fig. 3. Dependence of the knot strength on pre-tension and topology. (A)
Photographs of representative S || S × S knots tied with different values of pre-
tension: (i) loose knot (~T ¼ 15Þ; (ii) tight knot (~T ¼ 8:5Þ; and (iii) fracture of the
last throw (~T ¼ 20Þ: (B) Knot strength, ~F0; versus tying pre-tension, ~T; for sliding
knots with multiple throw. The solid lines represent the average power-law in-
crease, and the corresponding shaded regions are the 65% confidence interval.

The bounds of the intermediate region (ii), ~Tmin and ~Tmax; are represented by ver-
tical solid lines with their SD by the dashed lines. (C) Photograph of a surgeon-tied
S || S × S knot. (D) Histogram and box plot of knot-strength measurements for
surgeon-tied knots (S || S × S), with the mapping (shaded region) onto the exper-
imental curve in (B). (E) Photographs of sliding knots with different numbers of
throws, n = {2,4,5,6} (~T ¼ 8:5Þ: (F) Multiplicative-strength factor, ~K; cf. Eq. 1, of
the fitted curves in (B) as a function of the number of throws, n. The linear fit to
Eq. 2 and the corresponding 65% confidence interval are represented by the solid
line and shaded region, respectively.
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after the pre-tension is released with an insufficient level of plastic
deformation. In these low-friction cases, the desired constricting ge-
ometry around the sliding filament is insufficient; consequently, the
normal tractions in the released configuration are low. Thus, plas-
ticity turns out to be crucial to prevent the complete unraveling of
the knot, even for vanishing friction coefficients (μ = 0.05). The
plastically bent filament guarantees the knot topology, while the
same knots on a purely elastic rod would unravel (movie S3).

Focusing on the tight, nondilated configurations (μ ≥ 0.15), the
data in Fig. 4C evidence that the global knot strength depends lin-
early on the integrated local normal force; ~F0 / ~Frn: Therefore,
despite the strong underlying geometric nonlinearities, the Amon-
tons-Coulomb friction law is at the source of this proportionality (as
implemented in the FEM model), relating the total integrating tan-
gential force, ~Ft; and hence the knot strength, to ~Frn: Combining the
friction-related dependencewith Eq. 2, the knot strength is expected

to behave as

~F0 ¼ β2nμ~Tα ð3Þ

with the prefactor β2 ¼ ~K=ðnμÞ ¼ 0:21+ 0:07 measured by fitting.
In Fig. 4D, we plot ~F0=ðnμÞ versus ~T for the experimental data (n ∈
[2,6], from Fig. 2) together with the FEM data (n = 2 and μ ∈
[0.15,0.35]). Consistently with Eq. 3, the data collapse onto a
master curve with α = 1.56 ± 0.23. These results confirm that the
frictional interactions dictate the knot strength with the required
normal contact forces ensured by the plastic deformation accumu-
lated during pre-tensioning. As evidenced in Fig. 4C, note that the
description of Eq. 3 is valid only for tight knots (above Tmin). These
findings call for future theoretical efforts to rationalize the mea-
sured values of α and β2, which are independent of the filament di-
ameter, the number of throws, and the friction coefficient (for μ ≥
0.15), in the tension range of the tight-knots regime.

Fig. 4. Analysis of surface tractions and master curve for knot strength. (A) FEM-computed knot strength, ~F0; versus tying pre-tension, ~T; for the S || S (n = 2) confi-
guration, over a range of friction coefficients, μ ∈ [0.05 − 0.35]. The green line corresponds to the experimental fit of the data in Fig. 3B to Eq. 1; the shaded region
represents the 65% confidence interval of the fit. The experimental value of the friction coefficient is μ = 0.2 (fig. S4). (B) Three-dimensional visualization of the S || S knot
system (~T ¼ 95Þ simulated using FEM (top). Contact pressure, p/σY, visualized on the pulled 3D rod (bottom) and mapped in 2D along the axial coordinate, z/D, and the
angular coordinate, ϕ(right). (C) Knot strength, ~F0; versus released integrated normal contact force, ~F

r
n; for friction coefficients in the range, μ∈ [0.15− 0.35]; see legend in

(A). Linear fit of the data (lines) and 65% confidence interval (shaded regions). Inset: Released normal contact force, ~F
r
n versus the prereleased normal contact force, ~F

pr
n ; for

all the simulated values of μ; see legend in (A). Spring back (dilation) of the knots is observed for the datasets with μ = 0.05, 0.10, an example of which is shown in the
adjacent FEM configuration corresponding to the red-circled data point (μ = 0.10, ~T ¼ 6:8Þ: (D) Effective knot strength, ~F0=nμ; versus ~T; combining all the experimental
and numerical results obtained in this study.
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DISCUSSION
Our results on both surgeon-tied knots and model experiments,
combined with FEM, enabled us to identify the ingredients dictat-
ing the strength of surgical sliding knots. In addition to topology,
geometry, and elasticity, the interplay between plastic deformation
and frictional interactions is crucial in a knotted monofilament.
Our findings could be translated into practical guidelines on how
to tie a safe surgical knot in a given suturing monofilament with
friction coefficient, μ ≥ 015, and yield strength, σY. The surgeon
can adapt the filament caliber and the number of throws, or
control the tying pre-tension to induce an appropriate level of
plastic deformation and hence normal-contact pressures, which,
through friction, establish a desired knot strength. Since we only
considered dry conditions, the master curve of the effective knot
strength is applicable to dry suturing environments. In the presence
of fluids during surgical procedures, lower knot strengths are to be
expected, which can be compensated by ~T and n.

We hope that our investigation will raise awareness of the phys-
ical ingredients in surgical knots among experienced surgeons and
will be valuable in the training of entry-level surgeons. Further-
more, our quantitative description of the mechanism underlying
sliding knots could be implemented into emerging robotic-assisted
surgical devices containing haptic feedback to target effective knot-
tying at a level akin to an experienced surgeon (37).

MATERIALS AND METHODS
Experimental procedure for knot-tying in our physical
model system
To reproducibly tie knots of well-defined pre-tension, we used the
following protocol. Rigid 3D-printed pins were used as support for
manually tying an initial half-hitch in its loose configuration. One
end of the filament was kept straight by applying a slight tension (far
below the yield strength), while the other end was wound around
the straight filament segment. The manually applied tension
should be just enough to keep the half-hitch in place before the
two free filament extremities were clamped on the UTM. Then,
the knots were tightened under displacement-controlled condi-
tions, followed by a load-controlled holding step to account for
any viscous material effects. The pulling speed was 1 mm/s (i.e., en-
gineering strain rate _ɛ ¼ 0:01=sÞ up to the set value of the tying pre-
tension, ~T; and held constant for 100 s to account for any potential
viscoelastic effects. Subsequently, the sample was unmounted from
the UTM, and anotherhalf-hitch (identical or nonidentical throw)
was added manually in its loose configuration, and then tightened
with the UTM. This protocol was repeated for every additional
throw (increasing n).

Threshold to define tight knots
As demonstrated in the main text, tight knots, compared to loose
knots, exhibit higher knot strength due to the increased self-
contact pressure between different segments of the filament. In
general, the transition from loose to tight physical knots is a contin-
uous process without an abrupt change in geometry or mechanical
behavior (see fig. S1A). Still, we developed a method to define an
approximate threshold separating the two regimes, combining a
volumetric analysis based on x-ray micro–computed tomography
(μCT) and a purely geometric rod model. We focus on the

elementary, sliding granny knot, S || S, since knots with higher
throw numbers are not necessary for the procedure described.

The notion of “tightest knot” is well-defined in the mathematical
framework of ideal (geometric) knot theory: A prescribed diameter
and arc length of an ideal filament enable the computation of the
tightest knot shape for the maximal end-to-end shortening (21,
26). An ideal filament is characterized by an undeformable circular
cross section, inextensible centerline, and vanishing bending stiff-
ness (22). On the basis of this geometric theory of knots, we com-
puted the shape of the tightest S || S knot using the software
Ridgerunner, developed by Ashton et al. (34). This software itera-
tively increases the tightness of an initial (ansatz) knot geometry.
The tightening algorithm is based on a C-language code for tight-
ening ideal knots (38), combining a polygonal thickness version
(39–41) with a constrained gradient descent. In our case, this
ansatz was provided by the centerline coordinates of an FEM sim-
ulation of a loose knot. In fig. S1B, we present the tightest S || S knot
configuration. The compactness of the resulting knot was character-
ized as the volume of the 3D convex hull [convhulln function in
Matlab 2019, based on Qhull (42)], around the bulk knot, excluding
the protruding filaments. The computed convex hull on the tightest
sliding granny knot is represented as a semi-transparent envelope in
fig. S1B and was measured to have a dimensionless volume of
4Videal/πD3 ≈ 32.3. A cylinder of diameter and height D (normal-
ized volume, πD3/4) is used as the reference volume.

Next, we make use of 3D μCT images of physical knots to quan-
tify their compactness as a function of the pre-tension applied to
both throws. First, the S || S knots were machine-tied on monofila-
ments (Prolene 1 USP 0.49 mm in diameter) within the range of
tying pre-tensions, 1:5 � ~T � 6:8: Second, as shown in the photo-
graph in fig. S1A, the knots were mounted in an array of increasing
pre-tensions, ~T; labeled (1) to (7). Then, the samples were slid along
a narrow cylindrical sample holder (diameter, 14 mm) and scanned
with the maximum spatial resolution of 4.9 μm (voxel size) using
μCT imaging (μCT100, Scanco Medical).

In fig. S1C, we show the 3D reconstruction of the μCT-scanned
tightest knot (7) with four protruding strands. To quantify only the
volume of the knot, we excluded the four protruding strands by im-
plementing the following cropping steps using MATLAB (Matlab
2019b, MathWorks). The 3D image consisted of grayscale values,
representing the local material density of the voxels, ranging from
0 (nonoccupied voxels outside filament) to 1 (occupied voxels
inside filament). The dataset was binarized using the voxel value
0.5 as the threshold. The gradient profile (gradient function in
MATLAB), representing the change in the number of occupied
voxels, was computed in each of the three spatial directions, {x, y,
and z}. The gradient profile (along each spatial direction) exhibits
peaks (gradient values larger than 25) at the transition between the
bulk knot and either surrounding air or a single protruding strand.
Beyond each peak location, the voxel values were set to 0 (nonoccu-
pied voxels), such that the long protruding strands were cut off from
the bulk knot, leaving a confined knot region. This technique was
repeated by rotating the knot in each of the three spatial directions
(incremental rotation angle: π/4 rad) and smoothly removing all
protruding strands. Similar to the compactness measurement of
the tightest ideal knot, we constructed the 3D convex hull on the
bulk physical knot, as shown by the semi-transparent cover in
fig. S1D.
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In fig. S1E, we plot the volume measurements of the convex hull
obtained from the μCT, 4V/πD3, as a function of the tying pre-
tension, ~T: Each experimental data point is based on three
scanned knot samples. We observe two regimes with different
slopes, whose transition was determined by performing a linear
fit to each of the two regions and determining the intersect,
fitting seven consecutive data points in each regime. The uncertain-
ty of each best fit is at the basis of the error analysis on the intersec-
tion point. The resulting onset of tight knots is given by the tying
pre-tension, ~Tmin ¼ Tmin=σYA ¼ 2:59+ 0:14 (vertical line). At
this tightness level, the experimental knot volume is 4V0/πD3 ≈
28.1 and corresponds to knot (7) in fig. S1A. The transition
between the two regimes is compatible with the result of the tightest
knot volume from the purely geometric model, 4Videal/πD3 ≈ 32.3,
reported above and represented by the dotted horizontal line in fig.
S1E. We conclude that the transition between the distinct behavior
in volume reduction is an appropriate definition for the onset of
tight knots. Note that the smaller convex hull volume of experimen-
tal knots at the transition compared to the purely geometric case is
presumably due to cross-sectional elastoplastic deformations, which
induce a decrease in volume for the same amount of confined
arc length.

Note that since the knot tightness is dictated by the volume of
each individual throw, the tight-knot onset depends only on the
applied tying pre-tension. In the main text, we report a change in
the knot strength behavior between lower and higher tying pre-ten-
sions, i.e., between loose and tight knots. The transition between the
two regimes corresponds to the transition tension determined using
the critical knot volume described above, ~Tmin; further asserting the
validity of the knot volume method to describe the onset of
tight knots.

Material testing and fracture
All the experiments presented in the main text were performed at
room temperature (21°C) and with constant engineering strain rate
_ɛ ¼ 0:01=s for the knot tying and strength testing. Here, we describe
the mechanical tests performed to quantify the material response,
including fracture, aiming to evaluate the range of applicability of
our results for different tying rates and operating room
temperatures.

We tested the tensile properties of single-filament specimens fol-
lowing the ISO 11566 (43) standard, which is designed to avoid fil-
ament fracture at the clamps. In fig. S2 (A and B), we present
schematic illustrations of the sample preparation procedure with
either straight, unknotted (A), or knotted (B) monofilaments.
Since the knotted case is used for fracture tests, an S || S knot was
tied manually on the rigid pin (described in the main text). For both
cases (A) and (B), the Prolene 3-0 USP filament was glued with
epoxy on a rectangular polyvinyl chloride shim stock frame (thick-
ness: 0.1 mm, outer dimensions of the frame: 70 × 20 mm2) with a
gauge length of L = 50 mm. Besides setting reference length precise-
ly, this technique also reinforces the filament at the ends by the
epoxy layer, preventing fracture at the clamping due to stress con-
centration. Once the sample is clamped in a UTM (Instron 5943),
the frame is cut along the y direction (orthogonal to the filament).
Then, the mechanical response is measured by pulling along the
axial direction of the filament (x direction in fig. S2, A and B)

and recording the traction force throughout the imposed
displacement.

In fig. S2C, we present the cyclic engineering stress-strain behav-
ior (maximum strain, ε = 0.5) of the straight Prolene 3-0 USP fila-
ment at room temperature (21°C) as a function of the applied strain
rate, ranging from _ɛ ¼ 0:0025=s to _ɛ ¼ 0:16=s: Each curve shows
the mean (solid line) and SD (shaded region) of three tests on
five different Prolene 3-0 USP samples. We notice a slight increase
in the stress quantities for higher strain rates. Still, despite the vast
range of explored strain rates (variation of 6300%), the relative
change in measured engineering stress at εeng = 0.5 is only 6.7%.
The nominal fracture strength is determined by the maximum re-
corded engineering tensile force on straight filaments and repre-
sented by the blue box plots in fig. S2D. Similarly to the stress at
εeng = 0.5, the fracture strength does not change considerably for
different strain rates. Adding an S || S knot to the filament
reduces the macroscopic fracture strength by 40 to 50% (see gray
box plots), which is in agreement with the experimental observa-
tions reported in (6, 26, 28, 44), although the underlying mecha-
nism remains poorly understood.

In fig. S2E, we present results for the engineering stress-strain
response of filaments under cyclic loading (constant strain rate, _ɛ ¼
0:01=sÞ while controlling temperature. The tests were conducted at
21°, 37°, and 45°C, within clinically relevant temperature ranges. In
the operating room, the temperature is crucial to avoid intraopera-
tive hypothermia (core temperature < 35°C) (45, 46): in orthope-
dics, the room temperature is regulated to 16°C to reduce the
infection risk (47); in obstetrics, the well-being of the newborn re-
quires a temperature of 20° to 21°C (48); and in burn surgery, the
operating room is heated to 30° − 40°C (49). Three tests on three
different Prolene 3-0 USP samples were performed for each curve
in fig. S2E. High reproducibility was achieved, as suggested by the
small uncertainty regions (shaded region) around the average curve
(solid curve). The Prolene filaments are somewhat temperature-de-
pendent, exhibiting softening in their mechanical response to
higher temperatures. Temperature dependence is less prominent
in the nominal fracture strength of S || S-knotted filaments,
plotted in fig. S2F as a function of the three temperature-regulated
environments. The relative difference between the median values of
the fracture strength at 21°C versus 45°C is only 3.6%.

As expected, the mechanical response of straight Prolene mono-
filaments exhibits some rate and temperature dependence. In the
current case study, however, we are mostly concerned with the un-
certainty of the macroscopic fracture strength in knotted samples
since this fracture strength defines the upper boundary of applicable
pre-tension during knot tightening. Relative changes of 12.3 and
6.1% are to be expected for the ranges of explored strain rates
( _ɛ ¼ ½0:0025 � 0:16�s� 1Þ and temperature (21° − 45°C), respective-
ly. Therefore, given the vast ranges of parameters, the rate and tem-
perature effects are relatively small. Consequently, for the study
described in the main text, we consider the mean fracture strength
with its SD, σc = 300.6 MPa ± 12.1 MPa, for the case of a strain rate,
_ɛ ¼ 0:01=s; and at room temperature (21°C). Last, the normalized
maximal tying tension, ~Tmax ¼ σc=σY ¼ 15:74+ 0:63; is consid-
ered as the upper force limit, corresponding to the vertical lines
in Fig. 3B of the main text.
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Topological effect on knot strength
In Fig. 1C of the main text, we visualized the two possible sliding
knot topologies, S || S and S × S, comprising two consecutive
half-hitches. Although the topologies differ, we are interested in
the resulting knot performance for a given tying pre-tension. In
fig. S3, we compare the knot strength, ~F0; as a function of the
tying pre-tension, ~T; between the S || S × S and the S || S || S
knot. Note that the first two throws share the same topology for
both cases to avoid contact effects from the underlying pin during
tying. Unlike the log-log plots on knot strength in the main text,
here, we use linear axes to better contrast the difference in the re-
sponse of the two knots, especially for higher tying pre-tensions.
Again, the knot-strength data are consistent with the functional in-
crease described by Eq. 1 of the main text. We find that the knot
strength is equivalent for the two-knot topologies throughout the
whole range of tight knots. We conclude that the resistance to
sliding of surgical sliding knots does not depend on the throw di-
rection (identical versus nonidentical throws). Within this study,
this observation enables us to reduce the complexity from various
topological combinations to a single topology, e.g., S || S.

Frictional contact interaction
Inspired by the apparatus reported in (50), we have designed an ex-
perimental setup to measure the frictional properties of two fila-
ments in sliding contact using an orthogonal-crossing
configuration in dry conditions. The upper end of the first filament
(Prolene 1 USP) was attached to a 50-N load cell of the UTM
(Instron 5943), and a dead load of 100 g was attached at the other
end of the filament. A second filament (Prolene 1 USP) was tightly
coiled (10 turns) around a rigid acrylic post (square cross section of
20 × 20 mm2 with rounded corners), as shown in the photograph of
fig. S4A. The straight vertical filament was pressed by an annular
ball bearing (external diameter: 30 mm) against the coiled filament
with a normal load, Fn, using a mass-pulley system (not shown in
the photograph). Next, the vertical filament was displaced upward at
a speed of 1mm/s, which is the same displacement velocity imposed
in the knot untying experiments reported in the main text. In fig.
S4B, we plot the measured tangential contact force, Ft, as a function
of the applied normal force, Fn. We find a linear relationship
between the two, as expected for Amontons-Coulomb friction be-
havior. The linear fit, Ft = μdFn (solid line in fig. S4B), of the exper-
imental data yields a dynamic friction coefficient, μd = 0.20 ± 0.02,
in agreement with values reported in the literature for Prolene
monofilaments (29).

Elastoplastic constitutive material model
During the tying and testing of surgical knots, the Prolene filament
can undergo considerable plastic deformation. Quantitatively re-
producing this mechanical behavior in the FEM simulations re-
quires an appropriate constitutive material model for the
elastoplastic behavior of the polymer filament. Before describing
the plasticity model, we implemented in FEM, we must first char-
acterize the constitutive response of the Prolene filaments
experimentally.

In fig. S5A, we present results for the cyclic stress-strain behavior
of a straight (unknotted) Prolene monofilament (1 USP, gauge
length, L = 50 mm), plotting the axial true stress, α, versus true
strain, ε. The tests were performed at the constant engineering

strain rate of _ɛeng ¼ 0:01=s: For these characterization tests, we
used the ISO11566 protocol for large-strain measurements. In the
lower inset of fig. S5A, we show a schematic of the tested specimens
prepared identically to those described in the “Material testing and
fracture” section above. The plot in the upper inset of fig. S5A quan-
tifies the dissipated energy density per cycle,W, measured from the
area enclosed by each loading-unloading σ(ε) curve, for a particular
cycle. We find thatW decreases by ≈500% between the first and the
second cycles before converging into a steady cycle. This seemingly
large dissipated energy observed in the first cycle may be attributed
to the unknown state of the material due to prior deformation
history. We interpret the straightening of the intrinsically curved
filament from the packaging and the preparation of the specimen
for testing as the first loading cycle. To account for this first
loading cycle, we will calibrate the constitutive model from the uni-
axial tensile tests of a filament that has been preconditioned by pre-
stretching it first to ε = 0.215 (i.e., after it has undergone the first
cycle), and then unloaded for subsequent testing. In fig. S5B, we
plot the σ(ε) experimental curves (solid lines) for the three subse-
quent loading-unloading cycles (2, 3, and 4); these data will be used
to calibrate the elastoplastic constitutive model described next.

The 3D continuum-level constitutive model for elastic-visco-
plastic mechanical behavior that we developed and implemented
for the FEM simulations is based on (35, 36). Hence, only a
summary of the relevant content underlying the model is provided
here. Overall, the model includes isotropic hardening since the fil-
aments only undergo one single loading cycle during the knot-tying
and tightening process. Furthermore, the model is rate-dependent,
a choice that is supported by the data presented in fig. S2. The total
deformation gradient is decomposed into elastic and plastic parts

F ¼ FeFp ð4Þ

We assume that plastic flow is incompressible, meaning that det
Fp = Jp = 1, where J = det = F. The evolution equation for Fp is

dFp

dt
¼ DpFp ð5Þ

The flow rule may be written in the form

Dp ¼

ffiffiffi
1
2

r

νpNp ð6Þ

where the equivalent plastic shear strain rate is

νp ¼ ν0
�τ
S

� �1=m

ð7Þ

the equivalent shear stress is

�τ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2
ðMe

0 :Me
0Þ

r

ð8Þ

and the direction of plastic flow is given by

Np ¼
Me

0ffiffiffi
2
p

�τ
ð9Þ

In the expressions above, the notation (•)0 denotes the deviator
of (•). TheMandel stress in Eq. 6 is given by the constitutive relation

Me ¼ 2GEe þ λðTrEeÞ1 ¼ 2GEe0 þ KðTrEeÞ1 ð10Þ
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where G, K, and λ = K − (2/3)G are the shear modulus, bulk
modulus, and Lamé parameter, respectively. Note that the strain
measure used is Ee = ln Ue, where Ue is the elastic stretch, Fe =
ReUe, and accounts for large deformations. The Cauchy stress is
related to the Mandel stress by

T ¼ J � 1ReMeReT ð11Þ

The strength model is given by an evolution equation for the de-
formation resistance S, which enters Eq. 4, taking the form

_S ¼ hðSsat � SÞνp; Sðt ¼ 0Þ ¼ S0 ð12Þ

where Ssat is a saturation level for the deformation resistance, and h
controls how quickly S approaches Ssat.

In summary, the elasto-viscoplastic model with isotropic hard-
ening presented above involves the following material parameters,
E, S0, Ssat, h. Moreover, we define initial yield strength σ0 as the
initial condition for S. These parameters must be determined by
fitting to the experimental data presented in fig. S5B, for the three
consecutive loading and unloading cycles of a straight, unknotted,
and prestretched Prolene monofilament.

The 3D constitutive model has been specialized for uniaxial
tension, and the reduced model is implemented into MATLAB
for the purpose of calibrating the parameters E, σ0, Ssat, h. On the
basis of the experimental data presented in fig. S5B, the built-in
MATLAB function lsqnonlin was used to perform a nonlinear
least-square optimization of the four parameters with a prescribed
initial guess and lower and upper bounds, as summarized in table
S2. The rate-sensitivity parameter was assumed as m = 0.08 to
improve the numerical convergence of the optimization process.
The shear strain rate was set to ν00001. Furthermore, we constrained
the values of E using the initial slope of the test curves in the unload-
ing region, which was measured to be ≈7000 MPa. Assuming ma-
terial incompressibility, the shear modulus is related to the Young’s
modulus by G = E/3. The optimization process yields the calibrated
quantities presented in table S2, with the model fitted (dashed lines)
to the experimental cyclic stress-strain curves (solid lines), as shown
in fig. S5B.

Residual stress
The Prolene filament used throughout the experiments came orig-
inally packaged in a stadium-shaped spool (with straight sides of
length 55 mm and semi-circular caps of radius 10 mm) and exhibits
natural curvature upon unpacking. As is common in plasticity prob-
lems, this prior loading history affects any subsequent material re-
sponse. To account for this (unknown) deformation history in the
FEM simulations, we consider the effective residual bending stress,
σR, as a predefined stress field on the initially straight reference con-
figuration of the filament and treat it as an additional fitting param-
eter. We specify σR by assuming elastic-perfectly plastic (small)
deformation of a beam with a circular cross section of diameter,
D, with curvature κ(x) along the axial direction, x, of the beam,
the axial strain in the bending direction, y, can be expressed as εxxxy.

For a fully plastic beam with yield strength, σY, the cross section
consists of two regions: the lower half, −D/2 ≤ y ≤ 0, with σxx = σY
and area, A1; and the upper half, 0 ≤ y ≤ D/2, with σxx = −σY and
area, A2. Thus, two regions of integration (A1 and A2) are

considered to compute the bending moment:

Mp ¼ �

ð

A1
yσYdA1 �

ð

A2
yð� σYÞdA2 ¼

D3σY
6

ð13Þ

The residual stress is then expressed as the difference between
the fully loaded and the elastically unloaded case,

σxxðunloadedÞ ¼ σxxðloadedÞ � Δσxx ð14Þ

with the stress difference due to elastic spring-back,

Δσxx ¼ EΔɛxx ¼ Eðκloaded � κunloadedÞy ð15Þ

Furthermore, from the moment-curvature relation, Mloaded =
EI(κloaded − κunloaded), we get

κloaded � κunloaded ¼
Mloaded

EI
ð16Þ

Plugging Eq. 13 into Eq. 12 yields the axial stress difference

Δσxx ¼ �
Mpy
I

ð17Þ

wherewe considered loading to the fully plastic state (Mloaded ≡Mp).
Thus, Eq. 11 is written in the form

σxxðunloadedÞ ¼ σxxðloadedÞ þ
Mpy
I

ð18Þ

Considering a fully plastic deformation [σxx(loaded) = ± σY], and
plugging Eq. 10 into Eq. 15 gives the residual stress field as a func-
tion of the yield strength

σRy
1þ 32y

3πD

� �
σY for y , 0

� 1þ 32y
3πD

� �
σY for y , 0

(

ð19Þ

In ABAQUS/EXPLICIT, the predefined stress field—Eq. 16—
was applied on the initially straight reference configuration, σR(σY
= 0 MPa), of the filament of diameter, DFil = 0.49 mm (1 USP), and
axial length,300 mm. Note that, whereas the calibration tests de-
scribed next used this physical value ofDFil, subsequent simulations
(including all of those reported in the main text) were done with
unit-diameter filaments for generality. The rod was meshed with
reduced hybrid 3D solid elements (C3D8I) such that the number
of elements along the axial direction was 200, with 26 elements
per cross section. In fig. S6A, we show typical initial configurations
of the filament for the different values σY = {10,20,30} MPa; differ-
ent values of σR relate to different natural curvatures of the filament.

Figure S6B presents a photograph of the apparatus developed to
calibrate the parameters of our plasticity model. In this configura-
tion, which we refer to as plastic capstan, we quantify the tension
drop, ΔT, between the free end and the pulled end (displacement-
controlled with 1mm/s) of a Prolenemonofilament (1 USP) passing
through a grooved pin with the diameter in the range 0.5mm≤DPin
≤ 9 mm. Given that the pin is mounted on an air-bearing, and the
two constraining ball bearings minimize friction, the ensemble
rotates as a frictionless gear when pulling the filament (movie S4).
Hence, there is minimal sliding frictional dissipation; the dissipa-
tion is only due to plastic bending deformation of the filament
around the pin, which causes the tension to drop between the two
extremities. By contrast, in the classic capstan problem (50, 51), the
tension drop is due to the friction interaction alone.
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Using FEM, we simulate this same plastic capstan configuration
for filaments subjected to residual bending stresses. The pin of di-
ameter, DPin, and the gap walls were simulated as rigid bodies ac-
cording to the fabrication tolerances of the pins, leaving a groove of
depth DFil + 0.01 mm and width DFil + 0.11 mm. In fig. S6C, we
present an FEM-computed configuration of the plastic capstan
(DPin = 0.5 mm), color-coded by the equivalent plastic shear
strain, γp, which increases along the filament from the free end
(right) to the pulled end (left) as a result of the accumulated
plastic deformation. A horizontal cut (purple dashed line) at the
height of the pin exposes the in-plane profile of γp. In fig. S6D,
we plot experimental and FEM data for the normalized tension dif-
ference, ΔT/(σYA), as a function of normalized curvature imposed
by the pin of diameter DPin on the filament of diameter DFil: 2DFil/
(DPin + DFil). Tuning the residual stresses allows for the calibration
of the numerical model by matching its results to the experimental
data to determine the fitting parameter. With the fitted value of
σR(σY = 30 ± 2MPa), we find that the FEM simulations accurately
represent the experimental data across the full range. Note that the
fitted yield strength is of the same order of magnitude as the exper-
imentally determined 0.1% offset yield strength, σY = 19.1MPa (31).

Finite element modeling—Knot tying, tightening, and
testing procedure
In the commercial package ABAQUS/EXPLICIT (Simulia, Dassault
Systèmes), two initially straight filaments were implemented, each
with unit diameter, DFil = 1. The filament (1) forming the two half-
hitches was modeled with axial length, L1 = 35DFil. The sliding fil-
ament (2) was chosen to be half as long. The two filaments were
oriented such that their centerlines cross with a relative angle of
10°. Both filaments were meshed with 3D solid elements, enhanced
with incompatible modes for bending (C3D8I). The number of el-
ements along the axial direction was 230 for filament (1) and 115 for
filament (2), with 40 elements per cross section in both cases. Two
circular plates (5DFil in diameter, 0.1DFil in thickness) with a central
clearance hole of diameter, 1.10DFil, were modeled as rigid bodies
and aligned with the centerline axis of filament (2), leaving a relative
distance 7DFil between the two plates.

The tying, tightening, and testing procedure described next is vi-
sualized in movie S5. In an initial step, the central region of filament
(1), 0.25L1 < Lcenter < 0.75L1, was subject to the residual stress field
σR(σY = 30 ± 2MPa) since the filament extremities are not part of the
knot. Mimicking the tying procedure of the surgeon, a dead load
(Mg = 50 N) was applied to one of the extremities of filament (2),
keeping the other end clamped. Next, by applying a sequence of pre-
scribed displacements and rotations to control the nodes located at
each end and the central coordinate of filament (1), two half-hitches
were formed around filament (2), corresponding to the sliding
granny knot. A similar tying protocol was introduced in (52), in
the context of the clove hitch knot. Both knots share the same to-
pology but differentiate by their application: A clove hitch knot at-
taches a rod to a rigid cylinder (typically larger than the rod
diameter), whereas the sliding granny knot is a binding knot, con-
necting two rods (of equal diameters). We made use of the tying
algorithm used in (52), withminor adaptations to tie the S || S knots.

After the S || S topology was set, both rigid plates were displaced,
leaving a relative distance of 6DFil, to help keep filament (2) in place
(in addition to the applied dead load) during the subsequent tight-
ening step. Then, the two extremities of filament (1) were gradually

loaded by the tying pre-tension of the same magnitude, ~T; but in
opposite directions to yield a symmetric knot. Next, the pre-ten-
sions were released symmetrically to free the ends of filament (1),
while one of the two plates was displaced along the centerline axis of
filament (2), away from the actual system since, subsequently, it is
no longer needed. At this stage, the clamped boundary condition at
the extremity of filament (2) was also released, such that the fila-
ment could be displaced with the constant unit speed 1 s−1. Last,
the S || S knot was pulled against the rigid stopper plate, and the
slipping force, ~F; was measured.

Supplementary Materials
This PDF file includes:
Figs. S1 to S6
Tables S1 and S2
Legends for movies S1 to S5
Legend for data S1

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S5
Data S1
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Enhanced sub-1 eV detection in organic photodetectors
through tuning polymer energetics and microstructure
Polina Jacoutot1, Alberto D. Scaccabarozzi2, Davide Nodari1, Julianna Panidi1, Zhuoran Qiao1,
Andriana Schiza3, Alkmini D. Nega4, Antonia Dimitrakopoulou-Strauss4, Vasilis G. Gregoriou3,5,
Martin Heeney1,6, Christos L. Chochos3,5, Artem A. Bakulin1, Nicola Gasparini1*

One of the key challenges facing organic photodiodes (OPDs) is increasing the detection into the infrared
region. Organic semiconductor polymers provide a platform for tuning the bandgap and optoelectronic re-
sponse to go beyond the traditional 1000-nanometer benchmark. In this work, we present a near-infrared
(NIR) polymer with absorption up to 1500 nanometers. The polymer-based OPD delivers a high specific detec-
tivity D* of 1.03 × 1010 Jones (−2 volts) at 1200 nanometers and a dark current Jd of just 2.3 × 10−6 ampere per
square centimeter at −2 volts. We demonstrate a strong improvement of all OPD metrics in the NIR region com-
pared to previously reported NIR OPD due to the enhanced crystallinity and optimized energy alignment, which
leads to reduced charge recombination. The high D* value in the 1100-to-1300-nanometer region is particularly
promising for biosensing applications. We demonstrate the OPD as a pulse oximeter under NIR illumination,
delivering heart rate and blood oxygen saturation readings in real time without signal amplification.
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INTRODUCTION
Light detection is at the core of modern technology. With the
growing variety of electronic devices to support the Internet of
Things services, the research community needs to address the
rising demand. By 2030, more than 25 billion devices are forecasted
to be connected, and about 15% of the global value is allocated to
the health sector (1, 2). Visible and infrared (IR) photodetectors
based on silicon and indium gallium arsenide (InGaAs) dominate
the current market thanks to their outstanding optoelectronic prop-
erties, with specific detectivity exceeding 1012 Jones. Notwithstand-
ing, their lack of flexibility and costly manufacturing processes have
left room for other emerging technologies such as organic photode-
tectors (OPDs) (3, 4). Organic optoelectronics can address the fast-
growing demand for portable, lightweight, cost-effective sensors
that are flexible and easy to integrate and scale (5–8). Among
notable benefits of organic semiconductors are broad and tunable
absorption, solution processing, and a choice of deposition tech-
niques onto soft, curved, or large surface areas. Moreover, these ad-
vantages over the established photodetector technology make OPD
technology a desirable choice for large-area flexible imagers (9, 10),
on-the-go monitoring (11), and skin-grafted sensors and bioelec-
tronics (12).

To overcome the exciton binding energy in organic semiconduc-
tors, a bulk heterojunction device architecture is realized by blend-
ing electron-donating (D) and electron-accepting (A) organic
molecules in the photoactive layer (13, 14). Now, the widely accept-
ed benchmarks for IR OPDs consist of conjugated donor polymers

and small-molecule non-fullerene acceptors (15, 16). In the visible
region, the photoactive layer materials arise from broad and intense
research on organic photovoltaic technology, which helps visible
OPDs to achieve metrics comparable with benchmark inorganic
photodetectors (9, 17, 18). However, we rarely see IR materials
with absorption onset above 1000 nm, as the solar spectrum irradi-
ance drops off strongly in the IR. The additional difficulty in going
further into the IR region arises from synthetic challenges in devel-
oping solution-processable, scalable IR–absorbing organic materi-
als (19–21).

D-A polymers with absorption extending into the IR carry a vast
potential for the OPD community (22–24). These near-infrared
(NIR) polymers provide a wide scope for synthetic chemists to
fine-tune the energetic levels, microstructure, solubility, and other
properties (23, 25). The electron-deficient A moiety largely deter-
mines the lowest unoccupied molecular orbital (LUMO) of the
polymer, while the electron-rich D unit strongly influences the
highest occupied molecular orbital (HOMO) energy. The former,
for instance, can be used to lower the LUMO through the stabiliza-
tion of the quinoid form of the acceptor unit (23, 26). In our previ-
ous work, we demonstrated an NIR OPD based on
thiadiazoloquinoxaline-thiophene (TQ-T) polymer and IEICO-4F
with photocurrent response up to 1800 nm (27). However, those
photodetectors suffered from high Jd under reverse bias. Given
the ultranarrow optical bandgap of TQ-T polymer, it is expected
that nonradiative recombination strongly limits the specific detec-
tivity (D*) of the device, while the energetic alignment with the
charge blocking layers results in high injection current at the elec-
trodes at reverse bias (28, 29). The resulting D* is far below the es-
tablished background-limited IR photodetection detectivity limits
for OPDs (30).

For biosensing and imaging applications, it is advantageous to
focus on improving D* in the second NIR detection window
(1100 to 1300 nm), where tissue penetration is greater than with
visible light, and light attenuation is minimized (31–33). To sup-
press the carrier injection from the electrodes at reverse bias, a
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deeper HOMO level of D is beneficial for increasing the injection
barrier and forming a better ohmic contact with hole-transporting
layers (HTLs), i.e., poly(3,4-ethylenedioxythiophene) polystyrene
sulfonate (PEDOT:PSS) or molybdenum oxide (MoOx) (34, 35).
Therefore, a strategy for OPD optimization should include fine-
tuning of D molecular orbital energy levels and improving carrier
mobility through control of themicrostructure and optimized blend
morphology (36–38).

In this work, we report a newly synthesized IR polymer that, in
combination with IEICO-4F, realized an OPD with high D* of 1010
Jones at 1200 nm. We compare the OPD and material parameters
with those previously reported for the TQ-T:IEICO-4F system and
demonstrate a strong performance improvement. We assign this
improvement to higher crystallinity of the newly synthesized
polymer, which affords improved molecular packing and carrier
mobility both in the pristine material and in the blend, while its
deeper HOMO minimizes the effect of dark charge injection at
reverse bias. Through a careful analysis of the charge generation dy-
namics in the blend and of the OPD response kinetics, we observe
efficient charge generation under NIR illumination within <2 ps,
accompanied by rapid 2- to 5-μs rise and fall times of the photores-
ponse owing to the higher carrier mobility and suppressed recom-
bination in the blend. The resulting specific detectivity is among the
highest reported values for solution processable OPDs in the second
NIR detection window (17, 22, 24, 39). This allows us to demon-
strate an application of the sensor as a pulse oximeter, which suc-
cessfully and accurately measures heart rate and blood oxygen
saturation under NIR illumination.

RESULTS
Materials characterizations
Figure 1A depicts the chemical structures of two solution-process-
able conjugated polymers based on the TQ building block. We pre-
viously demonstrated an OPD based on TQ-T push-pull polymer
blended with IEICO-4F to achieve spectral responsivity up to
1800 nm (27). We showed that the effect of blend morphology
played a key role in achieving higher D* in the short-wave IR
region beyond 1000 nm. However, those OPDs suffered from rela-
tively high dark currents Jd due to the energetic alignment and the
amorphous nature of the ultralow bandgap polymer. Here, we
report a newly synthesized solution-processable IR polymer TQ-
3T with three electron-rich thiophene units extending along the
backbone. The new polymer was synthesized by Stille cross-cou-
pling polymerization reaction (outlined in figs. S1 to S6).

Normalized absorption spectra of TQ-3T, TQ-T, and IEICO-4F
are displayed in Fig. 1B. Peak absorption for TQ-3T is observed at
1150 nm, and the absorption onset occurs at 1470 nm, correspond-
ing to an optical bandgap of 0.84 eV. The formation of multiple ab-
sorption peaks in TQ-3T suggests a higher degree of crystallinity,
which will be discussed later in the morphology section. Relative
to TQ-T, in the new polymer, we observe a deepening of the
HOMO energy level from −4.6 to −4.7 eV, according to photoelec-
tron spectroscopy measurements in air (fig. S7). At a first glance, it
is expected that the introduction of an additional (electron-rich) T
comonomers leads to a slight deepening of the HOMO. However,
we speculate that this is due to the unusual properties of the TQ
monomer. TQ is known to promote quinoidal character along the
backbone, assisted by the formal aromatization of the pyrazine ring,

leading in some cases to an open-shell ground state character and
very low bandgaps (40, 41). By extending the number of aromatic
comonomers from one (T) to three (3T), we believe that the degree
of quinoidal character of the polymer is reduced, leading to the
measured changes in energy levels. This is beneficial in reducing
the leakage current from carrier injection at reverse bias (9, 42).
By having better energy alignment with the MoOx HTL, a better
Ohmic contact is formed in the inverted OPD devices than previ-
ously with TQ-T polymer. While the introduction of the two more
electron-rich T donor units deepened the HOMO energy in TQ-3T,
the LUMO energy calculated as HOMO + Eg remains similar in the
two polymers with an identical TQ acceptor unit.

Another effect of the backbone modification is the improved
crystal order of the TQ-3T thin films, which was observed with
grazing-incidence wide-angle x-ray scattering (GIWAXS) measure-
ments. Figure 1 (D to F) illustrates the two-dimensional (2D)
GIWAXS patterns for the D:A blend and the pristine materials.
We have previously shown that TQ-T has a semicrystalline structure
with a low degree of order, which also disrupts the high packing
order of IEICO-4F in the D:A blend (27). Although a peak at 3.1
nm−1 associated with IEICO-4F was also observed in the TQ-
T:IEICO-4F blend, this blend remains largely amorphous. Com-
pared to its predecessor, TQ-3T displays an increased order and an-
isotropy, with a preferential face-on orientation in a thin film. The
high crystal order of IEICO-4F and TQ-3T is also maintained in the
blend. Sharp in-plane diffraction peaks at 2 and 3 nm−1 are ascribed
to TQ-3T and IEICO-4F, respectively. The out-of-plane peak for
IEICO-4F at 5 nm−1 is preserved in the blend, along with other dif-
fractions from the polymer at lower angles. Therefore, TQ-
3T:IEICO-4F blend shows the same crystal quality and orientation
of its neat components.

To get an insight into the materials’ charge transport properties,
organic thin-film transistors (OTFTs) were fabricated in bottom-
contact, top-gate architecture. Both TQ-T and TQ-3T films
showed high ambipolarity (fig. S8), with the former exhibiting
mainly n-type and the latter p-type character. TQ-3T achieved a
substantially higher hole mobility of 7 × 10−2 cm2 V−1 s−1 in the
saturation regime when compared with TQ-T, which reached 3.5
× 10−3 cm2 V−1 s−1. Regarding their n-type operation, TQ-T
showed highest electron charge transport in the order of 3 × 10−2

cm2 V−1 s−1, whereas TQ-3T reached amobility of 3 × 10−3 cm2 V−1

s−1. The mostly p-type operation of TQ-3T devices can be assigned
to the deeper HOMO and workfunction value (see Fig. 1C), which
reduces the energetic barrier with the source/drain electrodes.
Moreover, the relatively high hole mobility of TQ-3T can also be
assigned to the improved microstructure, as observed from the
GIWAXS measurements (43, 44).

Near-infrared OPDs
To evaluate the ability of TQ-3T to convert NIR light into current,
we fabricated OPDs with an inverted device architecture by blend-
ing the IR polymer with IEICO-4F in a 1:1 optimized ratio (Fig. 2A).
Photodetectors require efficient light-to-current conversion and
low Jd for good light detection. One of the key methodologies for
improving the photodetector’s sensitivity to light, i.e., increasing
signal-to-noise ratio, linear dynamic range (LDR), and specific de-
tectivity, is the minimization of the leakage current generated at
reverse bias. A well-established practice is to use HTL and elec-
tron-transporting layer to suppress parasitic currents across the
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device under reverse bias, which we also adopted in this work. Ef-
fective suppression of Jd can also be achieved by deepening the
HOMO of D or shallowing of A LUMO levels, which, unfortunate-
ly, presents a trade-off for ultralow bandgap materials (42, 45–47).

Previously studied system TQ-T:IEICO-4F suffered from the rel-
atively high dark currents of 8.4 × 10−5 A cm−2 (fig. S9), which were
improved in this work by suppressing dark current injection from
the HTL. As a result, in Fig. 2B, we observe dark current of 2.3 ×
10−6 A cm−2 at −2 V with TQ-3T:IEICO-4F OPD. Under the illu-
mination conditions, we observe higher photocurrent (JL) values of
6.3 × 10−2 A cm−2 at −2 V, and an open circuit voltage of 0.32 V
under one sun equivalent illumination. The improved OPD sensi-
tivity in TQ-3T–based devices compared to TQ-T is demonstrated
by the spectral responsivity (R) in Fig. 2C.

The OPD’s photocurrent response to incident photons of
varying energy is known as responsivity R. We calculated R from
the following equation

R ¼
Jph
Pin
¼ η

λq
hc

ð1Þ

where Pin is the power, λ is the wavelength of incident light, η is the
external quantum efficiency, q is the elementary charge, h is the
Planck’s constant, and c is the speed of light.

The spectral responsivity covers the NIR region up to 1500 nm,
with R of 0.05 A W−1 measured at 1200 nm. This is significantly
higher across thewhole NIR spectral range than previously observed
with TQ-T:IEICO-4F.

A key parameter for light-sensing applications is the specific de-
tectivity, D*, calculated according to the equation below

D� ¼
R

ffiffiffiffiffiffiffiffiffi
AΔf

p

inoise
ð2Þ

where A is the photoactive area of the device, Δf is the detection
bandwidth, and inoise is the noise current. To avoid an overestima-
tion of D*, the total experimental noise currents should be consid-
ered in the calculation (figs. S10 and S11). Because other sources of
white noise, such as flicker and thermal noise, provide a significant
contribution to the overall noise of the device, Jd cannot be consid-
ered as its main contributor (48). We calculated D* to be 1.03 × 1010
Jones at 1200 nm under −2-V applied bias.

So far, we have presented steady-state characteristics of the OPD.
However, to compete with existing benchmarks for imaging, video,
or communication applications, we need to meet the minimum de-
tection speed requirements of 10 kHz (49). Therefore, we examine
dynamic characteristics by measuring the electrical bandwidth and
rise tr and fall tf times of the OPD with IR light illumination. The
bandwidth of a photodetector is known as a frequency of an inci-
dent modulated light at which the photocurrent response of the
device has diminished by 3 dB from its low-frequency value. It is
limited by the transit time of carriers to the electrodes and parasitic
capacitance in the photoactive layer.

Damping ðdBÞ ¼ 20log
iðf 3dBÞ

imax
ð3Þ

Fig. 1. TQ-3T polymer structure and OPD materials characterization. (A) Chemical structure of low bandgap conjugated polymers TQ-T and TQ-3T. (B) Normalized
visible-IR absorption spectra of conjugated donor polymers and non-fullerene acceptor IEICO-4F. (C) Energy diagram of the materials used in OPD measured by air
photoelectron spectroscopy (APS), with workfunction values of 4.7 and 4.6 eV for TQ-3T and TQ-T, respectively, obtained by Kelvin probe measurements. 2D GIWAXS
maps of (D) TQ-3T and (E) TQ-3T:IEICO-4F; (F) in-plane and out-of-plane profiles of pristine films and the D:A blend. a.u., arbitrary units.
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Dynamicmeasurements were performed to evaluate the speed of
the OPD. Figure 3A illustrates the electrical bandwidth of 470 kHz
under 940-nm light at −2 V. Similar values were obtained under
1100- and 1300-nm illumination (fig. S12), confirming the high re-
sponse speed of these NIR devices. The OPD demonstrates 2 μs tr
and tf under 940-nm illumination and 3 and 5 μs tr and tf, respec-
tively, under 1100-nm light (fig. S13). At applied reverse bias, an
OPD is operated in the linear light intensity regime, known as
LDR. LDR has been calculated to be 84 dB at 940 nm, which,
again, is an improvement over the TQ-T–based system (Table 1).
Last, the extrapolation of the LDR into the noise floor allowed the
calculation of the noise equivalent power (NEP). We obtained a
NEP value of 0.3 nW/√Hz, which results in D* values of 7 × 109
Jones at 940 nm. This value is in line with the D* calculated
in Fig. 2C.

From Table 1, we can clearly see an improvement across most
OPD parameters, with the only exception of responsivity extending
further in the IR window in the TQ-T–based system. We attribute
the improved OPD performance of the TQ-3T blend to an en-
hanced crystalline order and better energy alignment in the
device to lower the dark current contributions, resulting in higher
detectivity across the entire spectral window.

Ultrafast spectroscopy analysis
The photocurrent generation efficiency in the TQ-3T:IEICO-4F can
be expected given the low offset of LUMO levels. To elucidate the
underlying carrier dynamics in the D:A blend on the ultrafast time
scale and kinetic limitations of device performance, we studied the
blend and pristine films using pump-probe spectroscopy. Global
analysis (GA) was applied to the transient absorption data of the
blends to deconvolute varying spectral components.

Figure 4A presents a broad (visible-NIR) spectrum of the D:A
blend under low-intensity excitation with 1300-nm pump illumina-
tion. The IR part of the spectrum is dominated by the ground state
bleaching (GSB), representing the ground state absorption of the
donor. The ground state absorption of the acceptor is expected in
the 700-to-900-nm region. This GSB feature of the A is not observed
at early times, as the polymer is selectively excited, but appears at
later times when electron is transferred to the A. In addition, the
dominant GSB feature from the polymer may be masking the pho-
toinduced absorption from IEICO-4F, which peaks at 1160 nm (fig.
S15). The visible part of the probe spectrum presents convoluted
spectra from both D and A components as we see a spectral
shape distortion and peak shifting beyond ~5 ps. This visible
region was closely examined, and a GA was performed using the
reference spectra of the pristine materials in figs. S14 and S15.
The resulting deconvoluted spectra of the two components are
shown in Fig. 4B with their associated kinetics in Fig. 4C. GA is

Fig. 2. OPD architecture and performance. (A) Inverted OPD device structure of the TQ-3T–based device. (B) Current-voltage characteristics of TQ-3T:IEICO-4F OPDs
under light and dark conditions. (C) Responsivity and specific detectivity at −2 V applied bias.

Fig. 3. OPD response speed and dynamic range. Dynamic measurements with TQ-3T:IEICO-4F all performed at 940-nm illumination and −2 V applied bias. (A) Cut-off
frequency at −3 dB. (B) Transient photocurrent measurements with rise and fall times. (C) LDR measurements and extrapolation of the LDR into the noise floor, with
calculation of the NEP.
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based on a genetic algorithm, which identifies spectral footprints of
multiple components within the system, provided that they have
different dynamics (50). Hence, we were able to identify spectral
components associated with the TQ-3T exciton and charges (elec-
trons). A rapid TQ-3T exciton decay within 2 ps is observed from
fitting a single exponent. This correlates well with the exponential
rise in the second component, which we ascribe to fast charge for-
mation. Through TAS data analysis, we demonstrate that this D:A
blend shows rapid exciton separation and charge generation within
2 ps or less. To improve the light-to-current conversion in the NIR
region even further, future work will be focusing on the selection of
HTLs with a better ohmic contact with the HOMO of the ultralow
Eg polymers.

Real-time heartbeat monitoring and SpO2 measurements
Last, we demonstrate a practical application of the new OPD as an
NIR pulse oximeter with high-accuracy heart rate monitoring and
SpO2 saturation. A photoplethysmogram (PPG) was obtained from
a healthy young volunteer in a resting state at three different wave-
lengths: 880, 940, and 1100 nm. PPGs were collected in transmis-
sion mode, whereby the fingertip was placed between the light-
emitting diode (LED) and the OPD according to the setup de-
scribed previously (fig. S16). Transmission mode pulse oximetry
is useful at locations such as fingers, ears, and toes. For larger
body parts, reflectance mode oximeters are a more suitable choice
(51, 52).

The LED light was attenuated by pulsating blood in the micro-
vascular network and the surrounding tissue. The transmitted light
was directly read out as OPD photocurrent. The resulting wave-
forms under three different illumination wavelengths are presented
in Fig. 5A. Examining the amplitude of the signal and the overall
current, the best signal-to-noise ratio was observed under 940-nm
light. This is in line with high responsivity at this wavelength.

Despite lower current amplitude at 1100 nm, sharp and well-re-
solved peaks are still observed, which is valuable in combination
with the enhanced tissue penetration and reduced attenuation at
this wavelength (32, 53, 54). From all threewaveforms, we calculated
average resting heart rates of 58, 56, and 54 bpm, which are in good
agreement and were not collected simultaneously. Furthermore, we
obtained second derivative waveforms (Fig. 5B), known as the accel-
eration plethysmogram (APG), which are useful for examining the
heart rate variability bypassing contour analysis errors in raw PPG
signals (55, 56). APG is also used to extract valuable physiological
information about arterial health. The APG waveform has four sys-
tolic waves [a to d in Fig. 5B] and one diastolic wave (e). The points
indicated in Fig. 5B on the APG wave are known as early systolic
positive wave (a), early systolic negative wave (b), late systolic rein-
cresing wave (c), late systolic redecreasing wave (d), and early dia-
stolic positive wave (e) (56, 57). Peak detection from a to a can be
used to accurately calculate the heart rate, while b/a ratio is an

indicator of arterial stiffness, which increases with age (58, 59).
We calculated the average b/a index for our volunteer to be 0.81,
which is in perfect agreement with the b/a index for the fourth-
decade age group in healthy males (58, 60).

PPG is also used in pulse oximetry to extract arterial oxygen sat-
uration (SpO2). The pulsatile component AC is superimposed onto
the lower-frequency DC component, which are analyzed to obtain
the AC/DC ratio at different wavelengths (61). The SpO2 of 98%was
calculated from PPG waveform. The calculations were carried out
according to the equation below (62)

SpO2 ¼
ɛλ1;Hb � ɛλ2;HbR

ðɛλ1;Hb � ɛλ1;HbO2Þ þ ðɛλ2;HbO2 � ɛλ2;HbÞR
ð4Þ

where εHbO2 and εHb are absorption coefficients for oxyhemoglo-
bin and deoxyhemoglobin, taken from (52) and R is the ratio of ac to
dc at two different wavelengths. This SpO2 value is within range for
a healthy young volunteer and demonstrates the newOPD system as
an effective pulse oximeter under NIR illumination.

DISCUSSION
We have synthesized a new IR push-pull polymer based on the TQ-
3T backbone with absorption onset at 1470 nm. Using this polymer
as a donor material in the bulk heterojunction (BHJ) blend with
IEICO-4F, we have realized an NIR OPD with high specific detec-
tivity of 1010 Jones at 1200 nm, exceeding previously reported OPD
with TQ-T donor polymer by two orders of magnitude. GIWAXS
measurements related this improvement to the superior crystalline
order of TQ-3T compared to TQ-T polymer. The order was also
preserved in the D:A blend where TQ-3T was shown to not
disrupt the ordering of IEICO-4F significantly. The improved mi-
crostructure in TQ-3T contributed to a reduced charge recombina-
tion leading to a faster charge extraction. In addition, efficient
photon to charge conversion and fast response speed were observed
at different NIR wavelengths, which we attribute to the fast charge
generation and extraction in this blend. The novel OPD system
demonstrated a reduction in Jd at reverse bias by an order or mag-
nitude, which we accredited to a better ohmic contact with the HTL
through deepening of HOMO (D). Besides an improvement across
all the device metrics, we also demonstrated an application as a
pulse oximeter, performing heart rate variability and SpO2 analysis.

MATERIALS AND METHODS
Materials
TQ-3T polymer was synthesized according to the details outlined in
the Supplementary Materials. The NFA IEICO-4F was purchased
from 1-Material.

Table 1. Comparison of the OPD figures of merit for TQ-3T– and TQ-T–based devices.

Active layer Eg (eV) λonset (nm) Jd (A cm−2) D* (Jones) R (A W−1) Cut-off frequency (kHz) LDR (dB)

TQ-3T:IEICO-4F 0.84 1470 2.3 × 10−6 1.03 × 1010 at 1200 nm 0.05 at 1200 nm 470 kHz 84 at 940 nm

TQ-T:IEICO-4F 0.67 1800 8.4 × 10−5 3.04 × 108 at 1200 nm 0.02 at 1200 nm 100 kHz 46 at 940 nm
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Device fabrication
OPDs were fabricated in an inverted architecture of indium tin
oxide (ITO)/ZnO (30 nm)/active layer (120 nm)/MoOx (10 nm)/
Ag (100 nm). Glass substrates prepatterned with ITO were
cleaned by sequential sonication in acetone, deionized water,
Decon 90 detergent, and propan-2-ol each for 10 min. Following
this, an 8-min oxygen plasma treatment was performed. Zinc
oxide (ZnO) precursor solution was prepared from zinc acetate di-
hydrate (219.5 mg), ethanolamine (60 μl), and 2-methoxyethanol (2
ml). This ZnO precursor solution was filtered through a 0.45-μm
Acrodisc filter, spin-coated onto the plasma-treated substrates at
4000 rpm/40 s, and annealed at 150°C/20 min. The TQ-
3T:IEICO-4F (1:1) and TQ-T:IEICO-4F (1:1) were dissolved in
chlorobenzene solutions with total concentrations of 15 and 20
mg/ml, respectively, and stirred overnight at 60°C in a glove box.
The active layers were deposited by spin coating at 2000 rpm/40 s
in inert conditions and then annealed at 100°C/10 min in the glove
box. MoOx (10 nm) and silver (Ag) (100 nm) were then deposited
by evaporation through a shadow mask giving photodiodes with
pixel areas of 0.045 cm2.

OTFTs fabrication
Bottom-contact, top-gate OTFTs were fabricated on glass sub-
strates. Substrates were sonicated in Decon 90/deionized water sol-
ution for 5 min, followed by sequential sonication in acetone and
isopropanol. Gold (40 nm) was deposited via thermal evaporation
in high vacuum (10−6 mbar) to form the source/drain electrodes,
resulting in transistor devices with channel length in the range of

30 to 100 μm and width of 1 mm. For the hole-only TFTs, a self-
assembled monolayer, pentafluorothiοphenol (PFBT) was used to
treat the workfunction. Substrates with source/drain contacts were
immersed in 7 mmol of PFBT solution in isopropanol. No further
treatment was conducted for the electron-only TFTs. Organic semi-
conductors were spin-coated from a solution (5 mg/ml) in anhy-
drous chlorobenzene at 2000 rpm for 30 s, followed by thermal
annealing at 100°C for 10 min. CYTOP (90 nm) was used as dielec-
tric layer, followed by 50-nm thermal evaporated aluminum, which
formed the gate electrode. Device fabrication and electrical mea-
surements were performed in a nitrogen glovebox. Transistor char-
acterization was carried out using a Keithley 4200 semiconductor
parameter analyzer.

J-V measurements
Current density-voltage (J-V ) characteristics were measured using a
Keithley 4200 Source-Measure unit (scan rate of 25 mV s−1). An
Oriel Instruments Solar Simulator with a Xenon lamp and calibrat-
ed to a silicon reference cell was used to provide AM1.5G irradiance.
For determination of the LDR, a neutral white light LED driven by a
function generator (Thorlabs, DC2200) was used. The LED light
was attenuated using a selection of neutral density filters placed
between the lamp and OPD. The photocurrent (Jph) was calculated
as the difference in response between the illuminated current
density (JL) and dark current density (Jd) at each light intensity.
All the devices were tested in nitrogen atmosphere.

NEP measurements
To calculate the NEP, OPD devices were connected to a lock-in am-
plifier (MFLI, Zurich Instruments AG) and illuminated with a 940-
nm IR light. A frequency of 77 Hz was used and controlled with an
optical chopper.

Responsivity
Responsivity was measured using an integrated system from
Quantum Design PV300. All the devices were tested in ambient air.

Dynamic measurements
Dynamic measurements were performed using a digital oscillo-
scope (Tektronix, TDS3032B). The PPDs were illuminated with a
neutral white light LED driven by a function generator (Thorlabs,
DC2200). For determination of the rise and fall time, a 1-kHz
square wave pulse was applied to the LED using the function gen-
erator. For determination of the cut-off frequency, sinusoidal func-
tions with varying frequencies between 100 Hz and 1 MHz were
used to drive the LED. All the devices were tested in nitrogen
atmosphere.

GIWAXS measurements
GIWAXS measurements were performed at the noncrystalline dif-
fraction beamline (BL11-NCD-Sweet) at ALBA Synchrotron Radi-
ation Facility in Barcelona (Spain). A detector (Rayonix, WAXS
LX255-HS) with a resolution of 1920 × 5760 pixels was used to
collect the scattering signals. Sample holder position was calibrated
with chromium oxide (Cr2O3) standard. The incident energy was
12.4 eV, and the sample-to-detector distance was set at 200.93
mm. The angle of incidence αi was set between 0.1 and 0.15, and
the exposure time was 5 s. 2D GIWAXS patterns were corrected
as a function of the components of the scattering vector with a

Fig. 4. TAS analysis of the OPD blend. (A) Broadband visible-IR transient absorp-
tion spectra of TQ-3T:IEICO-4F blend upon 1300-nm pump excitation. Decom-
posed spectra (B) and kinetics (C) of the two-component GA depicting decaying
excitonic and growing charge dynamic. mOD, mean optical density; OD,
optical density.
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MATLAB script developed by A. Nogales and E. Gutiérrez. Thin
films were cast onto highly doped silicon substrates following
same processing route used for the device fabrication.

Transient absorption spectroscopy
A broadband femtosecond transient absorption spectrometer
Helios (Spectra Physics, Newport Corp.) was used for pump-
probe measurements on the neat polymer and acceptor films and
their blends. A 1-kHz Ti:Sapphire regenerative amplifier (Solstice,
Spectra Physics, Newport Corp.) delivered ultrafast laser pulses (800
nm, <100 fs full width at half maximum) to an optical parametric
amplifier (TOPAS Prime, Spectra Physics) and a frequency mixer
(Niruvis, Light Conversion) to generate pump pulses at 850 and
1500 nm, which were modulated at 500 Hz by an optical chopper
system (Thorlabs). Seed pulses (800 nm) were also delayed on the 6-
ns mechanical delay stage and passed through a sapphire crystal to
produce a white light probe (400 to 900 nm). Spatial and temporal
overlap of the pump and the focused probe beams was achieved on
the thin-film samples, contained in a quartz cuvette under a cons-
tant flow of nitrogen. The fluences were calculated on the basis of
the probe beam size of 0.5 mm2 at the sample. Background and
chirp corrections were applied to the spectra after measurement
using the Surface Xplorer software.

Photoplethysmography
Photoplethysmographymeasurements (fig. S16) were performed by
directly connecting the OPD devices to a Keithley 4200 Source-
Measure unit and recording the current as a function of time
upon illumination with different LEDs driven by a function gener-
ator (Thorlabs, DC2200).

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S16
Table S1
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CANCER

Quantitative intravital imaging for real-time monitoring
of pancreatic tumor cell hypoxia and stroma in an
orthotopic mouse model
Timothy Samuel1,2, Sara Rapic1, Cristiana O’Brien1,2, Michael Edson1, Yuan Zhong1,
Ralph S. DaCosta1,2*

Pancreatic cancer is a lethal disease with few successful treatment options. Recent evidence demonstrates that
tumor hypoxia promotes pancreatic tumor invasion, metastasis, and therapy resistance. However, little is known
about the complex relationship between hypoxia and the pancreatic tumor microenvironment (TME). In this
study, we developed a novel intravital fluorescence microscopy platform with an orthotopic mouse model of
pancreatic cancer to study tumor cell hypoxia within the TME in vivo, at cellular resolution, over time. Using a
fluorescent BxPC3-DsRed tumor cell linewith a hypoxia-response element (HRE)/green fluorescent protein (GFP)
reporter, we showed that HRE/GFP is a reliable biomarker of pancreatic tumor hypoxia, responding dynamically
and reversibly to changing oxygen concentrations within the TME. We also characterized the spatial relation-
ships between tumor hypoxia, microvasculature, and tumor-associated collagen structures using in vivo second
harmonic generation microscopy. This quantitative multimodal imaging platform enables the unprecedented
study of hypoxia within the pancreatic TME in vivo.
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INTRODUCTION
Despite decades of research, the current standard of care for pancre-
atic cancer, on average, provides only a few months of survival
benefit (1, 2). The poor outcomes associated with this disease are
due in combination to its late diagnosis (3) as well as both inherent
and acquired treatment resistance (4). Pancreatic tumors tend to be
resistant to both chemo- and radiotherapy (5–7), as well as more
contemporary immunotherapies (8).
The complex pancreatic tumor microenvironment (TME), char-

acterized by hypoxia and desmoplasia, plays a crucial role in treat-
ment response (9–13). As cancer cells proliferate and invade the
surrounding tissues, they develop a pronounced stromal compart-
ment, made up of dense fibrotic tissue (14). Proliferating fibroblasts
secrete extracellular matrix (ECM) proteins [primarily type I colla-
gen; (15)], which can act as a physical barrier to treatments (16) and
cause disruption of vascular networks, leading to impaired blood
perfusion and the development and exacerbation of tumor
hypoxia (16–20). Hypoxia up-regulates hypoxia-inducible factors
(HIFs) in tumor cells that, besides promoting cancer progression,
invasion, and metastasis (21), can further stimulate collagen depo-
sition (22, 23), creating a positive feedback loop and the emergence
of a more invasive phenotype (24).
These characteristics not only make pancreatic cancer difficult to

treat but also pose several challenges in studying the development,
progression, and treatment of pancreatic tumors in vivo (25–27).
While major advancements in genetically engineered mouse
models (GEMMs) (28, 29) and genomics (30) have been used to
improve our knowledge of pancreatic tumor biology, current pre-
clinical research methodologies are still limited in their ability to
study the dynamic changes of the pancreatic TME in the in vivo,
orthotopic setting. Conventional murine–based studies of

pancreatic cancer largely rely on resected tumor tissue specimens
collected at fixed time points from euthanized mice. While such
an approach enables detailed examination of histological and im-
munohistological tumor features and their spatial variation under
various experimental conditions, it lacks temporal information
within the same mouse. This experimental limitation inhibits our
understanding of the biological and treatment-induced spatiotem-
poral changes affecting pancreatic tumors, as well as their support-
ing vasculature and TME. Previously, some approaches have used
ultrasound and magnetic resonance imaging to study changes in
bulk properties, e.g., tumor volume and perfusion, of pancreatic
tumors in the same animal serially over time (31). However, these
methods lack the spatial resolution required to visualize the distinct
heterogeneity of tumor cells, stroma, microvasculature, and hypoxia
in pancreatic tumors at a cellular level in vivo.
To overcome these challenges, we designed and surgically im-

planted a pancreatic imaging window (PIW) to perform intravital
fluorescence microscopy (IVFM) in an orthotopic mouse model of
pancreatic cancer. Using this technique, we were able to directly
image pancreatic cancer cells and their TME at cellular resolution,
within the same animal, for up to 4 weeks. Using a dually fluores-
cent human pancreatic cancer cell line, we demonstrate that it is
possible to visualize DsRed fluorescent pancreatic tumor cells to-
gether with a HIF-driven green fluorescent protein (GFP) reporter
in vivo and quantitatively validate this GFP fluorescence as an in
vivo biomarker of pancreatic tumor cell hypoxia. We also use allo-
phycocyanin (APC)–conjugated anti-CD31 fluorescent dye and
second harmonic generation (SHG) microscopy to simultaneously
image tumor microvasculature and collagen structures in the
stromal compartment and quantitatively characterize their spatial
relationship with tumor cell HIF activity in vivo. Overall, our find-
ings elucidate an intricate relationship between tumor hypoxia, mi-
crovasculature, and collagen structures within the pancreatic TME.
Future studies with our in vivo IVFM model can be designed to
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further explore these complex relationships sustaining pancreatic
tumor development and explore mechanisms of treatment resis-
tance to help develop more effective treatment strategies and
improve outcomes of pancreatic cancer.

RESULTS
BxPC3 5xHRE/GFP expression is driven by hypoxia in vitro
In vitro live-cell fluorescence microscopy was performed daily (for
up to 4 days) to investigate the time course of BxPC3 tumor cell
5xHRE (5x hypoxia-response element)/GFP expression under 0.2,
1, and 21% O2. We found that, for both 0.2 and 1% O2, tumor cell
GFP expression rose gradually over the course of 4 days, with the
fastest rise occurring under 0.2% O2 (Fig. 1C). Cells that were re-
turned to normoxia (21% O2) after 3 days in 0.2% O2 returned to
baseline GFP fluorescencewithin 1 day. By performing hourly time-
lapse imaging on cells that were kept under 0.2% O2 for 3 days and
subsequently returned to 21% O2, we found that tumor cell GFP
fluorescence intensity had a half-life of approximately ~2 hours, re-
turning to baseline values within 8 to 12 hours (Fig. 1D). Because
cellular GFP synthesis is known to be oxygen dependent (32),
Western blots were also performed to confirm GFP expression
(Fig. 1E). Quantitative densitometric analysis of BxPC3-DsRed-
5xHRE/GFP cell lysates demonstrated a similar trend, with GFP ex-
pression rising gradually over the course of 4 days under 0.2% O2
(Fig. 1F). However, for cells that were kept under 0.2% O2 for 3 days
and subsequently returned to 21% O2 for 1 day (“3 + 1R”), GFP was
still detected (although not statistically significant, P = 0.84). Only
after exposing cells to 2 days under 0.2% O2 followed by 2 days
under 21% O2 (“2 + 2R”) did GFP expression return to baseline
levels (P > 0.99).

In vivo BxPC3 5xHRE/GFP fluorescence increases with
distance from tumor blood vessels
To investigate BxPC3 5xHRE/GFP fluorescence, in vivo IVFM was
performed by combining an orthotopic mouse model of pancreatic
cancer with a custom-designed PIW (Fig. 2). Using this animal
model, we were able to serially and simultaneously visualize
BxPC3 cells (DsRed), BxPC3 HIF activity (5xHRE/GFP), blood
vessels (APC-CD31), and fibrillar collagen (SHG) in real time, at
cellular resolution (Figs. 3 and 4). To understand how blood
vessel density affected 5xHRE/GFP expression in our tumor
model, we decided to investigate this relationship across all
images that were taken (n = 861). From these data, we found a neg-
ative correlation between tumor vascular density and GFP-positive
fraction of tumor regions of interest (ROIs) [correlation coefficient
(r) = −0.39, P < 0.0001; Fig. 5B]. By analyzing the distance of each
tumor cell to the nearest blood vessel and aggregating these values
across all tumor ROIs (n = 1,783,797 cells), we found a positive re-
lationship between each tumor cell’s GFP fluorescence intensity and
its distance to the nearest blood vessel (r = 0.48, P < 0.0001). This
was visualized using a bivariate histogram (Fig. 5C) with the prob-
ability of each tumor cell’s GFP fluorescence intensity increasing
with its distance to the nearest blood vessel.“Low”GFP fluorescence
intensity (empirically determined to be below background fluores-
cence) was largely localized to distances less than 100 μm, while
“high” GFP fluorescence intensity was localized to distances
greater than 100 μm (Fig. 5D).

BxPC3 5xHRE/GFP expression colocalizes with histological
markers of tumor hypoxia
The correlation between BxPC3 cell 5xHRE/GFP expression and
other known biomarkers of tumor hypoxia [pimonidazole and car-
bonic anhydrase IX (PIMO and CA9, respectively)] was assessed
using 10 different ex vivo tumor samples, each serially sectioned
(5 μm thick) and immunofluorescence-stained against GFP,
PIMO, and CA9 (Fig. 6A). Pixel intensity–based colocalization
analysis (33, 34) across each of these tumor sections found that
anti-GFP stain fluorescence intensity had the strongest correlation
with anti-CA9 stain fluorescence intensity, with a mean Pearson rof
0.84 (SD = 0.09). Anti-PIMO and anti-GFP stains had an r of 0.74
(SD = 0.09), while anti-PIMO and anti-CA9 stains had an r of 0.66
(SD = 0.13) (Fig. 6B).

Intravital 5xHRE/GFP fluorescence is representative of
tumor hypoxic fraction
To assess whether BxPC3 5xHRE/GFP fluorescence intensity mea-
sured using IVFM is representative of hypoxia throughout the
tumor, we compared the mean tumor cell GFP fluorescence inten-
sity in vivo (using IVFM) to the tumor hypoxic fraction from 11
different tumors, immunofluorescence-stained for both PIMO
and CA9 (Fig. 6C). The mean in vivo GFP fluorescence intensity
from IVFM was found to strongly correlate with the positive ex
vivo stain fraction of PIMO (r = 0.89, P = 0.0003) and CA9 (r =
0.88, P = 0.0003). These relationships indicate that the mean
BxPC3 5xHRE/GFP fluorescence intensity is representative of
hypoxia throughout the tumor.

Relationship between BxPC3 5xHRE/GFP fluorescence and
tumor-associated fibrillar collagen
To investigate the relationship between 5xHRE/GFP fluorescence
and tumor-associated collagen in our BxPC3 tumor model, fibrillar
collagen structures were visualized using in vivo SHG microscopy
and analyzed along the tumor-collagen interface. A circular,
moving “peritumoral ROI” with a diameter of 100 μm was used
to compare local GFP fluorescence intensity with three different
collagen features: mean SHG intensity, collagen fiber alignment,
and collagen orientation (relative to the tumor edge) (Fig. 7A). By
aggregating these measurements for all peritumoral ROIs across all
images (n = 6846), we found aweak positive correlation between the
mean GFP fluorescence intensity and mean SHG intensity (r = 0.21,
P < 0.0001; Fig. 7B). Peritumoral ROIs with a high mean SHG in-
tensity were found to have significantly higher mean GFP fluores-
cence intensity than peritumoral ROIs with a low mean SHG
intensity (12.50 versus 7.50, P < 0.0001; Fig. 7C). GFP fluorescence
intensity was also found to have a weak positive Pearson r with
alignment score of collagen fibers (r = 0.09, P < 0.0001; Fig. 7D).
Peritumoral ROIs with a high alignment score were found to have
a higher mean GFP fluorescence intensity than peritumoral ROIs
with a low alignment score (10.57 versus 8.63, P < 0.0001; Fig.
7E). Last, GFP fluorescence intensity was found to have a weak neg-
ative correlation with the orientation of collagen fibers relative to
the tumor edge (r = −0.05, P < 0.05; Fig. 7F). Peritumoral ROIs
where collagen fibers were perpendicular to the tumor edge were
found to have a lower mean GFP intensity than peritumoral ROIs
with collagen fibers running parallel to the tumor edge (10.96 versus
9.82, P < 0.0001; Fig. 7G).
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Fig. 1. Hypoxia drives 5xHRE-induced GFP expression in BxPC3-DsRed-5xHRE/GFP cells. (A) Schematic of 5xHRE/GFP construct. (B) Representative images of BxPC3-
DsRed-5xHRE/GFP cells growing under hypoxia (0.2% O2) and normoxia (21% O2) using in vitro live-cell fluorescence microscopy. Scale bar, 50 μm. (C) Quantification of
GFP fluorescence intensity at 0.2, 1, and 21%O2. The green and orange lines indicate cells returned to 21%O2 between days 3 and 4. n = 9 replicates per group. (D) Hourly
time lapse of the mean GFP fluorescence intensity after BxPC3-DsRed-5xHRE/GFP cells (previously incubated under 0.2% O2 for 3 days) were transferred to 21% O2
confirms the oxygen dependence of 5xHRE/GFP construct. n = 9 replicates per group. a.u., arbitrary units. (E) Western blot and (F) densitometric analysis of GFP expression
[relative to β-tubulin (βTub)] after various time durations under 0.2% O2. Columns labeled with letter “R” indicate the number of days cells were reoxygenated at 21% O2
before protein collection. Data were obtained from three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.
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Fig. 2. Surgically implanted abdominal imaging windowallows longitudinal intravital imaging of pancreatic tumors in vivo. (A and B) Computer-aided design of
an abdominal PIW frame holding a circular glass coverslip (12 mm diameter). (C) Diagram of a mouse (using BioRender.com) indicating the anatomical location of the
surgically implanted PIW, providing longitudinal imaging access to the pancreas in vivo. (D) Photo of the laser scanning confocal microscopewith (E) a custom-designed,
three-dimensionally (3D) printed stage insert to stabilize the animal for anesthesia and imaging. The stage is equipped with (1) a gas anesthesia port, (2) an electrical
heating element, and (3) a holder to minimize motion artifacts during imaging and produce consistent images.

Fig. 3. A representative image of an in vivo orthotopic BxPC3-DsRed-5xHRE/GFP tumor foci, taken using intravital fluorescence and SHG microscopy. BxPC3
cells (DsRed) are shown in red, HIF activity (5xHRE/GFP) in green, blood vessels (APC-CD31) in cyan, and fibrillar collagen (SHG) in white. Scale bars, 100 μm.
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DISCUSSION
The pancreatic TME is characterized by hypoxia and desmoplasia,
both of which play a major role in affecting treatment response (9–
13). Accumulating evidence suggests that understanding the
complex interactions between components of the pancreatic TME
is necessary to identify new therapeutic targets and improve treat-
ment strategies (35). However, there are several challenges in study-
ing these interactions in vivo due to substantial heterogeneity, both
within the TME and between different tumor samples (25–27). In
addition, the pancreatic TME is constantly changing in composi-
tion and structure as cancer cells proliferate and invade the sur-
rounding tissues (25) and in response to therapeutic interventions
(e.g., chemo- and radiotherapy) (36). While preclinical studies are
invaluable in studying how the pancreatic tumors respond to
therapy, existing in vivo animal models of pancreatic tumors are
limited. In this study, we undertook the development and validation
of a novel intravital imaging model to study pancreatic tumors in
vivo and quantitatively image tumor cells, stroma,

microvasculature, and hypoxia simultaneously and in real time
within the pancreatic TME.
To reliably monitor tumor cell hypoxia in vivo, we developed a

dually fluorescent BxPC3-DsRed-5xHRE/GFP cell line. This
human pancreatic cancer cell line constitutively expresses red fluo-
rescent protein (DsRed) and GFP, the latter being driven by the
5xHRE/GFP reporter under hypoxia. It should be noted, however,
that this model does not directly measure partial pressure of oxygen
(or pO2) but rather the tumor cell transcriptional response to
hypoxia in the microenvironment, characterized by increased
tumor cell HIF activity. While it is well established in the literature
that HIFs drive cellular protein expression under hypoxic condi-
tions by binding to the HRE promoter (37), the time scale of differ-
ent HIF transcription complexes (e.g., HIF-1 and HIF-2) in
regulating cellular hypoxic response is an active area of investigation
(38). Nevertheless, using in vitro live-cell fluorescence microscopy
(Fig. 1B), we confirmed that 5xHRE/GFP is a sensitive and reliable
fluorescent marker of BxPC3 cell hypoxia and was tested in cell
culture for up to 4 days under 0.2, 1, and 21% O2. Our data show

Fig. 4. Longitudinal intravital images of an orthotopic BxPC3-DsRed-5xHRE/GFP tumor region of interest (ROI), up to 28 days after PIW implantation. BxPC3
cells (DsRed) are shown in red, HIF activity (5xHRE/GFP) in green, blood vessels (APC-CD31) in cyan, and fibrillar collagen (SHG) in white. Scale bars, 100 μm.
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that HRE-driven GFP fluorescence intensity increases with both the
duration and severity of low oxygen conditions, although this re-
porter may not be able to distinguish between severe, acute
hypoxia and moderate, chronic hypoxia. We also show that this
fluorescent reporter is reversible, with GFP fluorescence intensity
returning to baseline levels within 8 to 12 hours of reoxygenation
(half-life of ~2 hours; Fig. 1D). GFP was still detected using
Western blot for up to 2 days after reoxygenation (Fig. 1, E and
F), which is consistent with the previously reported degradation
half-life of GFP (approximately 26 hours) (39). The difference
between these two measurements is likely due to the fact that fluo-
rescence imaging can only detect mature GFP, while Western blot
assay can detect both premature andmature GFP (40). It is also pos-
sible that the GFP fluorescence intensity in tumor cells decreased at
a faster rate than the previously reported degradation half-life of
GFP due to proteins being diluted through cell division (41). Nev-
ertheless, the temporal behavior of BxPC3 cell 5xHRE/GFP fluores-
cence suggests that fluorescence microscopy is a suitable technique
for detecting cells undergoing chronic hypoxia (on the order of
hours to days).

To validate the expression of 5xHRE/GFP as a marker of BxPC3
tumor cell hypoxia in vivo, we performed immunofluorescence
staining on 10 individual BxPC3 tumor samples to correlate GFP
expression with conventional markers of tumor hypoxia (i.e.,
PIMO and CA9). It is well established that hypoxic conditions in
tumor cells induce CA9 expression through the HIF transcription
factor, which binds to the HRE site in the CA9 promoter (42, 43).
Because 5xHRE/GFP and CA9 are driven by the same promoter, it
is not unexpected that their cellular expression is strongly correlated
with one another, with a mean Pearson r of 0.84 (SD = 0.09) across
10 tumor samples. The weaker correlations measured between
5xHRE/GFP and PIMO (r ¼ 0:74 , SD = 0.11) and CA9 and
PIMO (r ¼ 0:67, SD = 0.13) are likely due to the differences in
each marker’s sensitivity to low oxygen conditions. PIMO is typi-
cally reduced at oxygen tensions less than 10 mmHg (~1% O2) (44),
while CA9 is generally expressed at oxygen tensions less than 20
mmHg (~3% O2) (45). Because CA9 has a higher oxygen threshold
than PIMO, it is not unexpected that we observed CA9 staining
closer to tumor blood vessels (Fig. 6A). The differences in oxygen
sensitivity between these markers, although subtle, can be used to

Fig. 5. Quantitative intravital fluorescence imaging reveals an inverse relationship between tumor cell 5xHRE/GFP expression and vascular density. (A) An
example intravital fluorescence image shows BxPC3-DsRed cells in red, GFP fluorescence (HIF activity) in green (arrowheads), and APC-CD31 (blood vessels) in cyan.
The tumor ROI outlines the analysis region for BxPC3-DsRed–positive tumor pixels. The expanded tumor ROI outlines a concentric analysis region, expanded radially
by 100 μm, to include blood vessels along the tumor periphery. Scale bar, 100 μm. (B) Aggregate data from 861 intravital fluorescence images (2429 μm by 2429 μm) of
BxPC3 tumors in vivo show an inverse relationship between tumor vascular density (%) and GFP-positive fraction of tumor ROIs. r = −0.39, P < 0.0001. (C) A bivariate
probability histogram from aggregate tumor cell fluorescence data reveals a positive relationship between BxPC3 GFP fluorescence intensity and distance to the nearest
blood vessel (r = 0.48, P < 0.0001). Bins are colored from blue to yellow, indicating low to high probability within the dataset, respectively. (D) Grouping BxPC3 GFP
fluorescence intensity (“low,” “moderate,” and “high”) demonstrates its relationship with the distance of the BxPC3 tumor cells to the nearest blood vessel. Probabilities
for low GFP intensity are plotted on the left y axis, and probabilities for moderate/high GFP intensity are plotted on the right y axis.
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measure the relative severity of tumor hypoxia. Healthy tissue
oxygen levels range between 3 and 7% O2 (46). Once oxygen falls
below this range [termed “physiological hypoxia”; (47)], several
physiological processes begin to respond to maintain oxygen ho-
meostasis, e.g., vasodilation, increasing blood flow, and up-regula-
tion of hypoxia response genes (primarily driven by HIF) (48).
“Pathological hypoxia,” defined as oxygen levels below 8 mmHg
(1% O2) (47), suggests a disruption to normal oxygen homeostasis
resulting in the persistence of poor oxygenation. While PIMO is a
more suitable marker for pathological hypoxia in tissues and, as an
exogenous molecule, provides more dynamic measurements of pO2
(49), it does not provide any information regarding each tumor
cell’s biological response to hypoxia. In contrast, endogenous bio-
markers CA9 and 5xHRE/GFP provide direct measurements of the
cellular transcriptional response to hypoxia, and we have shown in
vitro that tumor cell GFP expression responds dynamically to
changing oxygen conditions (Fig. 1C). Future studies should
explore the dynamics of tumor cell 5xHRE/GFP expression in ex-
perimental orthotopic tumors using compounds such as carbogen
and hydralazine to modulate tumor hypoxia in vivo in mice (49).
Nevertheless, the data presented here demonstrate that 5xHRE/

GFP expression can measure the relative magnitude of hypoxic
stress experienced by BxPC3 tumor cells in vivo.
Within the pancreatic TME, the lack of functional vasculature

plays an important role in the establishment and sustained presence
of tumor hypoxia (50). Using IVFM, we observed an inverse rela-
tionship between the vascular density and the hypoxic (GFP-posi-
tive) fraction of BxPC3 cells (r = −0.39, P < 0.0001; Fig. 5B). This is
not unexpected because hypovascular tumor regions typically have
less access to oxygen, making cells more susceptible to hypoxic
stress (50, 51). Furthermore, we demonstrate the spatial relationship
between blood vessels and BxPC3 HIF activity by analyzing the dis-
tance transform of tumor blood vessels to tumor cells (Fig. 5, C and
D). We consistently observed a spatial gradient of BxPC3 5xHRE/
GFP fluorescence intensity that increases with the distance of the
BxPC3 cells from blood vessels (r = 0.48, P < 0.0001). This is con-
sistent with previously observed “hypoxia gradients” in tumor
tissues (52, 53). However, given that our study analyzed intravital
images from specific ROIs, we may have excluded blood vessels
outside the field of view and optical depth of field. Thus, it is pos-
sible that our BxPC3 cell distance–to–nearest blood vessel measure-
ments overestimated the actual Euclidean distance between
pancreatic tumor cells and their nearest blood vessel. In addition,

Fig. 6. In vivo expression of 5xHRE/GFP in BxPC3 tumor cells correlates with conventional biomarkers of tumor hypoxia. (A) Representative immunofluorescence
(IF) images from serial BxPC3 pancreatic tumor tissue sections (5 μm thick). Tumors were excised immediately after the final in vivo imaging time point. Sections were
stained with anti-CD31, anti-CA9, anti-GFP, and anti-PIMO. Scale bars, 200 μm. (B) A correlation matrix shows the mean Pearson correlation coefficients between each IF
stain, across 10 tumor samples (± SD). (C) A scatter plot shows the relationship between the hypoxic biomarker (CA9 and PIMO) IF positive-stain fraction in ex vivo tumor
tissue sections versus the mean GFP fluorescence intensity of the same tumors in vivo, using IVFM. r = 0.88 (P = 0.0003) and 0.89 (P = 0.0003), respectively. n = 11 tumors.
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Fig. 7. Peritumoral collagen production is associated with BxPC3 5xHRE/GFP expression. (A) Image analysis framework used to analyze collagen and BxPC3 5xHRE/
GFP expression along the tumor-collagen interface (thick cyan line). Dashed cyan circles indicate each peritumoral ROI, with a diameter of 100 μm, spaced 100 μm apart.
Scale bars, 100 μm. (B, D, and F) Scatter plots show the mean GFP fluorescence intensity versus mean SHG intensity (r = 0.21, P < 0.0001), alignment score (r = 0.09, P <
0.0001), and orientation relative to tumor edge (r = −0.05, P < 0.0001), respectively. n = 6846. The red lines indicate mean values, red dashed lines are SEM, pink lines are
median values, and blue dotted lines show SD. (C, E, and G) Box plots show the mean GFP fluorescence intensity of BxPC3 cells for different ranges of SHG intensity,
alignment score, and collagen orientation relative to tumor edge, respectively. Mean values are indicated by the “+” symbol on each boxplot. Whiskers show 10th to 90th
percentile of mean GFP fluorescence intensity in peritumoral ROIs. *P < 0.05 and ****P < 0.0001.
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because the microvasculature of tumors is known to be irregular
and dysfunctional (54, 55), the presence of blood vessels in the fluo-
rescence images may not necessarily mean that sufficient levels of
oxygen are being delivered to those tissues. Nevertheless, this intra-
vital imaging model can be used to measure oxygen diffusion gra-
dients in pancreatic tumors in vivo and potentially study its effects
on tumor progression. Oxygen gradients have been shown to influ-
ence macrophage recruitment, which plays a critical role in cancer
progression (56). In addition, the slope of the spatial oxygen diffu-
sion gradient (as a function of distance from blood vessels; Fig. 5, C
and D) may be used to study changes in metabolic oxygen con-
sumption rates (53) of cancer cells over time or in response to treat-
ment (such as radiotherapy). For example, shorter oxygen gradients
from blood vessels could indicate that tumor cells may have higher
oxygen consumption (57) and are actively proliferating. Longer
oxygen gradients may indicate that the cancer cells have lower
oxygen consumption rates, becoming tolerant to hypoxia in the
TME, affecting overall malignancy and treatment efficacy (58, 59).
Thus, our quantitative intravital imaging model may serve as a plat-
form for future investigation of tissue oxygen gradients within the
pancreatic TME and their spatiotemporal relationship to tumor
blood vessels, immune cells (e.g., macrophages), and cellular
oxygen consumption rates in vivo.
Clinical findings indicate that one of the most prominent fea-

tures of pancreatic tumors is their highly desmoplastic TME (25,
35, 60, 61). This desmoplasia creates a physical barrier around the
tumor (35), which can alter blood flow resulting in hypoxia (62),
decreased drug delivery (16), and immune infiltration (63), ulti-
mately increasing resistance to chemotherapy (16), radiotherapy
(64, 65), anti-angiogenic therapy (66), and immunotherapy (63).
Previous studies have shown that pancreatic tumor–associated col-
lagen can induce tumor hypoxia and vice versa (21). Using our
model, we can image tumor-associated collagen in vivo using intra-
vital SHG microscopy. By analyzing fibrillar collagen surrounding
the tumor from SHG images, we found a weak positive relationship
between themean 5xHRE/GFP fluorescence intensity of tumor cells
and mean SHG intensity (r = 0.21, P < 0.0001; Fig. 7). These find-
ings are consistent with previous studies showing that tumor-asso-
ciated collagen coincides with hypoxic regions within tumors (50,
67–69). Several studies have demonstrated that hypoxia modifies
tumor ECM components, increasing collagen deposition in the
TME as well as ECM density and stiffness (70–72). Both cancer
cells and cancer-associated fibroblasts are known to contribute to
ECM remodeling in response to hypoxia (72, 73). Conversely, a des-
moplastic stroma contributes to tumor hypoxia by displacing cap-
illaries with high amounts of ECM, further reducing the supply of
oxygen and perpetuating a cycle leading to even more hypoxia and
metabolic stress (20, 74–78). Nevertheless, there is still controversy
in the literature about whether the fibrotic reaction in the pancreatic
TME ultimately promotes or inhibits disease progression (24, 79).
Our model may facilitate the study of the dynamic interactions
between tumor hypoxia and desmoplasia and how this relationship
affects tumor growth, metastasis, or treatment response.
In addition to an increase in collagen production in the TME,

the spatial alignment of collagen fibers around the tumor was also
found to be related to BxPC3 5xHRE/GFP fluorescence intensity (r
= 0.09, P < 0.0001; Fig. 7, D and E). This relationship is consistent
with previous studies showing that, through multiple mechanisms,
hypoxic fibroblasts generate and organize highly aligned ECM (80–

82). However, given that the relationship between hypoxia and col-
lagen alignment was relatively weak in our dataset, it is still unclear
what other factors contribute to collagen alignment in the pancre-
atic TME and how this ultimately affects disease progression. Drifka
et al. (83) have shown that spatially aligned stromal collagen is a
negative prognostic factor in pancreatic cancer, associated with
poor survival. In contrast, Bolm et al. (84) have shown that pancre-
atic tumors with randomly oriented stromal fibers were associated
with larger tumor size, nodal-positive disease, margin-positive re-
section rates, and poorer overall survival. This inconsistency in
the literature suggests that amore detailed, mechanistic understand-
ing is needed to uncover how the spatial alignment of collagen fibers
in the pancreatic TME affects tumor progression. Using our intra-
vital model of pancreatic cancer, we can continue to explore what
factors contribute to collagen fiber alignment and how this may
have downstream effects on pancreatic tumor growth, remodeling
of the TME, and metastasis.
We also found that collagen fibers oriented parallel (<10°) to the

tumor boundary were weakly associated with increased local BxPC3
5xHRE/GFP fluorescence intensity, especially when compared to
tumor regions with collagen fibers oriented perpendicular (>80°)
to the tumor boundary (Fig. 7G). Collagen fiber orientation has
been previously shown to steer both angiogenesis and endothelial
cell migration (85, 86). Thus, it is possible that radially oriented col-
lagen fibers (perpendicular to the tumor boundary) may allow
blood vessels to more easily migrate into the tumor and increase
tumor oxygenation. Emerging evidence suggests that radially ori-
ented collagen fibers can also provide avenues for tumor cells to
invade the surrounding tissues to escape their hostile microenviron-
ment (87). Conversely, tangentially oriented collagen fibers (parallel
to the tumor boundary) may be confining tumor cells as they con-
tinue to proliferate, causing an increase in solid stress and interstitial
fluid pressure (88, 89). As desmoplasia progresses in pancreatic
tumors, an increase in solid stress can contribute to reduced vascu-
lar patency along the tumor boundary, leading to increased tumor
hypoxia (77, 90). This leads to a vicious cycle—whereby tumor
growth leads to solid stress, solid stress leads to hypoxia, hypoxia
leads to collagen remodeling (91), and collagen remodeling influ-
ences angiogenesis and tumor cell invasion—further driving
tumor growth and disease progression. Remodeling of the tumor
ECM along the tumor boundary is an ongoing and dynamic
process (92). Future studies can potentially benefit from using our
pancreatic intravital imaging model to study the relationship
between tumor hypoxia and ECM remodeling, which collectively
influence tumor cell invasion and metastasis (80). The successful
development of novel treatments targeting the TME stromal com-
partment depends on a more complete understanding of these
tumor-stromal interactions.
Together, this study presents a key advancement over conven-

tional methodologies of studying the pancreatic TME and previous-
ly adopted methods of intravital imaging in pancreatic tumor
models. By combining multispectral IVFM and SHG microscopy
with a custom-desigend, surgically implanted imaging window,
we were able to consistently and simultaneously image pancreatic
cancer cells, tumor microvasculature, and fibrillar collagen at cellu-
lar resolution in vivo, for up to 4 weeks. We also developed and val-
idated a novel, dually fluorescent pancreatic DsRed-5xHRE/GFP
reporter cell line for real-time monitoring of tumor hypoxia in
the orthotopic setting. In this study, we used the 5xHRE/GFP
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reporter to quantify tumor cell hypoxia and hypoxic gradients in the
orthotopic in vivo tumor setting and postulated a potential means
of measuring oxygen consumption rates of tumor cells relative to
tumor microvasculature. Last, we used this model to quantify the
spatial relationship between tumor cell hypoxia and tumor-associ-
ated collagen structures and hypothesized potential mechanisms by
which collagen fiber density, alignment, and orientation could
affect tumor hypoxia, growth, invasion, metastasis, and treatment
response.
While cell line–derived tumor models, such as the one used in

this study, are ideal for intravital imaging experiments due to their
consistent and predictable tumor growth kinetics, they are limited
in their ability to study the TME due to their severely immunode-
ficient host system. Thus, future work should continue to build on
this fluorescent reporter model, adapting it to new cell lines to show
broad utility of this reporter system, as well as immunocompetent
GEMMs that can better recapitulate the pancreatic TME in human
disease. This could substantially enhance the clinical translational
aspect of such research. By combining these emerging technologies
with the intravital imaging platform described in this work, we can
improve our understanding of the biological processes that promote
pancreatic cancer progression and help us identify mechanisms of
treatment resistance within the pancreatic TME.

METHODS
Cell line and live-cell fluorescence microscopy
Fluorescently labeled BxPC3-DsRed human pancreatic adenocarci-
noma cells (AntiCancer, San Diego, CA, USA) (93) were grown in
RPMI 1640 medium supplemented with 2 mM L-glutamine, 10%
fetal bovine serum, and 1% penicillin-streptomycin at 37.0°C and
5% CO2. To report on tumor cellular HIF activity, BxPC3 cells
were stably transfected with a 5xHRE-GFP construct [“5xHRE/
GFP” (Fig. 1A), a gift from M. Brown and T. Foster; Addgene,
plasmid no. 46926], as previously described (94). The GFP expres-
sion of this modified cell line, hereinafter referred to as BxPC3-
DsRed-5xHRE/GFP, was characterized in vitro at various oxygen
concentrations (0.2, 1.0, and 21% O2) using an H45 HEPA

HypOxystation (HypOxygen Inc., Frederick, MD, USA). Cells
were seeded in 12-well plates at 15% cell confluence and placed in
a normoxic (21% O2) incubator for 24 hours. Cell plates were then
transferred to incubators at each respective oxygen concentration,
for up to 4 days (reaching approximately 80% cell confluence).
Live-cell fluorescence imaging was performed at intermittent
(daily/hourly) time points using a Zeiss AxioObserver Z.1 inverted
microscope (Carl Zeiss Ltd., Toronto, Canada) with a large chamber
microscope incubator (Pecon GmbH, Erbach, Germany).

Western blot
To confirm and quantify the relative expression of GFP, BxPC3-
DsRed-5xHRE/GFP cell lysates were collected at several time
points under either hypoxia (0.2% O2) or normoxia (21% O2).
Cells were washed with ice-cold phosphate-buffered saline and har-
vested in radioimmunoprecipitation assay (RIPA) buffer and prote-
ase inhibitor cocktail (BioShop, diluted 1:100 in RIPA buffer). Cell
lysates were incubated for 1 hour on ice (vortexed every 30 min).
The soluble fractions of cell lysates were isolated by centrifugation
at 11,000g for 20 min (4°C), and a bicinchoninic assay (Pierce BCA
Protein Assay Kit, Thermo Fisher Scientific) was used to normalize
protein concentrations. Cell lysates were diluted 1:1 in 2x Laemmli
buffer, and gel electrophoresis and membrane blotting were per-
formed using equipment purchased from Bio-Rad Laboratories
(CA, USA). Polyvinylidene fluoride membranes were incubated
for 24 hours at 4°C in an antibody solution (see Table 1 for antibody
and dilutions used). All membranes were scanned using the LI-
COROdyssey Imaging System and analyzed in Empiria Studio soft-
ware (LI-COR Biosciences Inc.). Band intensity was quantified
using Fiji ImageJ software (95).

Mouse model and PIW surgery
All animal experiments were conducted in accordance with regula-
tory standards approved by the University Health Network Animal
Care Committee (Animal Use Protocol no. 2613). Orthotopic
BxPC3-DsRed-5xHRE/GFP pancreatic tumors were established in
8- to 10-week-old female NOD-Rag1null IL2rgnull (NRG) mice
(Jackson Laboratory, no. 007799) as previously described (96).

Table 1. Antibodies and dilutions used in the study. N/A, not applicable.

Primary antibody Company, catalog no. Dilution Secondary
antibody/reagent

Company, catalog no. Dilution

Western blot Anti-GFP Novus Biologicals,
NB600-308

1:2000 IRDye 680RD
Detection Reagent

LI-COR Biosciences,
926-69100

1 μl/ml

Anti–β-tubulin MilliporeSigma, 05-661 1:10,000

IVFM APC-conjugated
anti-CD31

BD Biosciences, 551262 0.03
mg/ml

N/A

Tissue
immunofluorescence

Anti-CD31 BD Biosciences, 550274 1:100 Anti-rat Alexa Fluor 488 Thermo Fisher Scientific,
A-11066

1:200

Anti-PIMO Hypoxyprobe, Pab2627 1:100 Anti-rabbit Alexa
Fluor 555

Thermo Fisher Scientific,
A-21428

1:200

Anti-CA9 Novus Biologicals,
NB100-479SS

1:50 Anti-rabbit Alexa
Fluor 555

Thermo Fisher Scientific,
A-21428

1:200

Anti-GFP Novus Biologicals,
NB600-308SS

1:500 Anti-rabbit Alexa
Fluor 555

Thermo Fisher Scientific,
A-21428

1:200
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Once tumors reached ~5 mm in diameter (5 weeks after inocula-
tion), a custom-designed PIW, with an inner diameter of 12 mm,
a thickness of 1.8 mm, and eight equally spaced 1-mm holes (Fig.
2, A and B), was three-dimensionally (3D) printed with acrylonitrile
butadiene styrene plastic and surgically implanted over the tumor
site (Fig. 2C). The surgical procedure for PIW implantation was
performed as previously described (97), with modifications.
Briefly, anesthetized animals received buprenorphine (0.1 mg/kg)
and were maintained with 2% isoflurane in oxygen in right-lateral
position on a heated pad. Fur was removed on the left lateral side,
and the surgical site was prepared with iso-betadine and ethanol so-
lutions. A 15-mm paramedian incision was made in the left flank of
the mouse, above the pancreas. The PIW was positioned under the
skin and interrupted, and 4-0 nonabsorbable sutures (Prolene,
Ethicon) were placed in each hole around the PIW, securing it to
the skin. A lobe of the pancreas (containing the pancreatic
tumor) was extracorporated through the center of the PIW using
sterile cotton swabs. One to two interrupted, 4-0 absorbable
sutures (Polysorb, Covidien) were placed in the abdominal muscle
to prevent the tumor from retracting back into the abdominal
cavity. A #2 glass microscopic coverslip (Electron Microscopy Sci-
ences, no. 72226) was inserted in the PIW and kept in place with a
plastic snap ring. Mice were given 7 days to recover before imaging.
In total, 33 animals were used in this study.

Intravital fluorescence and SHG microscopy
After 1 week of recovery from PIW implantation, serial intravital
fluorescence and SHG imaging of pancreatic tumors was performed
using a LSM710 laser scanning confocal microscope (Carl Zeiss
Canada Ltd.; Fig. 2D). To facilitate live-animal imaging on the mi-
croscope and obtain consistent images, a custom-designed, 3D
printed microscope stage insert was used with a built-in isoflurane
port to maintain anesthesia, an electrical heating pad to maintain
physiological body temperature, and a PIW holder to reduce
motion artifacts while imaging (Fig. 2E). All animals were anesthe-
tized using isoflurane in oxygen (5% induction and 2% mainte-
nance) and kept at 37°C throughout each imaging session. Tumor
blood vessels were fluorescently labeled via intravenous injection of
6 μg of APC-conjugated rat anti-mouse CD31 antibody (see Table
1). Lasers at 488 and 633 nm were used to excite GFP/DsRed and
APC, respectively. An 840-nm laser was also used to create an SHG
signal for visualization of fibrillar collagen within the pancreatic
tumors in vivo.
In total, 33 mice were subject to intravital imaging. Mice were

imaged every 3 to 5 days for up to 28 days after PIW implantation.
This was previously determined to be a reliable period for imaging
before the PIWwas dislodged from the abdominal wall or skin (98).
For each mouse-imaging session, four unique fields of view (FOVs)
within the imaging window were taken using a 5×/0.25 numerical
aperture (NA) lens (FOV = 2429 μm by 2429 μm), and 10 unique
FOVs were taken with aW Plan-Apochromat 20×/1.0 NAwater im-
mersion lens (FOV = 607 μm by 607 μm). All analyses involving
tumor vasculature and collagen structures were performed using
images collected under 5× and 20× FOVs, respectively.

Intravital image analysis
All intravital images were analyzed using a custom MATLAB script
(vR2021A, The MathWorks Inc.). Before quantification, linear un-
mixing of all spectral image data was performed using an algorithm

previously described by Zimmerman (99). Briefly, a coefficient
matrix (R) was first created using control samples of each fluoro-
phore to measure their relative contribution to each channel.
Then, the measured signal intensity in each channel (S) was used
to determine the amount of each fluorophore (A) by solving
matrix Eq. 1

S ¼ A� R ð1Þ

To quantify 5xHRE/GFP fluorescence intensity in BxPC3 cells, a
binary image was first created using DsRed fluorescence intensity to
identify the tumor cell ROI (“tumor ROI,” Fig. 5A). Thresholds for
both DsRed and GFP fluorescence intensities were empirically de-
termined to be above background fluorescence. The GFP-positive
fraction was calculated by taking the number of GFP-positive
pixels within the tumor ROI divided by the total number of pixels
in the tumor ROI. Mean tumor cell GFP fluorescence intensity was
calculated as the sum of each pixel’s GFP fluorescence intensity
within the tumor ROI divided by the number of pixels in the
tumor ROI.
To quantify tumor vasculature, the tumor ROI binary image was

morphologically dilated by 100 μm beyond the tumor boundary
(creating an “expanded tumor ROI,” Fig. 5A) to account for blood
vessels along the tumor periphery [and within the nominal diffu-
sion limit of O2 in tissues; (100)]. Blood vessels were segmented
from APC-CD31 fluorescence intensity by performing simple
linear iterative clustering (101) followed by adaptive thresholding
(102). Tumor vascular density was calculated as the number of
APC-positive pixels within the expanded tumor ROI divided by
the total number of pixels in the expanded tumor ROI.
To analyze BxPC3 cell 5xHRE/GFP fluorescence intensity in the

images, equally spaced pixels within the tumor ROI (spaced 20 μm
apart, the average diameter of BxPC3 cells) were sampled to approx-
imate individual tumor cell GFP fluorescence intensity. The dis-
tance of each tumor cell to the nearest blood vessel was
determined using a distance transform (103) of all APC-CD31 fluo-
rescence-positive pixels, where each cell in the tumor ROI is as-
signed a distance value to the nearest blood vessel wall.
To investigate the correlation between tumor-associated colla-

gen fibers and BxPC3 5xHRE/GFP fluorescence (using the in vivo
SHG and fluorescence images, respectively), a 100-μm-diameter
circular, moving peritumoral ROI was analyzed every 100 μm
center to center along the peritumoral border of the tumor-collagen
interface (Fig. 7A). We chose 100 μm as the diameter for each peri-
tumoral ROI as this spans the approximate limit of O2 diffusion in
tissues (100).Within each peritumoral ROI, meanGFP fluorescence
intensity was calculated in all pixels that overlapped with the tumor
ROI (see above). Mean SHG intensity was calculated as the sum of
each pixel’s SHG intensity divided by the total number of pixels. To
determine the spatial alignment and orientation of collagen fibers
within each peritumoral ROI, a 2D fast Fourier transform was used
to generate a power spectrum, as previously described (104–106). A
circular selection in the center of the power spectrum was summed
radially, and the resultant data were projected onto a polar plot and
fit with an ellipse. The tilt angle of the ellipse indicated the domi-
nant “orientation” of collagen fibers within each peritumoral ROI.
An identical procedure was performed on the tumor-collagen inter-
face line to determine the orientation of the tumor edge. The differ-
ence in orientation of collagen fibers and the tumor edge was used
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to calculate the orientation of collagen fibers relative to the tumor
edge. The ratio of minor (b) and major (a) axes of the ellipse was
used to calculate the “alignment score” using Eq. 2. An alignment
score of 0 indicates collagen fibers that are completely unaligned
with one another, whereas a score of 100 indicates that collagen
fibers are perfectly aligned

Alignment score ¼ 1 �
b
a

� �

� 100 ð2Þ

Immunofluorescence staining and analysis of
excised tumors
Twenty-eight days after PIW implantation, mice were euthanized,
and whole tumors were excised from the pancreas. Tumor tissue
was embedded in optimal cutting temperature compound
(Tissue-Tek) and flash-frozen in liquid nitrogen. Eleven tumors
were then randomly selected for immunofluorescence staining.
From the center of each tumor, four serial 5-μm-thick sections
were cut using a cryostat. Tissue sections were stained with antibod-
ies for DsRed (BxPC3 tumor cells), GFP (driven by HIF activity),
CD31 (endothelial cells), and hypoxia markers: PIMO and CA9.
Each section was subsequently stained with a secondary antibody
(see Table 1 for antibodies and dilutions used). Slides were
scanned at ×20 magnification, digitalized using a whole-slide
scanner (Zeiss AzioScan.Z1), and uploaded into the HALO Image
Analysis software (v3.3.2541.301, Indica Labs). Consecutive images
from serially sectioned tumors were registered using HALO’s Serial
Stain Registration module and exported as .tiff files. All subsequent
analysis was performed in MATLAB (vR2021a, The Math-
Works Inc.).
To investigate the relationship between BxPC3 5xHRE/GFP ex-

pression and established biomarkers of hypoxia (PIMO and CA9),
pixel intensity–based colocalization analysis (33, 34) was performed
on images from immunofluorescence-stained tumor tissue sections.
One tissue sample was excluded from this analysis as there was no
tumor hypoxia and, thus, no positive staining. Before colocalization
analysis, the resolution of each image was reduced by a factor of 100
to account for errors in spatial image registration between serial sec-
tions (using MATLAB’s “resize” function with bicubic interpola-
tion). With each resized pixel representing an area of 32.5 μm by
32.5 μm, a Pearson r was calculated to determine the relationship
between GFP, PIMO, and CA9 staining intensities. To determine
the positive stain fraction of PIMO and CA9 for each tumor, the
top 10th percentile of fluorescence intensity across all stained
tissues was thresholded inMATLAB to create a binary image of pos-
itively stained tissue. The total area of CA9- and PIMO-positive
tissue within the area of viable tumor tissue (DsRed fluorescence
positive) was divided by the total area of viable tumor tissue.

Statistical analysis
All statistical analyses were performed using GraphPad Prism
v9.3.1. For in vitro live-cell fluorescence data, a repeated-measures
analysis of variance (ANOVA) followed by Dunnett’s multiple com-
parisons test was performed to compare multiple oxygen conditions
to normoxia (21% O2) at each time point. For densitometric anal-
ysis of Western blot data, a one-way ANOVA followed by Dunnett’s
multiple comparisons test was used to compare each condition to “0
days” under hypoxia. All correlations were determined using the

Pearson r. Comparisons between two groups were performed
using an unpaired t test with Welch’s correction. All data are repre-
sented as means ± SEMunless otherwise specified, with significance
determined at P < 0.05.

View/request a protocol for this paper from Bio-protocol.
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3D deconvolution of human skin immune architecture
with Multiplex Annotated Tissue Imaging System
Manon Scholaert1,2†, Raissa Houmadi1†, Jeremy Martin1†, Nadine Serhan1†, Marie Tauber1,3,4,5,
Emilie Braun2, Lilian Basso1, Eric Merle6, Pascal Descargues6, Manuelle Viguier7, Cécile Lesort4,8,
Benoît Chaput9, Jean Kanitakis4,8, Denis Jullien4,8, Cristina Bulai Livideanu1,10,
Laurence Lamant11, Emeline Pagès2, Nicolas Gaudenzio1,2*

Routine clinical assays, such as conventional immunohistochemistry, often fail to resolve the regional hetero-
geneity of complex inflammatory skin conditions. We introduce MANTIS (Multiplex Annotated Tissue Imaging
System), a flexible analytic pipeline compatible with routine practice, specifically designed for spatially resolved
immune phenotyping of the skin in experimental or clinical samples. On the basis of phenotype attribution
matrices coupled to α-shape algorithms, MANTIS projects a representative digital immune landscape while en-
abling automated detection of major inflammatory clusters and concomitant single-cell data quantification of
biomarkers. We observed that severe pathological lesions from systemic lupus erythematosus, Kawasaki syn-
drome, or COVID-19–associated skin manifestations share common quantitative immune features while display-
ing a nonrandom distribution of cells with the formation of disease-specific dermal immune structures. Given its
accuracy and flexibility, MANTIS is designed to solve the spatial organization of complex immune environments
to better apprehend the pathophysiology of skin manifestations.
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INTRODUCTION
The skin acts as a barrier organ that separates the body from the
external environment. Upon inflammation, blood-circulating
immune cells are recruited to help orchestrate the cutaneous immu-
nity and are often nested nearby key structural elements (e.g., post-
capillary venules, hair follicles, dermal-epidermal junction, etc.) (1,
2). In pathological settings, the nature and activation status of the
skin immune landscape often represent precious biological infor-
mation that can help establish an accurate diagnosis, apprehend in-
terpatient heterogeneity, and select the most appropriate treatment.
The use of imaging-based approaches to identify cutaneous
immune cells is still challenging because of the high level of auto-
fluorescence arising from the tissue itself, the potential spectral
spillover when more than four fluorochromes are used simultane-
ously, and the entanglement of all cells within thick and polarized
structural appendages.
The vast majority of microscopic diagnoses of inflammatory skin

conditions relies on repeated immunohistochemistry analysis of
one or two proteins and/or hematoxylin and eosin (H&E) staining

in thin (2 to 5 μm) formalin-fixed, paraffin-embedded (FFPE) spec-
imens (3, 4). While such two-dimensional (2D) approaches are re-
producible and suitable for routine practice, they do not permit to
apprehend the complex topology and heterogeneity of immune cells
(5), particularly those nested in-between epidermal appendices. The
development of image-based histo-cytometry, which consists of an-
alyzing segmented multicolor images with classical flow cytometry
gating strategies, has paved the way toward the development of so-
phisticated image generation systems coupled to computational
imaging (6). Recently, highly multiplexed imaging systems have
substantially advanced our understanding of tissue-resident
immune subsets and of their spatial distribution with regard to
tissue structures, with a strong focus on cancer samples and
tumor heterogeneity, such as CODEX (Co-detection by indexing)
(7, 8), MIBI-TOF (Multiplex Ion Beam Imaging by Time Of
Flight) (9), IMC (Imaging Mass Cytometry) (10), MuSIC (Multi-
plexing using Spectral Imaging and Combinatorics) (11), CyCIF
(tissue-based cyclic immunofluorescence) (12), Cell Dive (13),
and others (14). While multiplexed imaging has an immense poten-
tial, there is a strong need to democratize these methods with the
use of inexpensive instrumentation compatible with standard
tissue processing and coupled to an analysis interface that is user-
friendly enough to be used in routine practice.
Here, we present an integrated framework primarily designed for

spatially resolved immune cells phenotyping in FFPE human skin
biopsies. We first set up a simple and inexpensive method to acquire
10 fluorescent signals simultaneously and in 3D using a classical
confocal microscope.We next designedMANTIS (Multiplex Anno-
tated Tissue Imaging System), an adaptable and interactive analyt-
ical system that automatically generates a digitalized version of the
skin immune landscape and enables single-cell quantitative data vi-
sualization. On the basis of these settings, MANTIS could be imple-
mented in most laboratories coupled to existing confocal
equipment to bridge the gap between sophisticated research tools
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and standard-of-care diagnostic procedures with minimal human
intervention.

RESULTS
Extraction of single-cell statistics from skin sections by
combining conventional confocal laser scanning
microscopy and computational imaging
We developed a simple method to generate 3D multiplexed fluores-
cent images from FFPE (10-μm-thick) or fresh frozen (50-μm-
thick) skin biopsies that could be implemented in most research
or clinical laboratories on existing equipment. Skin sections were
first stained with different panels of commercially available fluoro-
chrome-coupled antibodies added simultaneously and then
quenched to avoid excessive natural autofluorescence of skin struc-
tural elements (Fig. 1A). We acquired 3D fluorescent multiplexed
images with a conventional inverted confocal laser scanning micro-
scope equipped with five laser lines, five detectors, and a 40× oil
immersion objective, using a strategy of sequential acquisition com-
posed of fast consecutive steps (Fig. 1B; the detailed description of
optical paths and lasers of our 8-year-old Leica SP8 system is pro-
vided in Materials and Methods). This setting enabled the acquisi-
tion of 8 to 10 fluorescent channels, on a system primarily designed
for four colors, over a skin section of the following three dimen-
sions, 0.6 mm (x) by 0.4 mm (y) by 20 μm (z), within 25 min.
The obtained 3D images were then deconvoluted and compensated
to correct 3D fluorescent spectral spillovers (Fig. 1, C and D) using
the Huygens software (Scientific Volume Imaging), a strategy rou-
tinely applied in flow cytometry to combinemultiple fluorochromes
simultaneously (6, 15). Compared to classical segmentation strate-
gies based on nucleus expansion (16), which often lead to under- or
overestimation of cellular cluster composition, we used the general
immune biomarker CD45 as a robust immune staining visualized in
most skin-resident immune cells to constitute the core of our cell
segmentation strategy for future single immune cell statistics extrac-
tion (Fig. 1, E and F). Using the isosurface algorithm of the Imaris
software (Bitplane), we next modeled the 3D fluorescence signal of
CD45 for individual immune cells and exported a corresponding
single-cell database composed of the mean fluorescence intensity
(MFI) of all individual biomarkers and precise x, y, and z tissue co-
ordinates obtained with a resolution of 299 nm by 299 nm by 999
nm per voxel (Fig. 1F). We found that CD45-based segmentation
enabled an efficient isolation of single immune cell characteristics,
even when those were found aggregated around dermal structural
elements. Overall, we demonstrate that it is possible to extract a
10-parameter single-cell database using regular confocal equipment
coupled to basic computational imaging steps.

Analysis of the skin immune landscape using MANTIS
phenotype attribution matrices
On the basis of the literature, we designed two panels composed of
antibodies directed against immune biomarkers suitable to generate
a non-exhaustive overview of lymphoid cell (LC) and myeloid cell
landscape of the skin, with an average cost of approximately $65 per
sample. The combination of CD45, CD3e, CD4, CD8, γδ T cell re-
ceptor (TCRγδ), CD20, and CD57 [a terminally sulfated glycan car-
bohydrate epitope shared by natural killer (NK) and T cells with
high cytotoxic potential (17, 18)] allows us to identify the following
LCs: conventional CD4 and CD8 T cells (being CD57low or

CD57high), CD4+ CD8+ double-positive (dp) T cells (19), CD4−

CD8− double-negative (dn) T cells (20), γδ T cells, B cells, and
NK cells (table S1). The combination of CD45, CD207, CD1c,
human leukocyte antigen DR [HLA-DR (Human Leukocyte
Antigen - DR isotype)], CD123, Siglec8, myeloperoxidase (MPO),
and tryptase allows us to identify the following myeloid cells: Lang-
erhans cells, Langerin+ (CD207+) dermal dendritic cells (dDCs) and
Langerin− dDCs, eosinophils, basophils, neutrophils, and mast cells
(table S1). The activation status of DC, Langerin+ DC, and LC was
investigated using levels of HLA-DR expression. A detailed list of
excitation/emission/detection strategies is provided in table S2.
We next aimed to develop an adaptable analytical system that

could integrate and batch-process extracted single-cell databases
and enable an unsupervised phenotyping of immune subsets. To
address this latter challenge, we developed MANTIS, an interactive
digital tool based on phenotype attribution matrices inspired by the
analytical logic of single-cell RNA sequencing that identifies corre-
lations between the single-cell database and the expression profiles
of different cell types (Fig. 2A and fig. S1A). Such an analysis is pos-
sible by computing Spearman’s ρ correlation, which accommodates
nonlinear relationships in the expression values (i.e., in our case, the
collected MFI of each biomarker). In practice, MANTIS runs in-
stantaneously a pairwise Spearman’s correlation analysis, for each
detected single-cell, against selected combinations of biomarkers
to identify the immune subsets annotated in the phenotype attribu-
tionmatrices. The output information is the attribution of specific ρ
values per single cell, which then automatically finds the best match
of cellular identity and generates associated quantitative statistics
(Fig. 2, A to C, and fig. S1, B and C). When analyzed side by side
with conventional flow cytometry, we found that the same popula-
tions were detected; however,MANTIS enabled the identification of
more LCs and CD4 T cells (and less dn T cells), while flow cytom-
etry enabled the identification of more HLA-DRhigh dDCs and eo-
sinophils (fig. S2). As a proof of concept, we generated data from
two serial sections of an acral lesion from a patient with systemic
lupus erythematosus (SLE; i.e., lupus chilblains) stained with a lym-
phoid and a myeloid panel. The fast 3D acquisition of one region of
interest (ROI) composed of six fields of view [i.e., 0.6 mm (x) by 0.4
mm (y) by 20 μm (z)] enabled the annotation of 519 myeloid cells
and 708 LCs for a total of 19 different immune subsets identified
(Fig. 2D and fig. S1D). One can then decide to visualize annotated
immune populations using either a heatmap, in which the MFI of
individual biomarkers is displayed per single cell (fig. S1E), or a
graph-based dimensionality reduction, i.e., t-distributed stochastic
neighbor embedding (t-SNE), specifically designed for visualizing
clusters of populations and corresponding expression of biomarkers
per cluster (Fig. 2E).
A particularly challenging aspect of multiplexed imaging tech-

nologies is to circumvent the spatial distribution of immune cells
with respect to longitudinal and polarized structural elements
(e.g., epidermal appendages of the skin) in thick tissue sections.
We developed an interactive software interface that contextualizes
the immune topology of the skin by replacing all annotated single
immune cells within their 3D spatial context and leverages the
natural autofluorescence of keratinocytes to model the epidermal
layer to facilitate biopsy orientation (Fig. 2F and fig. S1, F and G).
The algorithm allows us to use two complementary analytical ap-
proaches and to switch from one to the other with a simple
drawing tool (movie S1). The analysis can start from the
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visualization of the skin digital immune landscape and then be
pursued with the investigation of the immune composition of
defined microregions via instantaneous recomputation of drawn
ROI. Conversely, it is also possible to start from all annotated
immune cells on a t-SNE graph, draw around subsets of interest,
and immediately visualize their anatomical distribution in the
skin digital immune landscape (Fig. 2G and movie S1). Together,
these data suggest that the MANTIS interactive analytical system

can be used to compute the 3D spatial organization of immune
and structural elements of inflammatory skin samples from
patients.

Fig. 1. Between-stack microscope configuration allows sequential acquisition of 7+ channels with classical image processing. (A) Sample preparation. FFPE-skin
sections were cut and stained for myeloid and lymphoid panels after appropriate epitope retrieval and autofluorescence quenching. Sample images were then acquired
using an SP8 confocal microscope from Leica Microsystems as described in (B). (B) Microscope configuration and acquisition settings. Mosaic sequential images were
acquired using the between-stack configuration with tunable detection windows. Sequences were overlaid and 3D-stitched. An example of data acquisition is given for
healthy (left) and pathological [systemic lupus erythematosus (SLE)] (right) skin. (C) Deconvolution of regions of interest and spectral unmixing. Acquired 3D images were
deconvoluted and compensated to correct optical aberrations and 3D fluorescent spectral spillovers. (D) Representative 3D multiplex image of healthy (top) and path-
ological SLE (bottom) skin sample for lymphoid panel, staining CD45, CD3, CD4, CD8, TCRγδ, CD57, and CD20. (E) Colocalization of DAPI (4′,6-diamidino-2-phenylindole)
and CD45 staining and respective RGB profiles. (F) Segmentation and single-cell database creation. Cell segmentation using the CD45 fluorescence channel allowed
efficient isolation of individual objects, i.e., immune cells. Individual object statistics (xyz coordinates, sphericity, volume, and MFI) were extracted for each sample. Scale
bars, 30 μm.
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Fig. 2. MANTIS algorithm allows automated cell type attribution and interactive exploration of skinmyeloid immune topology. (A) Automated tissue annotation.
A reference attribution matrix defining the literature-based theoretical signature of a particular cell type was constructed and designated as MANTIS attribution matrix. A
correlation matrix calculating Spearman coefficient between the single-cell database and MANTIS attribution matrix was computed. Each segmented cell was annotated
to the cell type having the highest correlation coefficient, and cell type proportions were extracted. (B) Single-cell staining of all used biomarkers in identified myeloid
cells. Scale bar, 5 μm. (C) MANTIS-simplified attribution matrix for myeloid panel. (D) Tissue annotation and cell proportion of pathological (SLE) skin. (E) Representative t-
SNE plot of myeloid cell populations (top) and MFI levels of used markers (colored intensity scale) (bottom). (F) Representative 3D confocal multiplex image (top) and
associated digital map (bottom) of predesignedMANTIS myeloid panel of pathological (SLE) skin. Scale bar, 50 μm. (G) Interactive reverse-gating. A population of interest
(neutrophils) was selected on the t-SNE plot. Recomputation of the corresponding digital map enabled the visualization of the anatomical distribution of this particular
population in the skin biopsy.
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Quantitative validation ofMANTIS annotation system using
healthy-looking skin and inflammatory
pathological lesions
With the constant increase in the number of cases, a large panel of
putative skin manifestations of coronavirus disease 2019 (COVID-
19) have been observed worldwide (21, 22), including an unprece-
dented high rate of acral lesions, which represent ~75% of all cases
and commonly named “COVID-toes” (23–26). Such manifestations
(fig. S3A), compared to non-inflamed healthy-looking skin (fig.
S3B), are associated with an important immune cell infiltration
(fig. S3C) and tend to develop in young patients with no or very
mild respiratory symptoms (26, 27). While some pathological fea-
tures of those lesions have been described (3, 28, 29), a precise anal-
ysis of their spatial immune profile is currently missing, which
impairs the development of a clear readout to better diagnose and
treat these rare cutaneous lesions. A possible explanation could be a
collateral clinical manifestation of an efficient antiviral type 1 inter-
feron response because acral lesions are also commonly observed in
patients with interferonopathies, such as the Aicardi-Goutières

syndrome (30) and SLE (31). With this in mind, we decided to
benchmark the effective performance of MANTIS to resolve the
immune topology of skin lesions of similar clinical severity from
five patients with COVID-toes, two patients with the multisystem
inflammatory syndrome, which is clinically similar to Kawasaki
syndrome (i.e., a rare severe systemic inflammatory condition trig-
gered by severe acute respiratory syndrome 2 infection, named here-
after “Kawasaki syndrome”), and three patients with SLE chilblains.
Abdominal skin biopsies from five healthy-looking controls were
used to set the baseline of a natural steady-state immune environ-
ment, albeit from a distant anatomical region.
We validated the quantitative performance of MANTIS to anno-

tate immune cells by calculations of statistical correlations with a
supervised approach of histo-cytometry (6, 15) applied on the
same datasets for each antibody panel in all skin samples. This
last method consists of a manual gating of immune subsets on the
same principle used in traditional flow cytometry. A total of 20,464
single CD45+ immune cells were identified with the following dis-
tribution per condition: 1670 immune cells in five healthy-looking

Fig. 3. 3D quantitative and spatial analysis of skin immune cells at the cellular level provide insight into disease signatures. (A and B) Representative 3D confocal
multiplex images (top) and associated digital maps (bottom) of predesigned MANTIS myeloid (A) and lymphoid (B) panels of healthy and pathological skin. Scale bar, 50
μm. (C) Representative heatmap of LC and myeloid cell densities in logarithmic scale with hierarchical clustering. (D) Principal components analysis (PCA) of immune
signatures of healthy and diseased skin. (E) Cell count per cubic millimeter of CD57low and CD57high T cells. (F andG) Dot plot of CD57MFI z score in CD4+ (F) and CD8+ (G)
T cells in healthy and diseased skin. (H and I) Representative digital map (H) andmean distance to epidermis (in μm) (I) of CD8+ CD57low (left) and CD57high (right) T cells in
COVID-19 skin lesions. Means + SEM; ***P < 0.001, Mann-Whitney test.
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skin samples (i.e., with 895 myeloid cells and 775 LCs), 1703 in two
patients with Kawasaki syndrome (i.e., with 932 myeloid cells and
775 LCs), 5076 in three patients with SLE chilblain (i.e., with 1560
myeloid cells and 3516 LCs), and 12,015 in five patients with
COVID-toes (i.e., with 2838 myeloid cells and 9177 LCs). A classi-
cal gating strategy based on mutually exclusive biomarkers was used
to assess the presence of myeloid cell (fig. S4A) and LC (fig. S5A)
subsets by histo-cytometry. We identified a total of 19 different
immune subsets and found very similar distributions of cell
counts by either supervised histo-cytometry or unsupervised
MANTIS algorithm (figs. S4, B to E, and S5, B to E). The calculated
R coefficients were between 0.75 and 1, regardless of the antibody
panel, the patients analyzed, or the disease (figs. S4F and 5F). We
observed that all healthy-looking skin samples exhibited a propor-
tion of immune cells aligned with previously described skin-resi-
dent immune populations at steady state in human (1, 32).
However, we noted a slightly higher tendency to detect rare popu-
lations of blood-circulating CD45+CD3−CD20+ B cells or
CD45+HLA-DR−CD123+Siglec8+ basophils, only when 3D
images were computationally analyzed with MANTIS (figs. S4B
and 5B). This is consistent with the fact that the skin is a highly vas-
cularized tissue and that recent studies identified rare B cells in
healthy skin (33).
Having validated the quantitative and qualitative performance of

MANTIS-based annotation, we next defined a high-level view of the
complex immune environment of pathological lesions from all 10
patients. Compared to healthy-looking samples, pathological
lesions contained large immune infiltrates, confirming their inflam-
matory status (Fig. 3, A and B). All three conditions were associated
with an infiltration of myeloid cells composed of a large number of
neutrophils, eosinophils, mast cells, and conventional CD45+-
CD1c+CD207−HLA-DR+ dDCs (Fig. 3, A and C). While detected
in relatively low numbers in all analyzed skin samples, no difference
was observed between healthy-looking and pathological samples for
CD45+CD1c−CD207+HLA-DR+ LC or CD45+CD1c+CD207+HLA-
DR+ dDC populations.
Compared to patients with Kawasaki syndrome, patients with

SLE and COVID-19 tended to have an increased proportion of
LCs (Fig. 3, B and C), with an enrichment in conventional CD4+
or CD8+ T cells and NK cells and, to a lesser extent, in γδ T cells.
We also observed dp CD45+CD4+CD8+CD3+TCRγδ− and dn
CD45+CD4−CD8−CD3+TCRγδ− T cells in all inflamed and some
healthy-looking samples, albeit in smaller numbers (Fig. 3, B and
C, and fig. S4). Such populations of T cells were often understudied,
as CD4 and CD8 biomarkers are thought to be mutually exclusive;
however, they have been often reported in autoimmune and chronic
inflammatory disorders (19, 34), including SLE (35, 36).
We next performed an unsupervised clustering of all patients

and healthy-looking controls based on the quantitative analysis of
their immune signature using both a detailed heatmap based on
immune profiles (Fig. 3C) and a principal components analysis
(PCA) per patient (Fig. 3D). Healthy-looking skin samples clustered
together, with no apparent relationship with the pathological
samples (Fig. 3, C and D). Patients with Kawasaki syndrome and
COVID-toes had a tendency to form disease-specific clusters,
while patients with SLE were distributed between both conditions
(Fig. 3, C and D). Although these data were obtained on a restricted
number of patients, they suggest that all analyzed pathological
lesions displayed common quantitative immune features

(Fig. 3C), with nevertheless potential disease-intrinsic characteris-
tics suggested upon analysis with a dimensional reduction PCA
(Fig. 3D). To explore this hypothesis further, we refined our analysis
by investigating the activation status of conventional CD4+ and
CD8+ T cells based on their expression level of CD57, a biomarker
classically associated with a high cytotoxic potential (i.e., pro-tissue
damage) during viral infections and autoimmune disorders, includ-
ing COVID-19 (37). We found that, compared to other pathological
conditions, three COVID-toes cases were particularly enriched in
CD4+ and CD8+ T cells, exhibiting high levels of CD57 (i.e.,
CD57high; calculated as CD57 MFI z score; Fig. 3, E to G).
During inflammatory skin conditions, cytotoxic immune cells

can relocate nearby to/in contact with keratinocytes and contribute
to severe epidermal damage (38, 39). To calculate the anatomical
location of all immune cells with respect to the epidermal layers,
we acquired the spatial coordinates of the modeled epidermis. We
next incorporated into MANTIS a k-dimensional tree algorithm
(40, 41), which automatically decomposes the structural element
coordinates (i.e., as exemplified here with the epidermis) into
virtual subspaces and enables us to calculate the nearest neighbor
to each immune cell (fig. S6A). A batch calculation of the distance
of each individual cell can then be visualized under the format of a
heatmap, providing a quick overview of the dataset (fig. S6B). We
found that HLAhigh dDCs (fig. S6C), NK cells (fig. S6D), and
CD8+ CD57high T cells (fig. S6E) were all significantly enriched
near the epidermal layer in cases of COVID-toes. CD8+ CD57low
T cells were not found enriched in the epidermis (Fig. 3, H to K),
suggesting a biological link between the expression levels of CD57
and epidermal migration in CD8 T cells. Although the number of
patients studied is limited, these findings strongly suggest the po-
tential formation of tissue-damaging subepidermal inflammatory
clusters composed of cytotoxic T cells and NK cells in COVID-toes.

MANTIS enables topographic exploration of skin lesions by
solving the α-shape of in situ immune substructures
Inflammatory dermatoses are characterized by the presence of large
inflammatory infiltrates composed of specific immune cells and
thought to be critical for the development of the pathology (e.g.,
type 2 immune cells and eosinophils in atopic dermatitis). To
better understand the regional heterogeneity of pathological
lesions from SLE, Kawasaki syndrome, and COVID-toes, we took
advantage of α-shape algorithms that enable us, by tuning the α pa-
rameter, to define a precise shape of sets of points by drawing
bounding polygons based on the principle of Delaunay triangula-
tion (42). When combined with the digital immune landscapes gen-
erated with MANTIS, α-shape algorithms automatically generate
polymorphic α-shapes around n-clusters composed of a
minimum of 15 cells (i.e., 15 being the minimum number of cells
often found in clusters of inflammatory but not in healthy-looking
samples; Fig. 4A). This method enables us to automatically detect
and quantify the major inflammatory clusters (i.e., named hereafter
“αROIs”) to provide a high-level view of the in situ immune archi-
tecture of the skin lesion for each patient and disease. We generated
lymphoid (Fig. 4, B and C) and myeloid (Fig. 4, D and E) αROIs for
all the samples. Healthy-looking controls displayed a few lymphoid
αROIs, and four of five controls did not showmyeloid αROIs. These
data indicate that, in human skin at the steady state, LCs have a ten-
dency to form aggregates [i.e., composed of perivascular T lympho-
cytes (1)], while myeloid cells are more likely to be randomly
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distributed. In line with the data presented in Fig. 3, we found a
higher proportion of both lymphoid and myeloid αROIs in patho-
logical samples as compared to healthy-looking controls (Fig. 4, B to
E). Using global unsupervised hierarchical clustering of αROIs per
disease, we can generate a high-level view of inflammatory cluster
composition and observe trends in disease-specific immune re-
sponses (Fig. 4, F and G). Notably, lymphoid αROIs of both

Kawasaki syndrome and COVID-toes exhibited a significantly
higher proportion of CD4+CD57low T cells than that of patients
with SLE (Fig. 4, F and H). Both COVID-toes and SLE lesions dis-
played significant clusters of CD8+CD57high cytotoxic T cells, high-
lighting the cytolytic aspect of pathological lesion
microenvironment in these conditions (Fig. 4, F and I). We next an-
alyzed myeloid αROIs for all cases. We found that, COVID-toes had

Fig. 4. Automatic detection of αROI
enables exploration of inflamma-
tory cluster topography in healthy
and diseased skin. (A) α-Shape al-
gorithm. Delaunay triangulation of a
given set of points formed a bound-
ing polygon that contains all the
points of the set. The α parameter
was defined by the value α, and a
circle with 1/α radius was drawn
around each point of the dataset. The
line between two circles’ meeting
points formed a side of the bounding
polygon, i.e., the α-shape. α value
defines the detail level of the α-shape
and allows modeling of voluminous
structures (1/α1) or smaller structures
(1/α2) having 1/α1 > 1/α2. (B and C)
Violin plot (B) and representative
digital maps (C) of lymphoid αROI
density in healthy and pathological
skin. (D and E) Violin plot (D) and
representative digital maps (E) of
myeloid αROI density in healthy and
diseased skin. (F and G) Representa-
tive heatmaps of cell proportions in
lymphoid (F) andmyeloid (G) αROIs in
pathological skin. A hierarchical clus-
tering was applied on rows and on
each pathology’s column. (H to M)
Mean proportion of CD4+ CD57low T
cells (H), CD8+ CD57high T cells (I),
HLA-DRhigh dDCs (J), HLA-DRhigh LCs
(K), mast cells (L), and eosinophils (M)
per αROI in diseased skin. Means ±
SEM; *P < 0.05, **P < 0.01, and ***P <
0.001, one-way analysis of variance
(ANOVA) (H to M).
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a particularly high density of clusters enriched in activated HLA-
DRhigh dDCs (Fig. 4, G and J). Conversely, Kawasaki syndrome
lesions showed an enrichment in both HLA-DRhigh LCs (Fig. 4, G
and K) and mast cells (Fig. 4, G and L), while SLE lesions displayed
large aggregates of eosinophils (Fig. 4, G and M). This finding is
consistent with previous reports of strong eosinophilia in SLE
(43–45). No significant differences were observed regarding other
immune cell subsets in αROIs. While the precise role played by spe-
cific inflammatory clusters of immune cells in each disease remains
elusive, these data strongly suggest that combining MANTIS digital
maps with α-shape–based algorithms can reveal a significant non-
random distribution of skin immune cells in skin lesions, with the
presence of disease-specific immune structures. MANTIS analytic
pipeline can thus enable us to quickly solve the spatial organization
of complex immune environments and open interesting perspec-
tives for future investigations in the field of dermatopathology.

DISCUSSION
Here, we propose a general framework for 3D quantitative and
spatial analysis of skin immune cells at the cellular level. We first
describe a simple method to perform a fast 3D acquisition of up
to 10 biomarkers simultaneously and extract a single-cell database
containing the biological identity (including spatial coordinates) of
skin lymphoid and myeloid cells. We then analyze the extracted da-
tabases using an automated and interactive analytic pipeline com-
posed of phenotype attribution matrices coupled with cell-to-
structure distance calculations and α-shape algorithm–based detec-
tion of major inflammatory clusters. Our analysis was focused on
FFPE samples, as it is still the most easily available source of path-
ological tissues and can enable analysis of patients’ skin-sampled in
routine clinical practice. However, the use of cryopreserved samples
is compatible with the approach that we describe here and enables
the analysis of thicker tissue sections (fig. S2).
We identified that the first step of the process, which consists of

the generation of good-quality 3D multiplexed images with a great
ratio signal over noise, is critical for the rest of the study. This is why
we emphasized the capability of a conventional 8-year-old (non–
custom-built) confocal laser scanning system to acquire 10 different
fluorochromes simultaneously. This method of acquisition can be
democratized to most academic/clinical facilities because it involves
a conventional equipment coupled to basic spectral spillover com-
pensation and single-cell data extraction strategies, via the use of
commercially available software (Huygens and Imaris; described
in detail in Materials and Methods).
Single-cell segmentation is also very critical, as it will constitute

the very core of the future analysis of immune subpopulations and
expression of biomarkers. Possible mistakes made at this step, e.g.
the inability to separate immune cells in large infiltrates, would then
result in misinterpretation of MANTIS-generated results. We tested
different approaches to automatically segment healthy-looking and
inflammatory skin samples, including random forest-based classifi-
ers (e.g., ilastik machine learning). While such a method was suit-
able to segment healthy-looking images with a low concentration of
immune cells, it failed to segment complex inflammatory lesions,
where large and packed immune clusters were present. We thus
opted for a semisupervised segmentation of single immune cells
using the software Imaris, in which the segmentation of each in-
flammatory cluster was quality-controlled manually and was in

3D (Fig. 1F). While this approach is probably more time-consum-
ing, we could ensure a precise 3D segmentation and further extrac-
tion of an accurate single-cell database to be processed with
MANTIS. A recent study has reported the use of an analysis pipe-
line, including a new segmentation strategy, adapted from the field
of astronomy named “AstroPath” (46). Using this approach and
only six biomarkers, they could identify important pathological fea-
tures in biopsies from patients withmelanoma. These results, in line
with our findings, highlight the importance of carefully selecting a
list of biomarkers to be studied and of having the right analytic pipe-
line to draw reliable insights.
Because immunologists are more commonly used to identifying

immune cell populations with manual gating of populations based
on flow cytometry, we validated the quantitative performance of
MANTIS by analyzing the extracted single-cell databases for the
15 patients analyzed with the conventional flow cytometry software,
FlowJo. We found that the MANTIS-based analysis on 3D images
generated with two different panels and just a minimal number of
10 antibodies per panel were sufficient to distinguish 19 immune
subsets and identify disease-specific trends in skin lesions.
BecauseMANTIS attributionmatrices can be quickly adjusted to

any set of markers, they could be compatible with single-cell data-
bases generated using technology with high multiplexing capabili-
ties such as CODEX (7, 8), MIBI-TOF (9), IMC (10), MuSIC (11),
CyCIF (12), Cell Dive (13), and others (14). We included in
MANTIS the α-shape algorithm that enables us to define the
precise shape of the inflammatory immune clusters based on the
principle of Delaunay triangulation (42). When applied to digital
immune landscapes, the α-shape algorithm automatically identifies
and quantifies dermal and epidermal inflammatory clusters (i.e.,
αROIs) composed of a minimum of 15 immune cells (Fig. 4A).
This method enables one to directly analyze the major αROIs to
provide a fast high-level view of the skin immune architecture in
a given lesion. Using this method, we could quickly identify that
the immune subset (e.g., mast cells, HLA-DRhigh dDCs,
CD8+CD57high cytotoxic T cells, eosinophils, etc.) was specifically
enriched in dermal areas only in some patient subgroups. These
preliminary observations suggest that, depending on their etiology,
pathological lesions could be due to distinct pathological mecha-
nisms. This type of analysis opens interesting perspectives for the
3D cartography of complex inflammatory skin lesions and should
be pursued by additional studies on a larger number of patients.
While 2D immune landscapes are represented here to facilitate
the visual assessment in the figures (3D graphs are hardly perceiv-
able on static pictures), the single-cell segmentation and extraction
of cellular spatial coordinates were all performed in 3D.
On the basis of CODEX high multiplexing capacity, previous

studies (8, 47) have shown that it is possible to generate a high-
level view of the cell-to-cell interaction landscape based on the prin-
ciple of the Delaunay neighborhood graph (48). The MANTIS α-
shape algorithm is complementary, as it automatically identifies
major immune structures while deciphering their cellular composi-
tion. Combining α-shape and neighborhood approaches could help
quickly solve the biology of major inflammatory clusters in the skin,
by drawing the ligand-receptor interactome of immune and struc-
tural cells within the identified cluster. Such a high-dimensional
analysis of the skin immune architecture could provide a promising
avenue for understanding the complexity of inflammatory skin
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manifestations with potential benefits for patient stratification and/
or diagnosis.
There is a strong need to design new tools to assist clinical deci-

sion-making and/or better apprehend the complexity of inflamma-
tory dermatoses.While very promising processes have beenmade in
the field of spatial biology (49–51), there is an unmet need for a non-
expensive and standardized multiplexed imaging analytical frame-
work capable of automatically resolving the immune architecture of
an inflamed skin. Here, we show that theMANTIS analytical system
is uniquely positioned to examine numerous questions in the fields
of skin immunobiology and should lay the foundation for a fast and
automated analysis pipeline of relevant in situ inflammatory envi-
ronments in both research and clinical facilities.

MATERIALS AND METHODS
Human skin samples
The pathological biopsies were performed as part of routine care for
diagnosis purposes in Lyon, Reims, and Toulouse university hospi-
tals. All patients have given written informed consent to the publi-
cation of their case details. Skin biopsies from patients with lupus
erythematosus were obtained from Toulouse University Hospital.
Biopsies of COVID-toes were obtained from Toulouse, Reims,
and Lyon university hospitals. Skin biopsies of multisystem inflam-
matory syndrome were obtained from Reims University Hospital.
Anonymized healthy human skin samples were obtained from
donors that underwent abdominoplasty procedures and had given
their written informed consent. Donors did not have any record of
allergies or dermatological disorders and did not use corticoste-
roids. Control healthy skin biopsies were age- and gender-
matched with pathological samples and obtained from Genoskin
SAS (www.genoskin.com/). Genoskin has obtained all legal autho-
rizations necessary from the French Ministry of Higher Education,
Research and Innovation (AC-2017-2897) and the Personal Protec-
tion Committee (2017-A01041-52). All studies were conducted ac-
cording to Declaration of Helsinki protocols.

Skin section preparation, histology, and staining
Human skin samples were either frozen in optimal cutting temper-
ature compounds (OCT, Tissue-Tek) or formalin-fixed and paraf-
fin-embedded. FFPE-tissue sections (10 μm) were heated at 95°C
for 20 min. Sections were subsequently immersed into xylene for
30 min, washed in a graded series of ethanol (100, 95, 70, 50, and
30% for 5 min each), and abundantly washed with distilled water.
They were then treated using a heat-induced epitope retrieval
method as previously described (52).
FFPE-tissue sections were blocked and permeabilized with phos-

phate-buffered saline (PBS), 0.5% (w/v)% bovine serum albumin
(BSA; Sigma-Aldrich), and 0.3% Triton X-100 (Merck) for 30 to
60 min at room temperature and then incubated with fluoro-
phore-coupled antibodies or unconjugated antibodies overnight
at 4°C in the dark. The sections were then washed three times in
PBS 0.5% (w/v)% BSA, 0.3% Triton X-100 and incubated, if
needed, with secondary antibodies in PBS, 0.5% (w/v)% BSA, and
0.3% Triton X-100 for 2 hours at room temperature in the dark.
Last, samples were treated with an autofluorescence quenching sol-
ution named TrueVIEW (Vector Laboratories) for 5min. The slides
were mounted in Mowiol medium (Sigma-Aldrich) and sealed with
a coverslip. All conjugated and unconjugated antibodies used in this

study were validated in single immunostainings of human skin and
tonsils and are listed in table S1.

Acquisition
Z-stack images (512 × 512 pixel; 1 μm) were acquired using an 8-
year-old confocal microscope SP8 (Leica Microsystems) equipped
with an HC PL APO CS2 with 40× numerical aperture 1.3 oil ob-
jective, an ultraviolet diode (405 nm), and four lasers in visible
range wavelengths (405, 488, 532, 552, and 635 nm). The setup
was made up of five detectors [three hybrid detectors with high
quantum yield compared to classical photomultiplier (PMT) detec-
tors and two PMTs]. Mosaic sequential images were acquired using
the between-stack configuration to simultaneously collect individ-
ual seven or eight channels and tiles before merging them to obtain
one single image. Use of the between-stack configuration and the
modulation of the detectors’ detection windows help reduce the
leaking of fluorophores. Last, a digital zoom of 1.9 was applied
during the acquisition and a mosaic multicolor image was obtained
and exported into a .lif format. Detection windows and microscope
configuration used in our study are listed in table S2.

Image deconvolution and correction of spectral spillover
3D mosaic images were then imported into Huygens SVI software
to correct the signal by applying deconvolution and cross-talk cor-
rection. Two deconvolution methods were used: the express decon-
volution (theoretical and fast) or the deconvolution wizard
(possibility to use experimental or theoretical parameters and to
adjust the background value). Automatic cross-talk correction esti-
mation was obtained, and the coefficients were slightly adjusted
manually, if needed, for optimal spillover correction.

Segmentation
3D mosaic images were imported into Imaris software to separate
objects (cells) using a 3D surface segmentation. Before creating the
surface objects in Imaris, classical image processing was required.
For instance, defining a threshold, adding a median filter, and/or
normalizing the layers were sometimes applied to clean the back-
ground. Images were either cleaned using the CD45 surface
objects or other channels by applying appropriate masks for each
channel. Then, segmentation was applied on the CD45 channel
surface. Statistics were exported into .csv format.

Epidermis modeling
The epidermis was identified using the natural autofluorescence of
the tissue. On the basis of the autofluorescence found in multiple
appropriate channels, an epidermis surface was created using the
Object Creation semi-automated tool of the Imaris software. The
coordinates of the epidermis were then exported into .csv format.
The modeling of the epidermis shape showed on the digital maps
was obtained using the α-shape algorithm (described below).

Segmentation troubleshooting
In some cases, the surface creation parameters were not efficient in
automatically obtaining good object creation, or themodulewas not
sensitive enough to detect low-intensity objects. In this case, the cre-
ation of small objects was done manually, and the threshold selec-
tion was also reduced. If the detected object was below 1 μm, then a
manual object unification with surrounding objects of the same in-
tensity was performed.
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Statistical data exportation
Statistical properties of each segmented object (cell) in the pro-
cessed 3D Imaris Multiplex image were automatically calculated.
Object volume, sphericity, area, xyz position, and MFI in all chan-
nels were exported as a .csv table.

Skin enzymatic digestion and gradient separation
Immune cells were isolated from fresh skin biopsies fromGenoskin.
Briefly, skin was harvested in predigestion medium, fragmented
into pieces, and incubated at 37°C on a rotating plate to remove ep-
ithelial cells and other impurities. The supernatant was discarded,
and the samples were digested for 45 min on a rotating plate with
1.25 mg of Liberase (Sigma Aldrich, #5401127001) and 2.5 mg of
deoxyribonuclease I (Sigma Aldrich, #10104159001) to disaggre-
gate the tissue. Samples were further dissociated with the Miltenyi
gentleMACS Dissociator. Cells were then enriched with a Percoll
gradient, washed, and used for staining with the same panels used
for MANTIS. Data were acquired on a FACSymphony (BD) cytom-
eter and were analyzed using FlowJo (Tree Star) software.

FlowJo analysis and gating strategies
Identification and density assessment of immune cell subsets were
analyzed using classical histo-cytometry (6). Immune cell popula-
tions were gated in FlowJo software as follows: B cells, CD45+
CD20+; NK cells, CD45+ CD20− CD3− CD57+; CD4+ T cells,
CD45+ CD20− CD3+ TCRγδ− CD4+ CD8− CD57low or high; CD8+
T cells, CD45+ CD20− CD3+ TCRγδ− CD4− CD8+ CD57low or high;
γδ T cells, CD45+ CD20− CD3+ TCRγδ+; dn T cells, CD45+ CD20−

CD3+ TCRγδ− CD4− CD8−; dp T cells, CD45+ CD20− CD3+
TCRγδ− CD4+ CD8+; mast cells, CD45+ Tryptase+; DC, CD45+
CD1c+ CD207− HLA-DRlow or high; LC, CD45+ CD1c− CD207+
HLA-DRlow or high; DC CD207+, CD45+ CD1c+ CD207+ HLA-
DRlow or high; neutrophils, CD45+ CD1c− CD207− Tryptase−

Siglec8− MPO+; eosinophils, CD45+ CD1c− CD207− MPO−

Tryptase− Siglec8+ CD123−; and basophils, CD45+ CD1c−

CD207− MPO− Siglec8+ CD123+.

Tissue annotation using MANTIS
Implementation of MANTIS reference panels
To enable cell identification, we built a binary table containing a
literature-based theoretical signature of biomarkers expressed in
each cell population identified by the used panel (naturally depend-
ing on the used set of antibodies), known as the reference attribu-
tion panel. If a cell population is positive for amarker, then the value
is set to 1; otherwise, it is set to 0. If a cell population can be positive
for a marker, then there are two columns, one with the value set to 1
and the other with the value set to 0 (i.e., γδ T cells can express CD4
or not). Two reference tables were implemented and designated by
lymphoid and myeloid reference attribution matrices.

Dynamic adaptation of reference matrices
Sample heterogeneity led to different acquisition parameters (laser
power, gain, etc.). To standardize data processing, we scaled the ref-
erence tables and dynamically adapted, for each sample, the table
values according to the MFI values. In practice, the value “1” in
the binary table was replaced by the maximum MFI value acquired
in the corresponding channel from the tested sample.

Automatic cell type identification
To annotate the segmented objects, a correlationmatrix between the
MFI table and the adapted reference panel was generated by per-
forming a pairwise Spearman’s rank correlation using the R soft-
ware (2021). Each object was then phenotypically assigned to the
cell type having the highest correlation coefficient. Objects with
multiple highest correlation coefficients were assigned as “Other”
cell types.

Accuracy validation
The accuracy of MANTIS automatic cell identification was verified
by comparing quantification results to classical histo-cytometry (6).
Briefly, linear regression of cell type density was computed between
both attribution methods, and regression coefficients were calculat-
ed. Regression coefficients ranging between 0.75 and 1 reflect
MANTIS technique robustness.

Activation status detection
MANTIS panels were designed to include not only discriminant
markers for cell attribution but also nondiscriminant and informa-
tive markers, for instance, activation markers. The cell populations
of interest (CD4+ and CD8+ T cells in the lymphoid panel and DCs,
LCs, and CD207+ DCs in the myeloid panel) and the activation
markers that reflect the activation status of these populations
(CD57 in the lymphoid panel and HLA-DR in the myeloid panel)
were defined in the MANTIS algorithm. The latter automatically
computes the MFI density curve associated with the activation
markers within the selected populations. Subsequently, the MFI
corresponding to the first peak of the density curve is defined as
the MFI value above which the cell is considered positive for the
activation marker.

α-Shape calculation
α-Shape was calculated using the alphashape Python package.
Briefly, Delaunay triangulation of a given set of points formed a
bounding polygon that contains all the points of the set. The α pa-
rameter was defined by the value α, and a circle with 1/α radius was
drawn in such a way that two points of the dataset are located on the
boundaries of the circle and the circle is empty. For each empty
circle found, the line between the two points formed a side of the
bounding polygon, i.e., the α-shape. As α decreased, the α-shape
changed from a convex hull (e.g., epidermis α-shape, α = 0.4) to a
more tightly fitting bounding box, resulting in more refined α-
shapes [e.g., ROI α-shape (αROI), α = 0.1].

Cell-to-structure distance calculation and nearest-
neighbor search
x-y coordinates of epidermis α-shape contours were stored using
the k-dimensional tree method, which allows data ranking and
structuration. Briefly, data points were classified on the basis of
nodes and branches space-partitioning, allowing a fast nearest-
neighbor calculation. For a given point (cell) of the dataset, the
nearest neighbor in the epidermis α-shape was found, and the dis-
tance defined by r was calculated using the scipy.spatial Python
package (40). The distance of cells contained in the epidermis α-
shape was set to 0.
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Data clustering and αROI analysis
ROIs (αROI, i.e., inflammatory cell clusters) were identified using
the α-shape algorithm with a tuned α parameter (α = 0.1), allowing
correct detection of high–cell density areas. αROI with less than 15
cells were removed from the analysis. For each selected αROI, spe-
cific characteristics were calculated and extracted, such as area, total
number of cells, cell number, proportion by cell type, and αROI
center coordinates.

Data visualization
Visualization charts were obtained using the ggplot2, Pigengene,
and ComplexHeatmap R packages and matplotlib and seaborn
Python packages. t-SNE was computed with Rtsne.

Statistics
Statistical tests were performed using Prism 8 (GraphPad Software)
and the Rstats and rstatix R packages. One-way analysis of variance
(ANOVA) with Tukey’s test for multiple comparisons or Mann-
Whitney test was performed on samples as noted in the respective
figure legends. A P value of less than 0.05 was considered statistically
significant.

Supplementary Materials
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Figs. S1 to S6
Tables S1 to S4
Legend for movie S1
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CORONAV IRUS

Structural and computational design of a SARS-CoV-2
spike antigen with improved expression and
immunogenicity
James A. Williams, Marco Biancucci, Laura Lessen, Sai Tian, Ankita Balsaraf†, Lynn Chen†,
Chelsy Chesterman, Giulietta Maruggi, Sarah Vandepaer, Ying Huang‡, Corey P. Mallett,
Ann-Muriel Steff§, Matthew James Bottomley||, Enrico Malito¶, Newton Wahome*#,
Wayne D. Harshbarger*

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) variants of concern challenge the efficacy of ap-
proved vaccines, emphasizing the need for updated spike antigens. Here, we use an evolutionary-based design
aimed at boosting protein expression levels of S-2P and improving immunogenic outcomes in mice. Thirty-six
prototype antigens were generated in silico and 15 were produced for biochemical analysis. S2D14, which con-
tains 20 computationally designed mutations within the S2 domain and a rationally engineered D614G muta-
tion in the SD2 domain, has an ~11-fold increase in protein yield and retains RBD antigenicity. Cryo–electron
microscopy structures reveal a mixture of populations in various RBD conformational states. Vaccination of mice
with adjuvanted S2D14 elicited higher cross-neutralizing antibody titers than adjuvanted S-2P against the
SARS-CoV-2 Wuhan strain and four variants of concern. S2D14 may be a useful scaffold or tool for the design
of future coronavirus vaccines, and the approaches used for the design of S2D14 may be broadly applicable to
streamline vaccine discovery.
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INTRODUCTION
Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2),
the causative agent for coronavirus disease 2019 (COVID-19), was
first identified in Wuhan, China before spreading globally and
being declared a pandemic in March 2020. With more than 613
million confirmed cases globally, resulting in more than 6.5
million deaths, COVID-19 remains a notable global health
burden. Vaccines, such as mRNA-1273 (Moderna), BNT162b2
(Pfizer/BioNTech), and Ad.26.COV2.S (Janssen), are all based on
the sequence of the original Wuhan-Hu-1 strain of the spike
fusion glycoprotein (S), engineered to remain in the prefusion
state, which is the primary target of neutralizing antibodies
(nAbs). However, the efficacies of these first-generation vaccines
are diminished against newly circulating variants of concern
(VoCs) such as Alpha (B.1.1.7), Beta (B.1.351), Delta (B.1.617.2),
and Omicron (BA.1, BA.2, BA.4/5, XBB, and BQ.1.1), which
evade nAbs due to mutations in the S protein (1–8). Although
booster vaccines have been developed to match S protein sequences
of circulating variants (9–12), there is no guarantee that these
updated vaccines will protect against future strains of the virus (7,
8, 13–15). Therefore, there is a need for the development of vaccine
antigens that can elicit Abs that are more efficient in neutralizing

future variants, thus providing broader and/or longer-lasting
protection.
The S glycoprotein is composed of S1 and S2 subunits that

mediate host-cell attachment to initiate virus-cell fusion (16, 17).
The S1 subunit comprises the N-terminal domain (NTD) and the
receptor binding domain (RBD) with subdomains SD1 and SD2 un-
dergoing hinge-like motions that promote RBDmovement between
closed and opened conformations (18, 19). Engagement of the RBD
open conformation with human angiotensin-converting enzyme 2
receptor (hACE2) triggers a large-scale conformational rearrange-
ment in the S2 domain, which contains the fusion machinery nec-
essary to mediate viral fusion and infectivity (17, 20). A large
portion of the nAb response elicited during natural infection or vac-
cination is directed toward epitopes spanning the RBD (21–24).
Epitopes in less accessible regions of the RBD are more conserved
among circulating coronaviruses, consistent with Abs targeting
these regions being able to cross-neutralize other coronaviruses
(21, 25, 26). Several groups have developed adjuvanted RBD-only
vaccines based on the monomeric or multivalent display of the
RBD, with several human phase 1/2 and phase 3 trials showing a
safe and immunogenic response, thus making the RBD, or S in
the RBD open state, an attractive vaccine antigen (27–36).
Engineering of the S protein to remain in the prefusion state was

accomplished through the rational, structure-guided insertion of
two proline residues, K986P and V987P (named S-2P), which are
located between the heptad repeat region 1 (HR1) and the central
helix (CH) domain (20). S-2P was later modified to have higher
thermostability and greater protein expression through the incorpo-
ration of additional prolines (F817P, A892P, A899P, and A942P)
(referred to as S-6P or HexaPro), which are located between the
fusion peptide proximal region, HR1, and the CH domain (37).
Similar structure-based approaches have also been instrumental in
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the design of vaccine antigens for other pathogens such as the respi-
ratory syncytial virus fusion protein F, metapneumovirus fusion
protein F, influenza hemagglutinin (HA), and HIV-1 envelope
(38–43). However, the identification of an antigen with the pre-
ferred qualities (i.e., conformation, stability, and expression) often
requires testing hundreds of single-point mutations followed by
rounds of combinatorial design which can lead to many failures.
Data-driven computational approaches have the potential to

reveal mutable space within a protein’s structure that may not be
obvious in a rational-based setting and assist antigen design by
identifying sequences that yield desired protein characteristics
(44–48). One such computational method is PROSS (Protein
Repair One-Stop Shop), which is a design algorithm using evolu-
tionary information in multisequence alignments to focus the
protein design search on residues that are functional in nature
(44). Combined with the Rosetta design suite and energy scoring
function (49, 50), false positive predictions can be minimized and
the number of variants that must be experimentally tested is
reduced (44, 51, 52). Success has been shown for multiple
enzymes and the HIV gp140 glycoprotein, where using PROSS
led to enhanced protein stability and greater expression of function-
al protein compared to wild type (44, 52, 53).
Here, we adapted the PROSS workflow to perform antigen

design based on a multisequence alignment of related coronavirus
glycoproteins and incorporated symmetry protocols to uniformly
mutate the S protein’s trimeric structure. The evolutionary consen-
sus design strategy resulted in a novel prefusion S antigen that had
biochemical and biophysical characteristics comparable to S-2P, but
with greater expression and capable of eliciting higher levels of nAb
titers against Wuhan and VoCs in mice. High-resolution cryo–elec-
tron microscopy (cryo-EM) structures of our top design, S2D14,
confirm the structural integrity of the spike protein and the
dynamic nature of the RBDs, thus allowing exposure of potently
neutralizing epitopes. This work provides a computational and ex-
perimental workflow for improving antigen characteristics, such as
expression and immunogenicity, andmay be valuable for informing
the design of future spike-based vaccines that can elicit broad pro-
tection against emerging and future strains of the virus.

RESULTS
Computational design of SARS-CoV-2 spike antigens
The evolutionary consensus design workflow combines three dis-
tinct steps, as previously described (44). First, we generated a multi-
sequence alignment of 500 nonredundant spike protein sequences
from various betacoronavirus lineages (lineages A to D), which we
obtained from the BLAST database (data S1) (54), allowing for the
identification of residues with natural variation. Next, Rosetta at-
omistic design simulations (50) were used to curate which set(s)
of single-point mutations could be applied to the above-identified
residues to obtain unique spike designs with predicted lower free
energy (i.e., improved stability) compared to the sequence of the
target S antigen model (20). To generate an initial S protein
model, we chose to incorporate a symmetry-based protocol (55)
with a molecular structure that has all three RBDs in the open con-
formation which places the RBDs away from the neighboring S pro-
tomers (Fig. 1) (see Materials and Methods). We believed that this
would prevent the possibility of designs being stabilized in the
three-RBD closed conformation, therefore ensuring that important

neutralizing epitopes remained accessible. Specifically, our starting
model contained three mutations: (i and ii) the S-2P di-proline mu-
tations (K986P, V987P) which were used to ensure that the prefu-
sion conformation of the spike was maintained (20) and (iii) a
D614G mutation, located within the SD2 domain, which was in-
cluded because it was an overrepresented mutation in the above se-
quence alignments from circulating strains at the time of this study
(56, 57). Modification of these mutations was prohibited during
design simulations and is therefore conserved across all designed
sequences (data S2). In the final design step, Rosetta combinatorial
sequence optimization was used to generate constructs with energy
profiles more favorable (lower energy) than the initial S antigen
model (fig. S1).
Because of the difficulty of modeling large and dynamic proteins

such as S, and facing the substantial sequence diversity in corona-
virus families, three independent strategies were used for this final
design step to increase the probability of identifying sequences that
yield desirable protein characteristics. The first strategy incorporat-
ed mutations across the full S ectodomain, the second strategy
limited the design space to the NTD + S2 domain, and the third
strategy further restricted the mutations to the S2 domain
(Fig. 1A). A total of 36 designs (12 constructs per strategy) were
created, where each design contained a total of 28 to 141 mutations
(full S ectodomain), 17 to 103 mutations (NTD + S2), or 12 to 25
mutations (S2 domain). To narrow the candidate pool for in vitro
analysis, the 12 designs per strategy were placed into five groups
based on phylogenetic analysis, and one representative S antigen
from each of these groups was selected for production and purifica-
tion, followed by biochemical and biophysical characterization (fig.
S1, A to C).

Expression, antigenicity, and stability of spike designs
Genes containing sequences for each of the 15 selected constructs
were cloned into a mammalian expression vector and tested for ex-
pression in human embryonic kidney (HEK) 293 cells. Among the
15 designs selected, 7 (three for the NTD + S2 and four for the S2
domain only) displayed expression levels in cell culture superna-
tants that exceeded S-2P, with five of those designs (numbers 8, 9,
12, 13, and 14) also having expression levels in supernatant higher
than S-6P (Fig. 1B). Specifically, design 8 (NTD + S2 domain) and
designs 12, 13, and 14 (S2 domain only) displayed the largest in-
crease in nonpurified protein expression relative to S-2P (>6-fold)
or S-6P (>3-fold) and exceeded the upper limit of quantification of
the assay, while design 9 (NTD + S2 domain) had an ~4-fold and
~1.5-fold increase compared to S-2P and S-6P, respectively. The ex-
pression levels of designs targeting the full S ectodomain were con-
siderably lower than those detected for S-2P (~1.5-fold) or S-6P
(~4-fold). This is consistent with observations that, despite the
high tolerance for variability within the RBD, many mutations
can result in deleterious effects on protein expression (58).
Designs 6 and 7 (NTD + S2 domain) and design 11 (S2 domain)
also had expression levels lower than S-2P. On the basis of these
results, full S ectodomain designs, as well as designs 6, 7, and 11,
were not considered for further biochemical or biophysical charac-
terization, leaving seven designs for further analysis.
Considering that the majority of the most potent SARS-CoV-2

nAbs isolated to date target epitopes spanning the surface of the
RBD, surface plasmon resonance (SPR) was used to determine
whether incorporated mutations within the NTD or S2 domain
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inadvertently altered the presentation or accessibility of key RBD
epitopes. CR3022, which requires at least two RBDs in the open
state, S309, which recognizes open or closed RBDs, and the
hACE2 receptor, which binds a single RBD in the open conforma-
tion, were all found to bind designs 8, 9, and 10 (NTD + S2 domain)
as well as designs 12, 13, and 14 (S2 domain) with equilibrium dis-
sociation binding constants (Kd values) in the picomolar range
(Table 1, fig. S2, and table S1). These values were comparable to
those found for binding to S-2P, thus indicating no structural dis-
ruptions to these RBD epitopes.
Next, the binding of monoclonal antibodies (mAbs) VRC-118

and VRC-112, which target the NTD and S2 domains, respectively,
was tested as these domains have also been shown to contribute to
neutralization breadth and potency (21, 22, 59–61). All the designs
tested were found to bind VRC-118 with picomolar affinity and
with a similar Kd as S-2P. However, binding to VRC-112 was abol-
ished for all designs, revealing that the S2 domain mutations do
disrupt at least this S2 domain epitope (Table 1, figs. S2 and S3,
and table S1). Despite this result, we reasoned that further charac-
terization was warranted on the basis of the high levels of protein
expression and the confirmation of intact RBD and NTD epitopes.
To assess the impact of thermal stress, purified proteins were

subjected to a differential scanning fluorimetry (DSF) assay. S-2P
has previously been shown to have two distinct melting transitions

(Tm1 and Tm2) with an increase in Tm1 being indicative of im-
proved stability (37). All three NTD + S2 designs (8, 9, and 10)
had Tm1 values greater than S-2P (Tm1 = 44°C), with design 9
having the largest, yet modest, increase of 4.2°C (Tm1 = 48°C)
(Table 1). Tm1 values for all four S2 domain designs (12, 13, 14,
and 15) were comparable to S-2P. The Tm2 values for most
designs were also comparable to S-2P, with only designs 12 and
15 showing an ~10°C increase in melting temperature, though the
impact of this improvement is not clear.

Design 14 forms stable prefusion trimers
Considering the loss of binding to VRC-112 for each of the designs,
we next sought to determine whether modifications had inadver-
tently altered the S2 domain architecture or overall protein mor-
phology. To accomplish this task, a Glacios 200-kV electron
microscope was used to quickly assess one construct from the
NTD + S2 designs and one construct from the S2 domain
designs. Design 9 was chosen from the NTD + S2 designs based
on the high expression and thermostability; however, particles re-
sembling the prefusion S trimer were infrequently observed on
the cryo-EM micrographs (fig. S4A). This may be due to dissocia-
tion into monomers or other misfolded states during storage or vit-
rification, consistent with known issues of cold handling with spike
proteins (62). From the S2 domain designs, design 14 was selected

Fig. 1. Evolutionary-based design strategy and expression levels of spike mutants. (A) Model of the SARS-CoV-2 spike (S) protein structure with all three RBDs in the
open conformation. The first design strategy (left) allowed for mutations (yellow) across the full S ectodomain. The second design strategy (center) limited the design
landscape to the NTD + S2 domain (mutations in teal). The third design strategy (right) only modified the S2 domain andmutations are colored red. (B) Protein expression
level (determined by biolayer interferometry using anti-HIS biosensors) of spike mutants normalized to S-2P (shown by dotted line) and grouped according to domain-
specific design strategies in (A). S-6P (HexaPro) was used as an additional comparator. Error bars were determined from duplicate measurements, and asterisks indicate
designs where expression exceeded the assay’s limit of quantitation.
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on the basis of the high level of protein expression and similar ther-
mostability and antigenicity as S-2P. Cryo-EM micrographs of
design 14 revealed the expected S protein trimers with the anticipat-
ed particle size and secondary structural features (Fig. 2A and
fig. S4B).
Two distinct conformational states for design 14 were identified

during three-dimensional (3D) classification: one conformation
with all three RBDs in the closed state and the second conformation
with a single RBD domain in the open state (Fig. 2, B and C, and fig.
S5A). The refinement of each population resulted in 7.1-Å resolu-
tion (three RBDs closed) and 8.5-Å resolution (one RBD open)
maps, respectively (Fig. 2, B and C, Table 2, and fig. S5B). The

sampling of RBD open states is consistent with the recognition of
the hACE2 receptor and mAb CR3022. Docking of previously pub-
lished structures for either the closed spike trimer [Protein Data
Bank (PDB) accession number: 6VXX] or a single RBD open
trimer (PDB accession number: 6VSB) into the corresponding elec-
tron density maps revealed a high degree of similarity across the S2
domains for either model, indicating that engineered S2 mutations
were well tolerated and did not alter the S protein morphology. At
this stage, design 14 was considered our top candidate for further
evaluation and renamed S2D14 for simplicity.
Next, we wanted to evaluate whether the high expression of

S2D14 in HEK293 cell culture supernatants translated into higher

Table 1. Thermal stability and binding affinity measurements for spike protein designs. The Tm values are the average of triplicate measurements with the
exception of design 10, which was limited by protein quantity. For binding affinity values, the average and SD of triplicate measurements are shown with the
exception of design 15, which was not measured because of limited protein quantity. The binding of design 10 to VRC-118 was limited to a single measurement
because of limited protein quantity. NM, not measured; NB, no binding.

Designed mutant Design strategy Tm1 (°C) Tm2 (°C)
Binding affinity, Kd (pM)

ACE2 CR3022 S309 VRC-118 VRC-112

8 NTD + S2 46.38 76.34 160 ± 14 27 ± 4 19 ± 16 9.7 ± 0.4 NB

9 NTD + S2 48.35 79.65 150 ± 5 370 ± 240 44 ± 6 2.9 ± 0.5 NB

10 NTD + S2 46.99 77.44 44 ± 4 2.4 ± 3.3 0.16 ± 0.07 1.9 NB

12 S2 domain 43.72 86.86 100 ± 2 9.0 ± 0.9 11 ± 2 14 ± 8 NB

13 S2 domain 43.75 77.96 65 ± 1 2.2 ± 1.1 20 ± 3 11 ± 1 NB

14 S2 domain 44.18 78.65 190 ± 5 110 ± 51 70 ± 14 25 ± 1 NB

15 S2 domain 44.00 86.54 NM NM NM NM NM

S-2P 44.13 77.58 200 ± 18 58 ± 26 70 ± 0 42 ± 5 53 ± 4

Fig. 2. S2D14 (design 14) adopts the trimeric prefusion S conformation and exhibits RBD conformational heterogeneity. (A) Representative two-dimensional
classes of S2 domain design S2D14 from cryo-EM micrographs, confirming the expected S protein trimers. (B) The cryo-EM map of S2D14 in a three-RBD closed state at
7.1-Å resolution is shown above and colored blue. A Gaussian-filtered volume with a rigid body fit of the S protein in the closed conformation [Protein Data Bank (PDB)
accession number: 6VXX] is shown below the cryo-EM map and more clearly displays the three-RBD closed state. Shown on the right is a cross section of the sharpened
map with a rigid body fit of the S protein in the closed conformation (PDB accession number: 6VXX). (C) The cryo-EM map of S2D14 with one RBD in the open confor-
mation at 8.5-Å resolution and obtained from the same dataset as (B) is shown above and colored yellow. A Gaussian-filtered volumewith a rigid body fit of the S protein
in the one-RBD open state is shown below the cryo-EMmap and, more clearly, displays the one-RBD open state. Shown on the right is a cross section of the EMmapwith a
rigid body fit of the spike protein in the one-RBD open state (PDB accession number: 6VSB).
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levels of purified, functional protein compared to S-2P and S-6P. In
addition, to compare the possible contribution of the D614G mu-
tation for enhancing the expression of S-2P, an S-2P variant that
contains the D614G mutation, named S-2P–D614G, was created
and tested as well. Purified S2D14 protein yielded an ~11-fold in-
crease relative to S-2P and an ~5.4-fold increase relative to S-6P
(Fig. 3, A to C). The purified yield of S-2P–D614G was nearly iden-
tical to S-2P, confirming that the increased expression obtained for

S2D14 is attributed to the mutations incorporated through compu-
tational design.

Immunization with S2D14 elicits high neutralizing
antibody titers
To assess the immunogenicity of S2D14 in comparison to S-2P, we
immunized BALB/c mice with AS03 (oil-in-water emulsion) adju-
vanted proteins at either 0.3- or 3.0-μg doses. Intramuscular

Table 2. Cryo-EM data collection and image processing statistics for S2D14. EMDB, Electron Microscopy Data Bank; PDB, Protein Data Bank; RMSD, root mean
square deviation.

Data collection

Microscope Glacios TitanKrios

Voltage (kV) 200 300

Detector Falcon 3 Falcon 4

Magnification 120,000 120,000

Pixel size (Å/pixel) 0.91 0.67

Exposure (e/Å2) 48 43

No. of frames 50 42

Defocus range (μm) 0.75–2.5 0.8–2.2
Software EPU EPU

Total micrographs 1425 6169

Data processing

Particles extracted 92,933 724,002

After 2D classification 44,459 566,825

3-RBD down 1-RBD open 3-RDB down 2-RBD exposed 2-RBD open

Particles in refinement 7759 9154 33,173 47,773 87,614

Symmetry C3 C1 C3 C1 C1

Map sharpening B-factor −389.99 −592.139 −17.18 −5.35 −7.2

Unmasked resolution at 0.5/0.143 FSC (Å) 10/7.5 13/9.1 4.2/3.5 7.9/4.1 7.3/3.9

Masked resolution at 0.5/0.143 FSC (Å) 8.1/7.1 9.0/8.5 3.3/2.8 3.9/3.3 3.7/3.1

PDB ID 8EPN 8EPQ 8EPP

EMDB ID 28531 28533 28532

Model statistics

MolProbity score 1.50 1.60 1.67

Clash score 6.70 7.20 7.58

Composition

Amino acids 2991 2984 2939

Glycans 126 66 66

RMSD bonds (Å) 0.003 0.003 0.002

RMSD angles (°) 0.579 0.609 0.491

C-beta outliers (%) 0.00 0.00 0.00

CC (mask) 0.87 0.81 0.84

Rotamer outliers (%) 0.84 0.12 0.35

Ramachandran plot

Favored (%) 97.34 96.75 96.21

Allowed (%) 2.66 3.21 3.65

Disallowed (%) 0.00 0.03 0.14
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injections were given on days 0 and 21, with serum collected 3 weeks
post-I (first immunization) injection and two weeks post-II (second
immunization) injection (Fig. 4A). Total anti-spike immunoglobu-
lin G (IgG) titers [assessed by anti-spike enzyme-linked immuno-
sorbent assay (ELISA)] indicated that S2D14 was immunogenic at
both the 0.3- and 3.0-μg doses and that titers were boosted after the
second dose (Fig. 4, B and C). Anti-spike IgG titers were compara-
ble between S-2P and S2D14 at both post-I and post-II time points
at the 0.3-μg dose and for the 3.0-μg dose (Fig. 4, B and C).
S2D14 elicited a robust neutralizing antibody response to the

Wuhan strain at post-II for each vaccine dose (Fig. 4, D and E).
At post-II for the 0.3-μg dose, S2D14 induced statistically significant
higher neutralizing antibody titers compared to S-2P (9.1-fold in-
crease). In addition, both S-2P and S2D14 had low neutralizing
titers post-I at either dose (fig. S6), but noticeably higher neutraliz-
ing titers at either dose at post-II than for human convalescent
serum (HCS) (Fig. 4, D and E) (63). The post-II neutralizing
titers were highly similar between 0.3- and 3.0-μg doses. While it
is possible that nAb titers reached saturation, the saturating dose
in each assay is not known.
Next, we determined neutralizing antibody titers against VoCs

that were available at the time of this study: Alpha (B1.1.7), Beta
(B.1.351), Delta (B.1.617.2), and Omicron (BA.1) strains (Fig. 5,
A and B). S2D14 elicited a neutralizing antibody response to all
the variant strains when immunized at both the 0.3- and 3.0-μg
doses but with an overall decrease in neutralizing antibody titers
compared to the Wuhan strain for the Beta (~10-fold), Delta (~5-
fold), and Omicron (~100-fold) variants. Compared to S-2P at post-
II for the 0.3-μg dose, S2D14 induced statistically significant higher
neutralizing antibody responses against the Alpha (10.8-fold in-
crease), Beta (8.2-fold increase) and Delta (23.4-fold increase) var-
iants (Fig. 5A). Regarding the Omicron strain, although many mice
did not show measurable titers (4 out of 10 in the S2D14 group and
7 out of 10 in the S-2P group), and the differencewas not statistically
significant, at 0.3-μg dose, S2D14 did elicit an ~10-fold higher neu-
tralizing antibody response than S-2P. At post-II for the 3.0-μg dose,
S2D14 elicited statistically significant higher neutralizing antibody

responses against the Alpha and Beta variants but were comparable
to S-2P for the Delta and Omicron variants (Fig. 5B). Together,
these data show that S2D14 is immunogenic and capable of eliciting
high levels of IgG binding antibodies (Wuhan) and nAbs (Wuhan
and VoC strains). In addition, although the total IgG titers are
similar between S2D14 and S-2P after vaccination, the antibody re-
sponse elicited by S2D14 at the 0.3-μg dose is superior in neutrali-
zation potency and breadth.

Cryo-EM structures of S2D14 reveal a range of RBD
conformational states
To better understand the molecular basis for the improved breadth
and immunogenicity of S2D14, a more extensive cryo-EM dataset
was collected for high-resolution structural analysis using a Titan
Krios 300-kV electron microscope. From a single dataset, we were
able to determine the structure of S2D14 in three distinct conforma-
tions: two RBDs open (43% of particles, 3.1-Å resolution), three
RBDs closed (16% of total particles, 2.8-Å resolution), and two
RBDs exposed with one RBD down (23% of total particles, 3.3-Å
resolution) (Fig. 6, A to D, Table 2, and fig. S7, A and B). Although
this final class most closely aligned to the one-RBD open mask used
during focused classification, two of the RBDs lacked clear density
suggesting a state with two dynamic RBDs, each sampling an RBD
open state, yet distinguishable from the two-RBD open structure
(Fig. 6, B to D). Together, these conformations reveal that ~66%
of particles contain at least two RBDs in the open or exposed
states and are consistent with binding to hACE2 and CR3022.
Docking of Fabs S309 (64), S2X259, or S2K146 (25, 26) onto
S2D14 confirms that neutralization-sensitive RBD epitopes, in par-
ticular those exposed only in an RBD open state (recognized by
S2X259 and S2K146), are accessible with no apparent
clashes (Fig. 6E).
To better assess the relative proportion of RBDs in the open con-

formation, we performed BLI experiments measuring the peak
binding levels for hACE2 and CR3022 to S-2P, S-6P, S2D14, and
the S-2P–D614G variant. In this assay, an increase in peak
binding signal indicates greater accessibility of the RBDs (i.e.,

Fig. 3. S2 domain mutations in S2D14 enhance expression of functional prefusion trimer. (A) Total protein expression in cell culture supernatant for S proteins
showing an n-fold increase relative to S-2P. A total of six replicate measurements were taken, and error bars represent SD from the means. (B) SDS–polyacrylamide gel
electrophoresis analysis of size exclusion chromatography (SEC)–purified S proteins. Relevant bands for themolecular weight ladder (lane 1) are labeled in kilodaltons. (C)
Overlay of the SEC chromatograms for S protein antigens. The dashed vertical line indicates the peak retention volume for the S2D14 trimer. The final yield of purified S
protein trimers is shown in the inset.
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more open states) (65). Although the peak binding signal for S2D14
to hACE2 was greater than both S-2P–D614G and S-6P by ~2.2-fold
and ~1.6-fold, respectively, S2D14 only reached 80% of the peak
binding signal for S-2P (fig. S8A). The S-2P–D614G mutant
showed the lowest peak binding levels, which was unexpected
given previous data showing that the D614G mutation can
enhance RBD exposure (66). A similar trend was also observed

for binding to CR3022 (fig. S8B). Nonetheless, the PROSS muta-
tions within S2D14 do appear to recover most of the loss in peak
binding levels that may have occurred by the inclusion of the
D614G mutation, which is consistent with the cryo-EM analysis
showing a mix of open and closed RBD states.
The 23 total mutations (20 PROSS designed mutations, D614G,

K986P, and V987P) present in S2D14 are all well resolved with clear
side chain densities (Fig. 7, A to C). Analysis of the structures pro-
vides molecular details for the three main types of mutations incor-
porated by the evolutionary consensus design: (i) improvement of
complementary electrostatic potential between interprotomer
contact regions (Fig. 7A), (ii) optimization of hydrophobicity and
van der Waals (VDW) contacts (Fig. 7B), and/or (iii) introduction
of hydrogen bond interactions (Fig. 7C). Although the minimal
number of mutations that are necessary to have the same properties
as S2D14 was not explored, the analysis of the structure does allow
for speculation of how these mutations may influence local interac-
tions and trimer stability. For example, the mutation T998N intro-
duces a hydrogen bond between the asparagine oxygen with the side
chain of Y756, located on the same protomer, while the mutation
T1027E within the CH forms a hydrogen bonding network
between the E1027 side chain and R1039 of an adjacent S protomer
(Fig. 8, A to C). Notably, several hydrogen bonds are also lost
because of mutations such as T734V, S1003A, and Q1005N (fig.
S9, A and B). However, as shown by DSF, the overall thermostability
of S2D14 is the same as S-2P, suggesting that this loss of energy is
well compensated not only by the formation of additional hydrogen
bonds but also by the VDWs and electrostatic mutations that are
introduced. One example of the addition of an electrostatic interac-
tion is the A701E mutation, which positions the E701 side chain
within ~5 Å of the K786 side chain of an adjacent S protomer
and creates a complementary charged surface (Fig. 8D and fig. S9,
C to E).
Superposition of the S2 domain (residues 821 to 1147) of S2D14

in the two-RBD open conformation with S-2P reveals a root mean
square deviation of 1.6 Å over all Cα atoms (fig. S10). Despite this
high structural similarity, there is a marked difference in the posi-
tioning of the loop connecting the α10 and α11 helices (residues
G885 to Q895) near mutations A1070T and E1072Y located on
the adjacent S protomer. These mutations reduce the overall
charge of the interface between these two S protomers, creating a
more hydrophobic patch that displaces the loop connecting α10
and α11 by 7.2 Å (measured from the Cα atom of residue A890)
(Fig. 8E and fig. S11, A to E). Of note, the modification of this
loop with an A892P mutation has been shown to provide an in-
crease in protein expression and to stabilize the trimeric S protein
(37, 67). Although other S2 domain mutations, such as those that
are surface-exposed, may also influence trimer expression and/or
solubility, they are not easily rationalized by the structure and
further experiments performing single-point mutations or rever-
sions would be necessary to fully understand individual
contributions.

DISCUSSION
The emergence of SARS-CoV-2 variants has heightened concerns
about the efficacy of currently approved vaccines, which are based
on the prefusion stabilized S protein antigen, S-2P (1–4, 68). Taking
a computational approach starting with S-2P plus the inclusion of a

Fig. 4. IgG and neutralizing antibody titers from mice immunized with adju-
vanted S2D14 or S-2P. (A) Mouse immunization schedule. Mice were immunized
with either a 0.3- or 3.0-μg doses containing AS03 adjuvanted S2D14 or S-2P.
Serum was collected 3 weeks after the first immunization (post-I) and 2 weeks
after the second immunization (post-II). (B and C) Enzyme-linked immunosorbent
assay immunoglobulin G (IgG) titers of S2D14 compared to S-2P at both 0.3-μg (B)
and 3.0-μg (C) doses for both post-I and post-II serum collections. Individual data
with geometric mean titers (GMT) and 95% confidence intervals (CIs) are present-
ed. (D and E) 50% pseudovirus neutralization titers (pVNT50) against the Wuhan
strain were analyzed 2 weeks post-II at two antigen dosages, 0.3 (D) and 3.0 μg
(E). Neutralizing antibody titers at either dose post-II were noticeably greater
than for human convalescent sera (HCS). Individual data with GMT and 95% CIs
are presented. For HCS samples, GMT and 95% CIs were calculated separately
from vaccination groups in GraphPad Prism. Asterisks, *, indicate a statistically sig-
nificant increase in neutralization response based on geometric mean ratio (GMR)
comparisons with a two-sided 90% CI. Ratios for which the CI does not include 1
are considered statistically significant. See Materials and Methods for a description
of the sera panel.
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predominant D614G mutation and modeled to have three RBDs in
the open conformation, we used evolutionary consensus design for
the in silico optimization of trimeric S antigens. These antigens
were then biochemically, biophysically, structurally, and immuno-
genically characterized leading to the selection of design 14, named
S2D14, which yielded an ~11-fold improvement in purified protein
expression from HEK293 cells compared to S-2P. Immunization of
mice with S2D14 resulted in higher levels of neutralizing antibody
titers againstWuhan and VoC strains. Although we could not assess
this experimentally, the increased expression yield suggests a greater
stability of the protein in solution and offers a potential mechanism
for the improved quality of the antibody response through better
preservation of properly folded protein in mice after injection.
Future studies should aim to experimentally compare the long-
term stability between S2D14 and S-2P.
Cryo-EM structures revealed that roughly two-thirds of the

S2D14 particles have either one or more RBDs in an open or
exposed state, and an assessment of binding to hACE2 and
CR3022 confirmed that the dynamic RBDs are not hindered by
the incorporated mutations. The mutations found in S2D14
reflect strategies that would typically be used in rational-based ap-
proaches, such as improving VDW contacts, adding hydrogen bond
interactions, and the insertion of complementary electrostatics (69).
Although many modifications to the S protein have been reported
in the literature to improve expression and thermostability (70),
none of the mutations incorporated in S2D14 have been reported,
providing previously unrecognized chemical space, and improving
our understanding of how spike may be modified. Therefore, the
advantages of the evolutionary-based strategy used here are that
mutable space can be explored, which may not be obvious from a
rational approach, and unique combinations of mutations that may
improve protein folding and expression can be rapidly determined.
In addition, since computational energetics guide the assessment, a
more restricted set of constructs will likely be generated for testing
in vitro, as opposed to often much larger numbers of designs if a
rational approach was taken. One drawback, however, is that the

computationally determined sequences contain a large number of
mutations per design (20 for S2D14 not including D614G, K986P,
and V987P) and the individual contribution for each mutation is
not clear. Some mutations may be providing the opposite effect
than what is desired. Another consideration is that other widely
adopted strategies used to arrest the prefusion conformation of gly-
coproteins, such as incorporating non-natural disulfide bonds and
helix-capping prolines, are unlikely to be inserted by an evolution-
ary-based approach since the design landscape is influenced by se-
quences circulating in nature whichmust contain fusion-competent
S glycoproteins. Therefore, the engineering of an antigen with the
desired characteristics (i.e., expression, stability, and immunogenic-
ity) may benefit from the incorporation of both evolutionary con-
sensus design and rational-based strategies.
Despite the development of bivalent vaccines, variants continue

to emerge that challenge vaccine efficacy and durability (71, 72),
highlighting an urgent need for improved vaccines capable of
broad protection again VoCs. Some strategies taken to improve pro-
tective efficacy have included focusing the immune response toward
the RBD through multivalent display of the RBD on nanoparticles,
or through the modification of the RBD sequence (27, 28). In the
case of nanoparticles, mosaic display of RBDs from diverse sarbe-
coviruses was capable of neutralizing SARS-CoV-2 variants, includ-
ing Omicron, and was protective against challenges with SARS-2
Delta variant and SARS-1 in non-human primates (27). Alternative-
ly, modification of the RBD sequence was shown to focus the
immune response to potently neutralizing epitopes and to elicit
neutralizing titers greater than the unmodified RBD in mice (28).
Aside from the RBD, vulnerable epitopes have also been de-

scribed for the NTD, SD1, and S2 domains (21, 22, 59, 60, 73–
79). The S2 domain, in particular, is highly conserved among coro-
naviruses, and it was found that non–SARS-CoV-2–exposed indi-
viduals had IgG that bound the CoV-2 S2 domain but not S1,
perhaps by previous infection with a related human coronavirus
(61). Recently, stabilization of the MERS-CoV S2 domain was
shown to elicit cross-reactive betacoronavirus antibodies in mice

Fig. 5. S2D14 elicits neutralizing antibody titers in mice capable of neutralizing variants of concern. (A) Neutralization of VoCs compared between S2D14 and S-2P
at low doses for post-II serum collection. S2D14 induced statistically significant higher neutralization responses against the Alpha (B1.1.7), Beta (B.1.351), and Delta
(B.1.617.2) variants compared to S-2P. (B) Neutralization of VoCs compared between S2D14 and S-2P at high doses for post-II serum collection. S2D14 induced statistically
significant higher neutralization responses against the Alpha (B1.1.7) and Beta (B.1.351) variants compared to S-2P. Individual data with GMT and 95% CIs are presented.
Asterisks, *, indicate a statistically significant increase in neutralization response based on GMR comparisons with a two-sided 90% CIs. Ratios for which the CI does not
include 1 are considered statistically significant.
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suggesting that the S2 domain has the potential to elicit broad co-
ronavirus protection (51). For S2D14, a subset of the 20 S2 domain
mutations computationally found to be stabilizing is surface-
exposed, and four of those mutations (Q872A, S929K, S937G, and
A1070T) are shared between all seven designs that were tested for
antigenicity and may play a role in the loss of binding to VRC-112.
The extent of the effect on other S2 domain epitopes and whether
they can be recovered without compromising protein expression
and stability is unknown and should be investigated in future
studies. Despite the loss of this epitope, immunization with
S2D14 resulted in high levels of neutralizing antibody titers. One
possible explanation for this could be that, by inadvertently knock-
ing out this epitope, the immune response is more focused toward

the highly neutralizing epitopes on the RBDs. EM-based polyclonal
epitope mapping, which has described the antibody landscape for
other vaccine targets such as HIV-1 envelope (80–82) and influenza
HA (83), has recently been applied to characterize antibody speci-
ficities against the spike protein in SARS-CoV-2 convalescent sera
(84) and could be used to provide a detailed molecular map of the
immune response elicited by S2D14. The role of T cell immunity is
another important consideration for optimized S antigens which is
suggested to play a role in limiting severe-to-critical COVID-19
(85). S-6P was shown to induce higher frequencies of antigen-spe-
cific CD8+ T cells producing T helper 1 cytokines than S-2P, while
trimeric RBD linked to the HR1 and HR2 domain of S2 induced
RBD-specific interleukin-4 and interferon-γ–producing memory

Fig. 6. S2D14 displays RBD open conformational states and is accessible for binding RBD nAbs. (A) Pie chart illustrating the percent distribution of RBD confor-
mational states. (B) The cryo-EM structure of S2D14 in the two-RBD open conformations (3.1-Å resolution) was the dominant population and represents 43% of total
particles. (C) The cryo-EM structure of S2D14 in the three-RBD closed conformation (2.8-Å resolution) was theminority population with 16%of total particles. (D) The cryo-
EM structure (3.3-Å resolution) of S2D14 in the two-RBD exposed state was representative of 23% of the total population. Eighteen percent of the particles could not be
classified into a distinct conformation. Side and top views are shown for each structure, and monomers are individually colored for clarity. (E) Docking of Fabs of S309
(left), S2X259 (center), and S2K146 (right) onto S2D14 in the two-RBD open conformation confirms the accessibility of these broadly neutralizing RBD epitopes. S2D14
protomers are colored blue, green, or tan, and mutations are shown as red spheres.
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T cells (86, 87). Although, for this work, we only measured the
humoral response as the primary way to evaluate the immunogenic-
ity of S2D14, future studies should aim to examine the impact of
mutations in S2D14 on the overall T cell response.

Amajor finding of this work is that although vaccination of mice
with either S2D14 or S-2P results in the elicitation of similar IgG
titers, S2D14 elicits a higher functional response that was more ef-
fective than S-2P in neutralizing the ancestral Wuhan strain and
VoCs (Alpha, Beta, and Delta). A recent report of the

Fig. 7. PROSS mutations incorporated in S2D14 are well resolved by cryo-EM. A single protomer of S2D14 residues 600 to 1147 is shown in the center in ribbon
representation with mutations indicated as red spheres. Mutations are grouped on the basis of changes in either (A) electrostatic complementarity, (B) alterations in
hydrophobicity, or (C) the introduction of hydrogen bonds. Residue side chains are depicted as sticks and cryo-EM density is shown as a transparent surface.

Fig. 8. Mutations within S2D14 that may influence S2 domain stability. (A) S2D14 is shown with two protomers as transparent surfaces, and a single protomer is
depicted as a cartoon with domains colored as labeled in the figure. Mutations that may stabilize the S2 domain are colored red and shown as spheres. (B) A T998N
mutation in the CH domain introduces a hydrogen bond with Y756 within the same protomer. (C) A T1027E mutation in the S2 core forms an interprotomer hydrogen
bond network between R1039 residues. (D) An A701Emutation creates a negative patch at the S1/S2 linker region in proximity to a positively charged lysine residue K786
on an adjacent protomer. (E) The E1072Ymutation creates a hydrophobic surface that displaces an adjacent loop away from the trimer interior by ~7.2 Å. The positioning
of this loop for S-2P is shown for comparison (light blue).
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immunogenicity of recombinant VSV vectored S-6P found that the
enhanced stability and expression of S-6P led to the elicitation of a
more effective nAb response at lower doses than S-2P against the
Wuhan strain and VoC including Alpha (B.1.1.7), Gamma (P.1),
Beta (B.1.351), Epsilon (B.1.427), and Delta (B.1.617.2) strains
(86). Combined with enhanced expression, vaccination with
S2D14 not only could translate well into dose-sparing effects
when delivered in a recombinant setting but also may translate to
a lower dose when delivered by alternative platforms such as mRNA
or replication-competent viral vectors. For adjuvanted protein-
based vaccines, the ability to increase expression yields of recombi-
nant antigens would also be advantageous by providing amore cost-
effective manufacturing process. Regarding the neutralization of the
Omicron strain, immunization of mice with the 0.3-μg dose of
S2D14 resulted in reduced nAbs when compared to titers observed
against the Wuhan strain but was ~10-fold greater than titers elic-
ited by S-2P. Therefore, S2D14 could serve as a scaffold for addi-
tional modifications which further improve nAb responses
against Omicron or future variants. Overall, this work highlights
the benefits of using an evolutionary consensus approach for
antigen design and supports additional investigation into S2D14
as a potential tool for translational research and as a scaffold for
further design and use as an immunogen for combating future
coronaviruses.

MATERIALS AND METHODS
Computational design
Rosetta comparativemodeling (RosettaCM) (88) was used to build a
model, with cyclic symmetry constraints (55), of the SARS-CoV-2 S
antigen with the RBD in the open conformation (PDB accession
numbers: 6VSB and 6VYB). The model reconstruction strategy
used a combination of x-ray and cryo-EM structures [PDB acces-
sion numbers: 6VYB, 6VW1, and 6NB7 (SARS-CoV-1)]. The sym-
metric interface design was performed on the lowest energy
RosettaCM trimer, focusing on a monomeric chain with two
virtual and identical partners, adapting protocols from the
PROSS, with the updated beta energy scoring function (49, 50).
To design mutations of the spike protein from SARS-CoV-2

using evolutionary constraints for the introduction of stabilizing
residues, homologous sequences were obtained from the nonredun-
dant BLAST database (54) and narrowed to 500 glycoprotein se-
quences from various coronavirus lineages (data S1). These
aligned sequences were calculated into a position-specific scoring
matrix (PSSM) with the PSI-BLAST algorithm (54). Thematrix rep-
resents the likelihood for each of the 20 amino acids being present at
each residue position, within the aligned sequences.
The Rosetta FilterScan mover (89) was used to perform single-

point mutagenesis of all the residues to the preferred PSSM muta-
tions, targeting the full spike (S) ectodomain, NTD plus S2 domain
(NTD + S2), or the S2 domain only. The mutation scan was binned
within 12 different energy thresholds (−0.5, −1, −1.5, −2, −2.5, −3,
−3.5, −4, −4.5, −5, −5.5, and −6 kcal/mol) to increase mutation
sequence diversity. A RosettaScripts (90) algorithm that energetical-
ly combined the proposed single mutations was used to reduce the
search space onto a single monomer which was replicated across the
identical protomers, yielding 12 total stabilizing designs for each
round of mutations and representing each energy threshold.

S-2P and spike mutant expression and quantification
The gene encoding the sequence of designed S mutants was synthe-
sized and cloned into an in-house mammalian expression vector
pBW, with a hexahistidine sequence added to the C terminus. For
the design of the S-2P–D614G variant, cloning was performed ac-
cording to the protocol in the Agilent Quickchange II Kit using the
S-2P backbone as a template. The spike designs were expressed in
HEK293 cells using 3.0 ml of Expi293 expression in each well of a
24-deep-well high-throughput expression system. Each design was
tested in duplicate wells. Cell culture supernatants were harvested
on days 5 to 6 when viability was approximately 50%.
The Octet quantification assay for protein expression level was

performed on an Octet 96 Red system (Sartorius). Harvested cell
media were centrifuged and cell supernatants were prepared in a
96-well plate with S-2P or S-6P standards diluted in media from
20 to 0.3125 μg/ml. The standard and mutant binding curves
were measured using anti-polyhistidine biosensors (anti-HIS),
where the concentration of each mutant in media was calculated
by fitting the measured initial binding rate to the calibration
curve. The expression levels were measured in duplicate wells of
each mutant’s media and the average readout was reported.

Purification of mutants
The culture supernatant of selected SARS-CoV-2 S mutants pro-
duced in a 1-liter scale was directly loaded through 5 ml of
nickel–nitrilotriacetic acid Excel column (Cytiva Life Sciences).
The column was washed with 300 mM sodium chloride and 50
mM imidazole in 20 mM Hepes buffer (pH 7.5) and captured S
mutants were eluted with 300 mM sodium chloride and 250 mM
imidazole in 20 mM Hepes buffer (pH 7.5). The collected
samples from appropriate elution fractions were pooled and con-
centrated before further purification of the S trimer by gel filtration
using a Superose 6 increase 10/300 GL column (Cytiva Life Scienc-
es) with 1× phosphate-buffered saline (PBS), pH 7.4, as a running
buffer. The fractions corresponding to the targeted S mutants based
on SDS–polyacrylamide gel electrophoresis analysis were pooled to-
gether and quantitated using the absorbance at 280 nm.

Surface plasmon resonance
SPR experiments were performed in a running buffer composed of
0.01 M Hepes (pH 7.4), 0.15 M NaCl, 3 mM EDTA, and 0.005% v/v
surfactant P20 at 25°C using the Biacore 8K (GE Healthcare), with a
series S protein A sensor chip (GE Healthcare). The ACE2 receptor
or SARS-CoV-2 spike-specific antibodies (CR3022 or S309) were
immobilized on the protein A sensor chip (GE Healthcare) at a
ligand capture level of ~100 RU. Serial dilutions of purified spike
designs were injected, at concentrations ranging from 10 to 1.25
nM. The resulting data were fit to a 1:1 binding model using the
Biacore Evaluation Software (GE Healthcare).

Differential scanning fluorimetry
Nano-DSF was used to assess the thermal stability of purified spike
designs on a Prometheus NT.48 instrument (NanoTemper Tech-
nologies). Samples were diluted to 0.2 mg/ml with PBS and 20 μl
of each sample was loaded into capillary tubes. A temperature
rampwas set to 1°C/minute, ranging from 20° to 95°C. The reported
values are the mean of the first derivative of the ratio of intrinsic
tryptophan fluorescence emission wavelengths for protein unfold-
ing/folding (350 nm/330 nm), measured in triplicate.
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Biolayer interferometry binding assays
Octet binding assays were performed using the Octet RH96 system
(Sartorius). Freshly purified S-2P, S-2P–D614G, S2D14, and S-6P at
10 μg/ml were loaded onto 16 HIS1K biosensors before being
dipped into 200 nM CR3022 mAb or hACE2 (Sino Biological). Im-
mobilized antigen was allowed to associate with hACE2 or CR3022
for 10 min to achieve a signal plateau before a 10-min dissociation
phase. The maximum binding signal of CR3022 and hACE2 was
measured in triplicate.

Mouse immunization studies
An in vivo study was performed to assess the immunogenicity of
S2D14 compared to S-2P in a mouse model. Female BALB/c
mice, 7 to 8 weeks of age at the start of the study, were immunized
(N = 10 mice per group) with AS03-adjuvanted (an oil-in-water
emulsion adjuvant system containing 1.186 mg of alpha-tocopherol
per dose) spike proteins at two dosage levels of 3.0 or 0.3 μg (91). A
saline placebo control group was also included in the study (N = 4)
but was not considered for statistical analysis. Spike proteins and
AS03 were admixed shortly before injection. Mice were injected in-
tramuscularly twice 3 weeks apart and bled 3 weeks after the initial
immunization (post-I) and 2 weeks after the second immunization
(post-II).
The in vivo study was conducted in accordance with the GSK

Policy on the Care, Welfare and Treatment of Laboratory Animals
and was reviewed by the Institutional Animal Care and Use Com-
mittee by the ethical review process at the institution where the
work was performed. All studies followed ARRIVE (Animal Re-
search: Reporting of In Vivo Experiments) Guidelines as applicable
and were conducted in compliance with provisions of the United
States Department of Agriculture Animal Welfare Act, the Public
Health Service Policy on Humane Care and Use of Laboratory
Animals and the U.S. Interagency Research Animal Committee
Principles for the Utilization and Care of Research Animals.

Neutralization assays and ELISA
The serum CoV2-specific antibody responses were assessed using a
Wuhan strain pseudo-virus neutralization assay to measure func-
tional antibodies as described previously (63) and an ELISA (prefu-
sion S-2P antigen absorbed to the solid phase) to measure IgG
binding antibodies for all mice (Nexelis, Laval, Quebec). Human
SARS-CoV-2 infection/COVID-19 convalescent sera (n = 22)
were obtained at CHU Tivoli, Belgium, from donors 23 to 61
years of age, mostly from females, after polymerase chain reac-
tion–confirmed diagnosis and at least 28 days after the participants
were asymptomatic. Human samples were obtained with informed
consent. All recruitment, sample collection, and experimental pro-
cedures using human samples have been approved by relevant insti-
tutional review boards and by GSK human sample management
board. nAbs in post-II serum samples from mice immunized with
S-2P, and S2D14 or placebo were additionally measured using a
pseudo-virus neutralization assay with the Alpha, Beta, Delta, and
Omicron variant strains (Nexelis, Laval, Quebec).

Statistical analysis of IgG binding and neutralization data
To assess differences between S-2P and S2D14 vaccines, for IgG
binding titers, an analysis of variance (ANOVA) model for repeated
measures was fitted on log10-transformed data including vaccine,
dose, time, and their interaction as fixed factors and considering

homogeneity of variances between groups. For post-II neutraliza-
tion data, except with the Omicron strain, an ANOVA model was
fitting on log10-transformed data with vaccine and dose as fixed
factors. For the Omicron assay, a model accounting for left censored
data was fitted on log10-transformed data. Homogeneity of varianc-
es between study groups was considered for all except Alpha and
Omicron assays.
Geometric mean titers (GMTs) with corresponding 95% confi-

dence intervals and geometric mean ratios (GMRs) with 90% con-
fidence intervals (two-sided test with alpha = 0.05) were computed
from these models to compare responses to S-2P and S2D14 vac-
cines by dose. GMRs for which the confidence interval does not
include 1 are considered statistically significant. The analyses in-
cluded more vaccination groups than reported (14 for IgG data
and 6 for neutralization data) as the in vivo study initially consisted
of additional vaccinated groups irrelevant to this study, but a mul-
tiplicity of comparisons was not considered. GMTs with corre-
sponding 95% confidence intervals for HCS samples were
computed separately from vaccination groups using Prism (Graph-
Pad Software, San Diego, California USA).

Cryo-EM sample preparation
SARS-CoV-2 S designs 9 and S2D14, previously isolated by nickel-
affinity chromatography, were further purified by size exclusion
chromatography using a Superose 6 10/300 GL column (Cytiva
Life Sciences) with tris-buffered saline buffer composed of 10
mM tris (pH 7.5) and 150 mM NaCl. Fractions containing purified
spike protein were diluted to a final concentration of 0.4 mg/ml
before specimen preparation on EM grids. Prepared samples (3.0
μl) were then applied to glow-discharged Quantifoil 1.2/1.3-400
mesh copper grids, blotted, and plunged into liquid ethane using
an FEI Vitrobot Mark IV vitrification apparatus set at 100% relative
humidity and 4°C (Thermo Fisher Scientific).

Cryo-EM image processing and modeling
Glacios TEM
A total of 1425 movies were collected using an FEI Glacios TEM at
200 kV equipped with a Falcon 3 direct electron detector at a mag-
nification of ×120,000 corresponding to a pixel size of 0.91 Å/pixel.
A more detailed description of imaging parameters used during
data collection can be found in Table 2.
Cryo-EM single-particle analysis was carried out using the

RELION 3.1 image processing suite (92). Briefly, frame alignment
was performed using RELION’s implementation of MotionCor2
followed by contrast transfer function (CTF) estimation using
CTFFIND4.1 (93, 94). A subset of images was used to manually
select particles to build a set of 2D templates for automated particle
picking across the entire dataset. Using the 2D templates for auto-
picking, a total of 92,933 particles were selected from the full set of
images. Particles were next subjected to 2D classification, which re-
sulted in the selection of 44,459 particles. Next, 3D classification was
performed against a reference structure built using RELION’s de
novo 3D model generation and applying C3 symmetry. Three
classes retained the trimeric morphology, and the fourth class was
discarded because of poor structure quality. The three classes con-
sisting of 39,718 particles were subjected to an additional round of
3D classification using C1 symmetry, which resulted in one class of
particles with three RBDs in a closed state (7759 particles) and a
second class with one RBD in the open state (9154 particles).
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For particles in the closed conformation, 3D refinement was per-
formed using C3 symmetry, while C1 symmetry was used for 3D
refinement for the one-RBD open conformation. After initial 3D
refinement, both datasets were followed by CTF refinement to
correct for beam aberrations and determine per-particle defocus
values. Bayesian polishing of the CTF-refined particles was then
performed to correct for per-particle motion. A final 3D refinement
of both structures converged to 7.1 Å for the RBD closed conforma-
tion and 8.5 Å for the single RBD open conformation according to
the gold-standard 0.143 Fourier shell correlation (FSC) criteria.
Titan Krios
A total of 6169 movies were collected using an FEI Titan Krios op-
erating at 300 kV and equipped with a Falcon 4 direct electron de-
tector (Nanosciences Center, Cambridge University, UK) at a
magnification of ×120,000 corresponding to a pixel size of 0.67
Å/pixel. A more detailed description of settings used for imaging
during data collection can be found in Table 2.
Cryo-EM single-particle analysis was carried out using the

RELION 3.1 image processing suite (92). For a visual depiction of
the single-particle workflow, refer to fig. S7. Briefly, alignment of
the raw movie frames was performed using RELION’s implementa-
tion ofMotionCor2 followed by CTF estimation using CTFFIND4.1
(93, 94). Next, a subset of particles was manually selected and used
to generate 2D classes that were then used as templates for particle-
picking across the entire set of 6169 micrographs, which resulted in
the selection of 724,002 particles. Particles were initially extracted at
4× binning with a pixel size of 2.68 Å/pixel. The binned particle
stack was subjected to a single round of 2D classification and
classes showing that features consistent with the S trimer were se-
lected for further processing. The 566,825 particles selected from
2D classification were subjected to one round of 3D classification
against a reference model that was generated using RELION’s de
novo 3D model generation. Among the generated classes was a
single population resembling the known trimeric S morphology.
This stack of 205,674 particles was then re-extracted as the unbinned
particle set. A consensus C1 refinement was performed to estimate
correct particle poses resulting in a 3.8-Å resolution cryo-EM map.
The focused 3D classification was then performed using individual
masks encompassing the NTD and RBD for RBDs in the closed
state, one-RBD open, and two-RBD open conformations, which re-
sulted in the separation of the particles into three distinct classes: a
three-RBD closed class (33,173 particles), a two-RBD exposed class
(47,773 particles), and a two-RBD open class (87,614 particles).
Initial 3D auto-refinement for the three-RBD closed, two-RBD
exposed, and two-RBD open conformations resulted in 3.9-, 3.5-,
and 3.5-Å resolution cryo-EM maps, respectively. Three-dimen-
sional refined particles for each set were further subjected to CTF
refinement and Bayesian polishing to estimate per-particle defocus
values and correct for individual particle motions. A final 3D refine-
ment resulted in an improved resolution for each map according to
the gold-standard 0.143 FSC criteria. Final resolutions for the three-
RBD closed, two-RBD exposed, and two-RBD open conformations
were 2.8, 3.3, and 3.1 Å, respectively.
Modeling of each cryo-EM structure was performed using

Phenix and COOT (95, 96). For the three-RBD closed conforma-
tion, PDB 6VXX was used as a starting structure where mutations
for S2D14 were inserted using ChimeraX (17, 97). For the RBD
exposed and RBD open structures, a model for the two-RBD
open conformation was built from PDB 6VSB, and mutations for

S2D14 were inserted using ChimeraX (20). For each model and cor-
responding map, real-space refinement was performed in Phenix,
initially by applying morphing, simulated annealing, and applying
secondary structure restraints. To rebuild loops missing in the orig-
inal PDB files and fit into the corresponding cryo-EM density, Ro-
settaCM was performed using the initial Phenix models and
structural templates for known NTD and RBD structures (PDB ac-
cession numbers: 7LY3 and 7DEU). Once the full homology model
was built, Rosetta Cartesian refinement was performed (98), fol-
lowed by torsional refinement to build glycan structures (99, 100).
A final real-space refinement applying minimization, atomic dis-
placement parameter refinement, and occupancy optimization
was performed using Phenix. For the RBD exposed and RBD
open structures, 0.14 and 0.03% of their residues were classified
in the disallowed regions of Ramachandran space, but models
were not further adjusted because of poor map quality in these
regions. Loops, disordered regions, and glycans lacking structural
information in the cryo-EM density were removed in the resulting
Rosetta models.

Supplementary Materials
This PDF file includes:
Figs. S1 to S11
Table S1
Legends for data S1 and S2

Other Supplementary Material for this
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Discovering a uniform functional trade-off of the CBC-
type 2,3-oxidosqualene cyclases and deciphering its
chemical logic
Fan Zhang1,2†, Yunpeng Wang2†, Jingyang Yue2, Rongrong Zhang2, Yong-er Hu2, Ruoshi Huang2,
Ai-jia Ji2, B. Andes Hess Jr.3, Zhongqiu Liu2*, Lixin Duan2*, Ruibo Wu1*

Many functionally promiscuous plant 2,3-oxidosqualene cyclases (OSCs) have been found, but complete func-
tional reshaping is rarely reported. In this study, we have identified two newplant OSCs: a unique protostadienol
synthase (AoPDS) and a common cycloartenol synthase (AoCAS) from Alisma orientale (Sam.) Juzep. Multiscale
simulations and mutagenesis experiments revealed that threonine-727 is an essential residue responsible for
protosta-13 (17),24-dienol biosynthesis in AoPDS and that the F726T mutant completely reshapes the native
function of AoCAS into a PDS function to yield almost exclusively protosta-13 (17),24-dienol. Unexpectedly,
various native functions were uniformly reshaped into a PDS function by introducing the phenylalanine → thre-
onine substitution at this conserved position in other plant and non-plant chair-boat-chair–type OSCs. Further
computational modeling elaborated the trade-off mechanisms of the phenylalanine → threonine substitution
that leads to the PDS activity. This study demonstrates a general strategy for functional reshaping by using a
plastic residue based on the decipherment of the catalytic mechanism.
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INTRODUCTION
Triterpenoids are one of the largest groups of natural products with
numerous pharmaceutical applications (1–3). 2,3-Oxidosqualene
cyclases (OSCs; also known as triterpene synthases) are a unique
enzyme family with more than 250 known isoforms that can cata-
lyze the common, acyclic substrate to form multiple triterpenes
products. They serve as key enzymes that are responsible for the
cyclic skeleton diversity of triterpenoids. According to an earlier
report, approximately 200 distinct carbon skeletons had been
found (4), and to date, the number has increased to more than
300 in view of the most recent terpenoid database (5). Among
them, several types of triterpenoids such as cycloartenol and lano-
sterol are produced along with a total of more than a thousand other
structures (see Fig. 1). The protostadienol-type tetracyclic triter-
penes are rarely found in nature and their distribution is primarily
limited to the genus Alisma of the Alismataceae family (6), and the
enzyme responsible for its biosynthesis has been rarely reported.
The only previously reported enzyme is a promiscuous OSC from
fungus Aspergillus fumigatus (AfPDS) that yields protosta-17
(20),24-dienol (7, 8) as the major product, going through a chair-
boat-chair (CBC) conformation of the first three fused rings of the
tetracyclic protosteryl cation (Fig. 1) (9). It is well known that the
CBC conformation triterpenes including cycloartenol, lanosterol,

cucurbitadienol, parkeol, and others are mostly produced by under-
going a cascade of rearrangements from the protosteryl cation.
In this work, a unique plant source protostadienol-type tetracy-

clic triterpene cyclase (AoPDS) with a common cycloartenol syn-
thase (AoCAS) was first characterized from Alisma orientale
(Sam.) Juzep in a yeast heterologous expression system. Computa-
tional simulations of the enzymatic mechanism and experimental
mutagenesis found a plastic substitution F726T of AoCAS that
could reshape its native function to yield the protostadienol
product. Further experiments found that the uniform trade-off
from native activity to protostadienol synthase (PDS) activity
occurs widely in several other CBC-type OSCs (catalyzing the for-
mation of CBC conformation products) by a single F → T substitu-
tion at the same position. Last, the mechanism insights of functional
trade-off were revealed by combined quantum and molecular me-
chanics (QM/MM) calculation.

RESULTS AND DISCUSSION
Characterization of AoCAS and AoPDS from A. orientale
(Sam.) Juzep
A. orientale (Alismataceae) is a traditional and widely used Chinese
medicinal herb native to several Asian countries, including China,
Korea, and Japan. Protostane tetracyclic triterpenoids are thought
to be chemotaxonomicmarkers of the genus (6). Two candidate un-
igenes AoOSC1 and AoOSC2 were screened from the publicly avail-
able transcriptome sequence data of A. orientale (National Center
for Biotechnology Information, accession no. PRJNA417185).
These two unigenes were cloned into the express vector pESC-
Ura and transformed into a high-yield squalene yeast engineering
strain SE-MET (see full experimental procedures in the Supplemen-
tary Materials). AoOSC2 (AoCAS) exclusively produces cycloarte-
nol, whereas AoOSC1 (AoPDS) only produces protosta-13
(17),24-dienol (Fig. 2 and figs. S1 to S3), the precursor of alisol com-
pounds [such as alisol B 23-acetate (10, 11) with hypolipidemic and
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anticancer activity]. AoOSC1 was the first characterized plant
source PDS with a typical double bond at 13 (17), while AfPDS
from fungal protosta-17 (20),24-dienol was the only known PDS.

Identification of T727/F726 responsible for AoPDS and
AoCAS product specificities
To decipher the different catalytic functions of AoPDS and AoCAS
that share high sequence identity (>79%), we first performed QM/
MM multiscale simulations to probe the catalytic mechanism from
the common protosteryl cation. The plausible reaction pathways are
proposed in Fig. 3A, starting from the protosteryl cation, followed
by consecutive rearrangements including hydride shifts and methyl
transfers, and finally deprotonation that leads to cycloartenol in
AoCAS, while early deprotonation from either A or B state produces
protosta-13 (17),24-dienol in AoPDS. The free energy profiles from
protosteryl cation to the D state in AoCAS and protosta-13 (17),24-

dienol inAoPDSwere determined by QM/MMmolecular dynamics
(MD) simulations. The reaction energetic profiles are summarized
in Fig. 3B, and corresponding structures for reaction intermediates
are shown in Fig. 4.
For the catalytic reaction in AoCAS, the 1,2-hydride shift in the

protosteryl cation leads to the A state with a low barrier of 3.7 kcal/
mol (Fig. 3B). The A state is unstable and is further converted to the
B state through a different hydride shift with very low barrier (~1
kcal/mol). The next two steps involve 1,2-methyl transfers from the
B state to D state (fig. S4) that also cross very low barriers (<3 kcal/
mol). During the reactions, the aromatic side chain of F726 faces the
D ring of the tetracyclic intermediate to stabilize the carbocation
through cation-π interactions (Fig. 4). Accordingly, AoCAS is a
high-fidelity OSC responsible for the exclusive production of cyclo-
artenol, as validated by our further experiments (see Fig. 2).

Fig. 1. The typical triterpenoids derived fromCBC conformation protosteryl cation. The carbon-skeleton differences are highlighted bymagenta, and the number of
natural products with each carbon skeleton is given in parentheses. The only difference between the two rarely reported protostadienol compounds is the C═C double
bond at C17.
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As for AoPDS, the 1,2-hydride shift energy barriers (7.7 and 3.8
kcal/mol) are much higher than those in AoCAS, and as a result, the
premature deprotonation from A or B state occurs with T727 acting
as a general base in AoPDS, as shown in Fig. 4. The T727 in AoPDS
is located at the same position as the aromatic F726 in AoCAS. We
found a water hydrogen bond chain near the T727 and stably main-
tained during the MD simulations (Fig. 4). This may be due to the
replacement of the hydrophobic residue F to the polar residue
T. Although the hydroxyl group of T is not often regarded as a
strong general base, the pKa (where Ka is the acid dissociation cons-
tant) of a protonated alcohol is typically around −1 to −4 (10), and
the formation of water chain will further increase the alkalinity of
T727 and facilitate the proton transfer from intermediates (C13H of

A state and C17H of B state; see Fig. 3A) to T727; thus, it is reason-
able to regard T as the general base [T as a general base has also been
discussed in previous studies (11, 12)]. The deprotonation from
C17H of B state with 6.1 kcal/mol barrier (Fig. 3B) is preferable
to the C13H of A state because of its barrier (13.8 kcal/mol) (fig.
S5). Therefore, the most plausible transformation from protosteryl
cation to protosta-13 (17),24-dienol in AoPDS is a premature de-
protonation at intermediate B by T727. Accordingly, protosta-13
(17),24-dienol is the only product of AoPDS detected in our exper-
iments. Although several different amino acid residues do exist in
the active pockets of these two enzymes, the above computational
modeling verified that the F (or T) in the corresponding position

Fig. 2. Characterization of AoCAS and AoPDS. AoCAS and AoPDS were characterized as CAS and protosta-13 (17),24-dienol synthase, respectively. The mass spectra of
the standard cycloartenol are shown in fig. S16. m/z, mass/charge ratio.
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of 726 (or 727) is probably the main difference in the enzymatic re-
actions catalyzed by AoCAS and AoPDS.

The strong trade-off effect of AoCAS-F726T from native
activity to produce protosta-13 (17),24-dienol
To confirm the key catalytic roles of T727/F726 in AoPDS/AoCAS,
site-directed mutagenesis experiments were carried out and the
product profiles are summarized (Fig. 5 and figs. S6 and S7).
Notably, F726T of AoCAS reshapes its native function into the
PDS function almost completely [99.7% protosta-13 (17),24-
dienol]. Other F726 substitutions to residues with hydroxy group
side chain such as T (including F726Y and F726S) will become in-
active and not produce protosta-13 (17),24-dienol, while most of
the AoPDS mutants, especially substitutions of the T727 position,
exhibited very low activity or even inactive, thus proving the essen-
tial deprotonation role of T727 in AoPDS. The activity could be
maintained to some extent in the AoPDS-T727S mutant, which is
likely because of S being somewhat similar to T with comparable
side chain lengths and hydroxy groups, thus further confirming
the aforementioned catalytic mechanism (Figs. 3 and 4) that T727
is the key residue for production of protosta-13 (17),24-dienol in
AoPDS. Regarding the other different residues in the AoPDS/

AoCAS active site besides T727/F726, substitutions of V411/Y410
and V482/I481 show more or less activity loss (Fig. 5), indicating
that these two positions were not related to the deprotonation
and protosta-13 (17),24-dienol production. The product spectrum
is sharply altered only by the F726T substitution in AoCAS. Further
QM/MM MD simulations on the AoCAS-F726T mutant showed
that the reaction energy profile is very similar to that of the wild-
type AoPDS (Fig. 3). Therefore, T727 is the key residue, as the
general base for the premature deprotonation of the active carboca-
tion, to yield protosta-13 (17),24-dienol exclusively in AoPDS.
Notably in AoCAS, F726 is a plastic residue to harness the catalytic
function of AoCAS from the native product spectrum of cycloarte-
nol to protosta-13 (17),24-dienol by a F726T single substitution. As
far as we know, such a strong trade-off effect with high catalytic ef-
ficiency and specificity for a new function by a single-residue sub-
stitution has not been previously reported for the large OSCs
enzyme family.

The uniform functional trade-off of the typical CBC-
type OSCs
Inspired by the functional reshaping in AoCAS-F726T and consid-
ering that F726 is highly conserved inmost CBC-type OSCs (Fig. 6A

Fig. 3. QM/MM multiscale simulations of catalytic processes. (A) The plausible reaction pathways of AoPDS and AoCAS from the protosteryl cation. (B) Free energy
profiles of AoPDS (red), AoCAS (blue), and AoCAS-F726T (dashed green).
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and figs. S10 and S11), the functional plasticity of the F in other
OSCs was further investigated, including ItOSC3 from Iris tectorum
Maxim (5), SgCBQ from Siraitia grosvenorii (13), AjPS from Apos-
tichopus japonicus (14, 15), and ERG7 from Saccharomyces cerevi-
siae (16), as all these OSCs have F at the same site as F726 in AoCAS.
For the strong trade-off effect of the F → T substitution, the

native catalytic function of all the above four OSCs were consistently
reshaped into PDS function to produce protostadienol. As summa-
rized in Fig. 6B and fig. S12, the ItOSC3, AjPS, and ERG7 mutants
were converted into PDS function almost completely (96.7, 90.7,
and 99.8% protostadienol, respectively), and the SgCBQ mutant
shows a nearly half production proportion (49.5%). Sequence align-
ment of these selected CBC-type OSCs with AoPDS/AoCAS shows
that the conversion to PDS function through the mutation is not
limited by a certain level of sequence identity (fig. S17), because
the AjPS and ERG7 with relatively low sequence identity (~37
and 34%, respectively) and active site similarity (both with more
than six residue differences) toAoPDS still produce high percentage
of protostadienol by the F→T substitutions. To decipher the intrin-
sic mechanism behind the high plasticity of the conserved F in these
OSCs, QM/MMMD simulations were used to observe the dynamic
interaction modes between F/T and the protosteryl cation (Fig. 6C).
In wild-type enzymes, the protosteryl cation is stabilized by the ar-
omatic F through cation-π interactions, which widely exists as a se-
lectivity control factor in terpene synthases (17–20). As for the
subsequent rearrangements from the protosteryl cation, CH-π in-
teraction between C17 and F726 stabilizes the transition state to
promote the 1,2-hydride transfer (C17 to C20); otherwise, it
would take the route with the higher barrier as seen in AoPDS
and previously studied hLAS F696 mutants (16, 18). While for the

F → T mutants, the T supplements its hydroxy group to attract a
proton from C17 or C13, causing the reactive carbocation to be
quenched from A or B states. That is, the strong trade-off effect of
F → T mutants is due to the supplemental deprotonation role of T,
which replaces the original stabilizing contribution of
F. Considering that the plasticity is commonly exhibited in the
above four OSCs (all have the conserved F) and the high conserva-
tism among CBC-type OSCs, we deduce that the specific F → T
mutants are widely feasible (at least for those OSCs that yield tetra-
cyclic products) for harnessing the new catalytic function to effec-
tively biosynthesize the rare protostadienol.

The diverse trade-off effects of the same plastic position in
chair-chair-chair–type OSC
Considering that the plastic F in CBC-type OSCs is also highly con-
served in CCC-type (namely, chair-chair-chair conformation of the
first three fused rings) OSCs, the potential plasticity of F in the
CCC-type OSCs was also investigated. We found that the stabiliza-
tion/quenching trade-off effect by F→ T substitution is not well re-
produced in CCC-type OSCs, which was proved by several typical
OSCs with different products (figs. S13 to S15). Similar to GgBAS
(Fig. 7A), the activity was largely decreased and only trace amount
of dammarenediol II was produced in the F728T mutant. Another
reported substitution producing dammarenediol-II (oat β-amyrin
synthase S728F) (21) was also tested, and the GgBAS-N731F
mutant did not obviously change the product spectrum. Instead,
another notable trade-off between wild-type β-amyrin and abortive
pentacyclic quenching activity was detected in the GgBAS-F728S
mutant (other hydroxy group side chain residues were further at-
tempted by F728S and F728Y mutants) and produces germanicol

Fig. 4. Representative structures of reaction intermediates in AoCAS/AoPDS. The transition state structures are shown in figs. S8 and S9.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Zhang et al., Sci. Adv. 9, eadh1418 (2023) 7 June 2023 5 of 9



as the major product. QM/MMMD simulation shows that the S728
closes to the E ring of the oleanane-type intermediate (especially
C18 and C19) for deprotonation rather than the D ring (Fig. 7B).
Because mutants of the same position bring nonuniform enzymatic
activity in CCC-type OSCs and the functional trade-off is not as
strong as observed in CBC-type OSCs, the diverse trade-off
effects found in CCC-type OSC mutants might also be a good
initial point for functional reshaping but requires further extensive
studies. In addition, similar protostadienol products are yielded
both in AoPDS (this work) and in previously reported AfPDS; but
as obviously shown in Fig. 7C, the AoPDS has high similarity with
plant CAS and is unique from the AfPDS, which is closer to fungal
lanosterol synthase (LAS). This reminds us that the mutant of
AoCAS/ItOSC3 and ERG7 (also belong to CAS or LAS family, re-
spectively) shows much higher protostadienol product rate (>96%)
than that in others (such as SgCBQ; <50%), as shown in Fig. 6B.
Considering that F is highly conserved at the same position while
the appearance of T is unique (only found in AoPDS), the plastic
F → T substitution likely causes a universal activity trade-off in
many other CBC-type OSCs especially for CAS and LAS in plant.
In this work, inspired by deciphering the enzymatic catalytic

mechanism for the unique A. orientale oxidosqualene cyclases
(AoPDS and AoCAS), we found that the specific F→ T substitution
is a controllable factor to extensively produce protostadienol in
CBC-type OSCs. It is remarkable that the uniform functional
trade-off could be facilely realized by a single substitution, which
will be instructive for other enzyme engineering, by combing multi-
scale simulations to reveal the plastic position with mutagenesis ex-
periments to further validate its feasibility.

MATERIALS AND METHODS
Plant material and microbial strains
Ten- to 12-month-old A. orientale (Sam.) Juzep. (Alismataceae)
plant was collected from JianOu, FuJian province, China. The
plant was confirmed to be A. orientale belonging to the Alismata-
ceae family by A. Ji (Guangzhou University of Chinese Medicine)
and was maintained in the constant temperature incubator of
Guangzhou University of Chinese Medicine. Escherichia coli

DH5α was purchased from TransGen Biotech Co. Ltd. (Beijing,
China). The S. cerevisiae strain SE-METwas constructed in our pre-
vious research.

Cloning of OSCs and construction of yeast expression
plasmids
The full-length coding sequences were present for AoOSC1
(AoPDS) and AoOSC2 (AoCAS) in the transcriptome databases.
These were directly amplified from the cDNA of A. orientale rhi-
zomes using the Phanta Max Super-Fidelity DNA Polymerase
(Vazyme Biotech Inc.) with gene-specific primers (table S4). Con-
ditions for polymerase chain reaction amplification were as follows:
95°C for 3 min, (95°C for 15 s, 57°C for 15 s, 72°C for 2 min) × 32
cycles, and 72°C for 5 min. The resulting amplicons were construct-
ed into the pESC-Ura vector (Agilent Technologies Inc.) between
the Bam HI and Sma I restriction sites using the ClonExpressII
One Step Cloning Kit (Vazyme Biotech, Nanjing, China) and vali-
dated by sequencing.

Phylogenetic and amino acid sequence analysis
The deduced amino acid sequences of AoPDS, AoCAS, and those of
other OSCs (table S1) obtained from GenBank were subjected to
phylogenetic analysis. All OSC proteins were aligned by ClustalW
(22). The analysis was performed using the neighbor-joining
method with MEGA 6.0 (23). Bootstrapping with 1000 replicates
was used to estimate the strength of the nodes in the tree (24). Se-
quence similarities and secondary structure information of aligned
sequences were rendered using ESPript 3.06 (25) based on the sec-
ondary structure of the human oxidosqualene cyclase (lanosterol
cyclase) 1W6K, the only OSC for which experimentally determined
structure information is available (26).

Metabolite extraction and gas chromatography–mass
spectrometry analysis
Product analysis was collected by centrifugation of yeast cell
biomass after fermentation. Transgenic yeast cells harboring the
AoPDS and AoCAS genes were saponified in 2 ml of saponification
reagent [20% (w/v) KOH in 50% (v/v) ethanol] at 100°C for 5 min
and extracted three times with an equal volume of hexane,

Fig. 5. The product variations of AoPDS/AoCAS mutations. The relative proportion of mutations was calculated by comparing with corresponding wide-type AoPDS/
AoCAS that were set as 100%. The error bars were from three dependent mutation experiments.
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combining organic phases and evaporating under reduced pressure
to obtain the crude extract. Crude extracts were derivatized by treat-
ment with 50 μl of N-methyl-N-trimethylsilyl-trifluoroacetamide at
90°C for 10 min and then analyzed using a gas chromatography–
mass spectrometry (GC-MS) equipment. Three biological replicates
were performed for each sample.

Purification of protosta-13 (17),20-dienol (the product
of AoPDS)
Seven liters of S. cerevisiae SE-MET cells expressing AoPDS were
cultured and collected by centrifuging the culture at 5000 rpm. Sap-
onification was carried out in 1 liter of saponification reagent (3.57
MKOHwith 10.87M ethanol) and refluxed at 75°C for 3 hours. The
products were extracted four times with an equal volume of hexane.
The hexane extract was loaded onto a silica gel column (30 cm by 2.5
cm, 200- to 300-mesh particle size; Haiyang, Qingdao, China) and
eluted with hexane:ethyl acetate = 15: 1 (v/v). Fifty-milliliter frac-
tions were collected and analyzed by thin-layer chromatography
and GC-MS. Full experimental details appear in the Supplementary
Materials.

Computational modeling and QM/MM MD simulations
AlphaFold2 (27) was used for OSCs modeling, the protosteryl
cation intermediate after cyclizations was used as the starting
point for CBC OSCs system setup and subsequent computational
studies, and the dammarenyl cation intermediate was used for
CCC GgBAS. The computational models were set up for further
MD simulations to relax the structures of the proteins and the in-
termediates. Snapshots of each system from the stable trajectories
were chosen to build the initial structures for the subsequent
QM/MM simulations. The periodic boundary condition was also
considered in the following QM/MM MD simulations. For
AoPDS/AoCAS, the protosteryl cation and T727/F726 were includ-
ed in the QM region, respectively (the charge of the QM region is 1).
The same QM regions were used for ItOSC3, SgCBQ, AjPS, and
Erg7. For GgBAS, the dammarenyl cation and F728 were included
in the QM region. In all mutant models, the QM regions were kept
the same as in the wild-type enzymes. All of these QM atoms were
described with the M06-2X (28, 29)/6-31G(d) basis set, which is
widely used in studying cyclization reactions (19, 30), and the

Fig. 6. The functional trade-off of typical CBC-type OSCs. (A) Sequence alignment analysis of reviewed OSCs (70 in total) and all available OSCs (256 in total including
unreviewed sequences). (B) F→ T substitution at same position as AoCAS in other CBC-type OSCs; the products of wild-type OSCs and their mutants are shown in dashed
boxes and the circle, respectively [ItOSC3, SgCBQ, and AjPS was done in this work and ERG7was previously reported (16)]. (C) Comparisons of wild-type and F→ Tmutant
models of OSCs.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Zhang et al., Sci. Adv. 9, eadh1418 (2023) 7 June 2023 7 of 9



Fig. 7. The functional trade-off of typical CCC-type OSC GgBAS. (A) Product profiles of wild-type GgBAS and mutants. F728S mutant shows promiscous product
spectrum with germanicol as the main product. (B) The model of GgBAS F728S mutant with 6-6-6-6-6 oleanane-type intermediate. (C) Phylogenetic tree of characterized
plant OSCs.

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Zhang et al., Sci. Adv. 9, eadh1418 (2023) 7 June 2023 8 of 9



model contains more than 730 basis functions in total. All of these
QM/MM calculations were performed with the interfaced QChem
(31)–AMBER12 programs (32). Full computational details appear
in the Supplementary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text
Figs. S1 to S18
Tables S1 to S5

View/request a protocol for this paper from Bio-protocol.
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PLANT SC I ENCES

Bilirubin is produced nonenzymatically in plants to
maintain chloroplast redox status
Kazuya Ishikawa1,2, Xiaonan Xie1, Yasuhide Osaki1, Atsushi Miyawaki3,4, Keiji Numata5,6,
Yutaka Kodama1,6*

Bilirubin, a potent antioxidant, is a product of heme catabolism in heterotrophs. Heterotrophs mitigate oxida-
tive stress resulting from free heme by catabolism into bilirubin via biliverdin. Although plants also convert
heme to biliverdin, they are generally thought to be incapable of producing bilirubin because they lack biliver-
din reductase, the enzyme responsible for bilirubin biosynthesis in heterotrophs. Here, we demonstrate that
bilirubin is produced in plant chloroplasts. Live-cell imaging using the bilirubin-dependent fluorescent
protein UnaG revealed that bilirubin accumulated in chloroplasts. In vitro, bilirubin was produced nonenzymati-
cally through a reaction between biliverdin and reduced form of nicotinamide adenine dinucleotide phosphate
at concentrations comparable to those in chloroplasts. In addition, increased bilirubin production led to lower
reactive oxygen species levels in chloroplasts. Our data refute the generally accepted pathway of heme degra-
dation in plants and suggest that bilirubin contributes to the maintenance of redox status in chloroplasts.
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INTRODUCTION
Bilirubin is a yellow pigment that is a product of heme catabolism in
heterotrophs such as mammals. Heme is an essential biological
molecule consisting of a tetrapyrrole ring and an iron cation.
After being synthesized in mitochondria, heme is distributed
throughout the cell and binds to various proteins as a cofactor,
playing essential roles in cellular functions such as oxygen transport
and electron transfer. However, free heme released from the break-
down of heme-containing proteins (hemoproteins) is a strong pro-
oxidant that promotes cellular oxidative stress, and its levels are
therefore tightly controlled via catabolism (1–3). Heme oxygenases
open and oxidize the heme ring into the linear tetrapyrrole biliver-
din, which is subsequently reduced to bilirubin by biliverdin reduc-
tase. Biliverdin reductase uses reduced form of nicotinamide
adenine dinucleotide phosphate (NADP+) (NADPH) as an electron
donor to reduce biliverdin (4), making the activity of biliverdin re-
ductase NADPH dependent. Although bilirubin is toxic and causes
kernicterus at high concentrations, it is also a potent antioxidant.
Mildly elevated bilirubin levels in the body lower the risk of diseases
such as arterial hypertension and diabetes mellitus by preventing
cellular oxidative damage (5–7).

In plants, heme is biosynthesized and degraded in chloroplasts,
unlike the typical mitochondrial biosynthetic pathway of hetero-
trophs. Aside from their different subcellular localizations, heme bi-
osynthesis and degradation pathways are identical in plants and
heterotrophs until the point of biliverdin biosynthesis via heme oxy-
genase. In plants, biliverdin is reduced to phytochromobilin by the
plant-specific enzyme phytochromobilin synthase (8).

Phytochromobilin is the chromophore of phytochromes, the red/
far-red photoreceptors that promote photomorphogenesis and
light-mediated development in plants. Phytochromobilin is be-
lieved to be the end product of heme degradation, since biliverdin
reductase activity has not been detected in plant extracts (9, 10).
However, the sum of free and bound heme pools is estimated to
far exceed the abundance of phytochromobilin in plants (11–13),
suggesting the existence of other end products in the plant heme
degradation pathway. Consistent with this idea, a few studies have
reported the presence of bilirubin in the flowers and fruits of spe-
cific plant species, such as bird of paradise (Strelitzia spp.) (14, 15).

Enzymes improve reaction rates and reaction specificities by cat-
alyzing chemical reactions to control cellular functions. On the
other hand, chemical reactions sometimes proceed in the absence
of enzymes, with examples of nonenzymatic reactions playing im-
portant roles in cell metabolism (16, 17). Several cases have been
reported in which a reduced cofactor reacts nonenzymatically as
an electron donor in vitro (18, 19). However, the contribution of
nonenzymatic reactions to cellular functions in vivo is largely
unknown because genetic approaches are limited in their ability
to investigate nonenzymatic reactions.

In this study, we used UnaG, a bilirubin-dependent fluorescent
protein isolated from the muscle tissue of Japanese eel (Anguilla ja-
ponica), to demonstrate that bilirubin biosynthesis takes place in
plants universally. UnaG has a specific and ultrahigh affinity for bi-
lirubin (bilirubin IXα) and does not bind to biliverdin or any bilir-
ubin analogs such as ditauro-bilirubin (20). Furthermore, we
revealed that NADPH and biliverdin react nonenzymatically to
produce bilirubin in chloroplasts, which have a considerably
higher NADPH concentration than animal cells (21–23). Because
increased bilirubin production diminished oxidative stress, we
propose that nonenzymatically produced bilirubin contributes to
the maintenance of redox status in chloroplasts.
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RESULTS
Bilirubin production in plants
We tested whether bilirubin accumulates in plants using the biliru-
bin biosensor UnaG. Since plant heme is biosynthesized and catab-
olized in chloroplasts, we transiently expressed a construct encoding
a plastid (chloroplast)–targeted version of UnaG, with an N-termi-
nal plastid transit peptide from Arabidopsis (Arabidopsis thaliana)
Rubisco small subunit 1A (Rbcs1A) [transit peptide–fused UnaG
(TP-UnaG)], in the leaves of Nicotiana benthamiana, Arabidopsis,
and liverwort (Marchantia polymorpha). UnaG exhibited bright
green fluorescence in the chloroplasts of all tested plants (Fig. 1A).

To ascertain whether UnaG is associated with endogenous bilir-
ubin inside plant cells, we transiently expressed a construct encod-
ing FLAG-tagged TP-UnaG (TP-UnaG-FLAG) in N. benthamiana
leaves and immunopurified UnaG-FLAG using an anti-FLAG

antibody. Immunoblot analysis demonstrated the efficiency of
UnaG-FLAG immunoprecipitation (Fig. 1B). Immunopurified
UnaG-FLAG (ipUnaG) emitted green fluorescence when excited
with blue light (Fig. 1C). The excitation and emission spectra for
ipUnaG and the control, holorcUnaG (recombinant UnaG com-
plexed with commercial standard bilirubin), were identical
(Fig. 1D). The perfect overlap in fluorescence spectra between
ipUnaG and holorcUnaG suggests that UnaG-FLAG bound exclu-
sively to bilirubin in plant cells.

To identify bilirubin bound to ipUnaG, we performed high-per-
formance liquid chromatography (HPLC)–electrospray ionization
mass spectrometry. A total ion chromatogram (TIC) of ipUnaG
showed a major peak (Fig. 1E) with a tandem mass spectrum that
was identical to that of standard bilirubin (fig. S1). Other peaks in
Fig. 1E likely represent molecules derived from bilirubin isomers

Fig. 1. Bilirubin is synthesized in planta. (A) Transient expression of constructs encoding TP-UnaG after particle bombardment of N. benthamiana (Nb) and Arabidopsis
(At) leaves and M. polymorpha (Mp) thalli. CHL, chlorophyll autofluorescence. Successfully transfected cells are outlined by dashed lines. Scale bars, 25 μm. (B to E)
Immunopurification of holoUnaG from N. benthamiana leaves transiently expressing TP-UnaG-FLAG. (B) Immunoblot of immunopurified UnaG-FLAG (ipUnaG) using
an anti-FLAG antibody. FT, flow-through fraction. (C) ipUnaG fluorescence under blue light excitation. A mock immunoprecipitated sample from nontransgenic
leaves was processed in parallel. (D) Excitation (ex; dashed lines) and emission (em; solid lines) spectra of ipUnaG (red) and recombinant holoUnaG (holorcUnaG;
blue). (E) Total ion chromatograms (TICs) of ipUnaG. The mock control is a sample immunoprecipitated from nontransgenic leaves. The red arrowhead indicates a
peak with a product ion spectrum corresponding to bilirubin standards (fig. S1A). a.u., arbitrary unit. (F and G) TP-mCherry-UnaG expression in a mutant lacking
either heme oxygenase 1 (hy1-100) or phytochromobilin synthase (hy2-1). (F) Three-dimensional (3D) visualization of UnaG and mCherry fluorescence in epidermal
cells and mesophyll cells of 7-day-old seedlings from the wild-type (WT) and hy1-100 and hy2-1 mutants. The diagrams to the right illustrate side views of the 3D fluor-
escence images. Green, UnaG fluorescence. (G) Quantification of plastid UnaG fluorescence intensity in the WT andmutants. Intensity in the leaf epidermis of the WTwas
set to 1. Data are means ± SD (n = 20); asterisks indicate significant differences from the WT and hy2-1, P < 0.01, using Tukey’s multiple comparisons test.
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and fragmented ipUnaG. These results provide strong evidence that
exogenously expressed UnaG specifically bound to bilirubin present
in plant cells. Collectively, these data suggest that bilirubin is pro-
duced in a wide range of plant species and accumulates in
chloroplasts.

Next, we expressed a construct encoding chloroplast-targeted
mCherry-UnaG (TP-mCherry-UnaG) in Arabidopsis mutants
lacking enzymes involved in heme degradation: heme oxygenase 1
(AtHO1) and phytochromobilin synthase (Fig. 1F). mCherry pro-
vided visual confirmation of UnaG expression in chloroplasts. In a
mutant lacking AtHO1 (hy1-100, for long hypocotyl 1), which con-
verts heme to biliverdin in wild-type (WT) plants (24), UnaG fluo-
rescence was four times lower than in WT cotyledon epidermal cells
(Fig. 1, F and G). In mesophyll cells, the fluorescence was almost
undetectable in hy1-100 (Fig. 1, F and G). In a mutant lacking phy-
tochromobilin synthase (hy2-1), the enzyme that catalyzes the for-
mation of phytochromobilin from biliverdin (8), UnaG
fluorescence in both cotyledon epidermal cells and mesophyll
cells was comparable to that in the WT (Fig. 1, F and G). These
results suggest that the bilirubin production takes place after biliver-
din but not after phytochromobilin biosynthesis.

Biliverdin is nonenzymatically converted to bilirubin in the
presence of higher concentrations of NADPH in vitro
The heme oxygenase reaction in plants requires coordination
between ferredoxin and other electron donors with heme oxygenase
(25). Considering that homologs of biliverdin reductase genes have
not been identified in plant genomes, we hypothesized that both bi-
liverdin and bilirubin are produced by the action of ferredoxin and/
or other electron donors during the heme degradation reaction. We
thus performed an in vitro heme oxygenase assay that reconstitutes
the natural internal environment of chloroplasts (25, 26). This assay
contains recombinant AtHO1, hemin (ferric heme), a ferredoxin-
NADP+ oxidoreductase/ferredoxin electron transfer system, and
an NADPH-regeneration system based on glucose-6 phosphate de-
hydrogenase (G6PD). After incubation at 25°C for 8 hours, the re-
action solution with AtHO1 had a yellow-green color, whereas the
buffer control remained the red color of heme (Fig. 2A). After stop-
ping the reaction and removing the enzymes with organic solvents,
we concentrated the reaction products and dissolved them in di-
methyl sulfoxide (DMSO). Using liquid chromatography–mass
spectrometry analysis, we determined whether bilirubin and biliver-
din were synthesized. The TICs exhibited peaks with product ion
mass spectra corresponding to bilirubin and biliverdin standards
(Fig. 2, C and D), indicating the synthesis of bilirubin and biliver-
din. These results suggest that bilirubin is produced during heme
degradation despite the lack of biliverdin reductase.

We performed the following experiments to elucidate how bilir-
ubin is produced in the in vitro heme oxygenase assay. Biliverdin
was converted into bilirubin even in the absence of hemin and
AtHO1 (Fig. 2E, lane: all-in). This observation indicated that
enzymes and cofactors other than AtHO1 convert biliverdin to bi-
lirubin. Therefore, we omitted additional enzymes and cofactors
one by one to delineate the factors required for the conversion of
biliverdin to bilirubin. We detected no bilirubin only when G6PD
was omitted (Fig. 2E). G6PD is an enzyme that converts NADP+ to
NADPH, and biliverdin is reduced to bilirubin using NADPH as an
electron donor in heterotrophs. This led us to hypothesize that
NADPH reduces biliverdin nonenzymatically to produce bilirubin.

When mixing biliverdin and NADPH, we observed bilirubin pro-
duction in an NADPH concentration–dependent manner (Fig. 2F).
We thus reacted different concentrations of NADPH with biliverdin
and monitored the decrease in biliverdin over time. Biliverdin was
converted to bilirubin in NADPH and biliverdin concentration–de-
pendent manners (Fig. 2G). The degradation rate of biliverdin ap-
peared to be proportional to the two-thirds power of the
concentrations of NADPH and biliverdin. When the reaction prod-
ucts of biliverdin and NADPH were separated by thin-layer chro-
matography, we detected two bilirubin-like yellow spots at high
and low Rf values at the NADPH concentrations of 0.1 mM or
higher (Fig. 2H, top). Spots with high Rf values were bilirubin, as
they were consistent with the bilirubin standard. Yellow spots
with low Rf values were predominantly produced at low NADPH
concentrations and are thus presumed to be semireduced interme-
diates in which one hydrogen ion was introduced into the biliverdin
molecule. Subsequently, another hydrogen ion would be introduced
from NADPH to produce bilirubin. These results indicate that
NADPH and biliverdin react nonenzymatically to produce
bilirubin.

Increased NADPH levels promote bilirubin production
in planta
High light exposure excites photosystem I and increases NADPH
concentration in chloroplasts (27). If bilirubin is synthesized di-
rectly by reacting with NADPH, then bilirubin production would
be expected to increase transiently during irradiation with high-in-
tensity light. Therefore, we intermittently irradiated Arabidopsis
leaves expressing TP-mCherry-UnaG with 470-, 530-, 590-, or
650-nm lasers for 2 hours by confocal laser scanning microscopy.
Irradiation with 590- or 650-nm lasers significantly increased
UnaG fluorescence and the UnaG/mCherry ratio (Fig. 3, A and
B). The fluorescence intensity of mCherry was not attenuated, con-
firming that bleaching of the fluorescent protein did not occur.
Wavelengths of 590 and 650 nm have higher relative quantum effi-
ciencies for photosynthesis than 470 or 530 nm (28), suggesting that
the photosystems were activated more strongly by these wavelengths
and produced larger amounts of NADPH.

To further test for the nonenzymatic production of bilirubin in
chloroplasts, we assessed TP-UnaG fluorescence inN. benthamiana
cells overexpressing Arabidopsis NAD KINASE 2 (NADK2).
NADK2 phosphorylates NAD and increases the amount of
NADP(H) in chloroplasts (29). We observed stronger UnaG fluo-
rescence in the chloroplasts of cells expressing NADK2-tagRFP
compared to those expressing TP-tagRFP [encoding red fluorescent
protein (RFP) with a plastid transit peptide] (Fig. 3C). Quantifica-
tion of UnaG fluorescence in chloroplasts revealed that NADK2-
tagRFP overexpression significantly increases fluorescence intensity
to twice that of the control (Fig. 3D), suggesting that increased
NADPH levels promote bilirubin production in chloroplasts.

These results indicate that increasing NADPH concentration in
chloroplasts promotes bilirubin production, supporting the idea
that bilirubin production occurs in planta through the nonenzymat-
ic reaction between biliverdin and NADPH.

Bilirubin production lowers reactive oxygen species levels
in chloroplasts
We next explored the physiological functions of bilirubin in plants.
High light irradiation stimulates bilirubin production (Fig. 3, C and
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D), but Arabidopsis seedlings grown in the dark for 24 hours
showed increased bilirubin concentrations in leaves compared to
light-grown seedlings (Fig. 4A). In mesophyll cells, chloroplast bi-
lirubin levels were 9.1 times higher after 24 hours in the dark com-
pared to those of light-grown seedlings (Fig. 4B). However, plastid
bilirubin levels did not significantly change in root epidermal cells
of dark-treated seedlings after 24 hours. As bilirubin has antioxi-
dant properties in mammals (5–7), we hypothesized that, under
moderate light conditions, bilirubin is degraded by reactive
oxygen species (ROS) generated by photosynthesis faster than it is
produced. To investigate the ROS scavenging activity of bilirubin,
we examined ROS accumulation in N. benthamiana leaves in
which chloroplast bilirubin accumulation was elevated by the het-
erologous expression of a plastid-targeted version of rat (Rattus
rattus) biliverdin reductase A (TP-BVRA; fig. S2), an enzyme that
catalyzes the reduction of biliverdin to bilirubin (9). TP-BVRA ex-
pression increased the chloroplast bilirubin pool relative to that seen
in plants expressing TP-tagRFP (Fig. 4, C and D). Previous studies
have shown that stable expression of BVRA affects photosynthesis
(9, 10), but this transient BVRA expression did not affect photosyn-
thetic efficiency (fig. S3). To analyze ROS levels, we used the ROS
indicator 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA),
which becomes fluorescent when it is oxidized in the presence of
cellular ROS after the acetate groups are removed by intracellular

esterases. Confocal microscopy revealed that TP-BVRA accumula-
tion decreases H2DCFDA fluorescence in chloroplasts compared to
control leaves expressing TP-tagRFP (Fig. 4E). Quantification of
H2DCFDA fluorescence intensity in chloroplasts showed that the
accumulation of TP-BVRA significantly lowers ROS levels
(Fig. 4F), suggesting that the production of bilirubin diminishes
chloroplast ROS levels. Therefore, we propose that bilirubin is con-
stantly degraded in chloroplasts under light conditions by reacting
with ROS generated by photosynthesis.

DISCUSSION
This study provides evidence that bilirubin, believed to be an animal
pigment, is produced from biliverdin in plants nonenzymatically.
Since we detected bilirubin in the early-diverging land plantM. pol-
ymorpha as well as the angiospermsN. benthamiana and Arabidop-
sis (Fig. 1A), we propose that almost all land plants, including crops,
probably produce bilirubin. Our findings also revise the generally
accepted pathway for heme degradation of plants (Fig. 5).

The NADPH-mediated nonenzymatic conversion of biliverdin
described here appears to be kinetically slower than the biliverdin
reductase–mediated reaction in mammals. Considering the physio-
logical differences between animals and plants, we posit two poten-
tial reasons for the nonenzymatic bilirubin production in plants.

Fig. 2. Bilirubin is converted from biliverdin nonenzymatically in the presence of high concentrations of NADPH. (A to D) In vitro heme oxygenase assay using
recombinant AtHO1. (A) Reactionmixtures with recombinant AtHO1 (+AtHO1) or buffer (−AtHO1). (B) to (D) Mass spectrometry detection of biliverdin and bilirubin from
the reaction products of the heme oxygenase assay. (B) TIC of the reaction products. The arrow at 2.81 min and the arrowhead at 7.10 min indicate peaks with a product
ion mass spectrum matching that of the biliverdin standard (C) and bilirubin standard (D), respectively. (C) and (D) Product ion mass spectra derived from the precursor
ion [M-H] + [mass/charge ratio (m/z) 583.1] (C) and [M-H]− (m/z 583.1) (D) were detected in positive or negative ion modewith the indicated collision energies (CEs) (left,
reaction products; right, biliverdin and bilirubin standards). (E to H) Nonenzymatic production of bilirubin from biliverdin and NADPH. (E) Biliverdin was mixed with the
materials required for heme oxygenase assay other than hemin and AtHO1 (all-in) or without the indicated materials [ferredoxin (Fd), ferredoxin-NADP+ reductase (FNR),
G6PD, sodium ascorbate (AsA), and catalase (CAT)]. Bilirubin production was detected by the addition of recombinant apoUnaG. (F) Biliverdin (50 μM) was incubated with
a series of concentrations of NADPH, and bilirubin production was detected by the addition of recombinant apoUnaG. (G) Time course of bilirubin production, measured
at various concentrations of NADPH (with 50 μM biliverdin) or biliverdin (with 1 mM NADPH). (H) Thin-layer chromatography analysis of reaction products that were
incubated with biliverdin and various concentrations of NADPH. Asterisks indicate biliverdin isomers. Top: A binarized image obtained by extracting yellow colors at the
spot position of bilirubin IXα using Fiji software.
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First, plants catabolize much less heme than animals. In adult
humans, 375 mg of heme, which corresponds to approximately 10
nmol/g, is degraded each day (16), mainly due to hemoglobin turn-
over associated with oxygen transport in the blood. By contrast, the
unbound heme content in aerial tissues of 3-week-old Arabidopsis
plants was estimated to be 0.75 nmol/g of fresh weight (11). Even if
all heme were degraded in 1 day, the amount of degraded heme by
body mass in plants would be approximately 1/10 that of humans.
Therefore, plants may simply not need a high-speed heme degrada-
tion system comparable to that of animals. Second, NADPH con-
centrations in plant cells are higher than in animal cells. The
NADPH concentration in animal cells is estimated to be 3 μM in
the cytoplasm and 37 μM in mitochondria (21). By contrast,
NADPH concentrations in the chloroplast stroma are estimated
to be 0.29 to 0.5 mM (22, 23). This high NADPH concentration
probably enables nonenzymatic production of bilirubin with a rel-
atively high reaction rate. On the basis of our results, we estimate
that biliverdin is degraded at approximately 0.27 μM/hour when
50 μM biliverdin is incubated with 0.5 mM NADPH (Fig. 2G). In

human cell cultures, the rate of bilirubin production, which is pri-
marily mediated by BVRA, is estimated to be a few micromolars per
hour (30), indicating that the estimated bilirubin production rate in
plant cells is not much slower than that in mammal cells. This re-
action rate would be further increased if NADPH and biliverdin
were concentrated in subdomains within the chloroplast. Ferredox-
in transfers electrons generated by photosystem I to NADP+, result-
ing in NADPH production, but ferredoxin is also required as an
electron donor for heme oxygenase activity (25). The production
of biliverdin and NADPH therefore increases simultaneously
when photosystem I is activated. On the thylakoid membrane,
where photosystem I is located, higher concentrations of biliverdin
and NADPH than those mentioned above may occur locally, result-
ing in higher bilirubin production rates than our estimation.

We propose that nonenzymatic bilirubin production in plants
temporarily stores and mitigates excess reducing power (Fig. 5).
Plants contain photosystem I, a system that produces NADPH
using absorbed light energy, since they consume a large amount
of NADPH for CO2 assimilation and photorespiration under light

Fig. 3. Increase in NADPH levels byNADK2 overexpression or red light irradiation promotes bilirubin production. (A and B) High light irradiation increases bilirubin
accumulation. (A) Eleven-day-old TP-mCherry-UnaG–expressing Arabidopsis true leaves were irradiated with a 470-, 530-, 590-, or 650-nm laser. The areas surrounded by
the yellow dashed lines were irradiated intermittently for 2 hours. Scale bars, 50 μm. (B) Quantification of UnaG and mCherry fluorescence intensities and the UnaG/
mCherry ratio in (A). Data are means ± SD (n = 10); *P < 0.01, using Dunnett’s multiple comparisons test. (C and D) Enhanced bilirubin accumulation upon the expression
of Arabidopsis NADK2 cloned in-frame with tagRFP (NADK2-tagRFP). (C) Confocal microscopy images of N. benthamiana cells transiently expressing TP-UnaG and TP-
tagRFP or NADK2-tagRFP. Epidermal cells were observed 3 days after Agrobacterium-mediated infiltration. Scale bars, 5 μm. (D) Quantification of plastid bilirubin
levels in N. benthamiana cells shown in (C). Plastid bilirubin levels in the cells coexpressing TP-UnaG and TP-tagRFP were set to 1. Data are means ± SD (n = 31 for
TP-mCherry-UnaG and n = 49 for TP-tagRFP); *P < 0.01, using two-tailed Student’s t test.
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conditions. However, when exposed to high-intensity light, an
excess of NADPH is produced and the electrons that can no
longer be received by NADP+ are transferred to oxygen instead,
causing the generation of ROS. Biliverdin may act as a reservoir
of excess reducing power, attenuating photosystem I–mediated in-
creases in NADPH levels while producing bilirubin as a potent an-
tioxidant. This idea is consistent with the transient increase in
bilirubin accumulation seen upon exposure to high-intensity light
(Fig. 3, A and B). Bilirubin accumulated even in the dark, when
photosynthesis is stopped and chloroplast NADPH consumption
is low (Fig. 4, A and B). This bilirubin is likely derived from
NADPH synthesized from the pentose phosphorylation pathway
and may serve as a reservoir of reducing power for the regulation
of ROS levels during photosynthesis. The ROS scavenging function
of bilirubin in plant cells was suggested by the lower chloroplast
ROS levels observed when bilirubin production was promoted by
ectopic BVRA expression (Fig. 4, C to F). The bilirubin level calcu-
lated based on UnaG fluorescence intensity approximately doubled
upon BVRA expression, while the ROS level was approximately
halved, suggesting that bilirubin is a potent antioxidant. This
notion is compatible with the removal of a 10,000-fold molar
excess of H2O2 by bilirubin in human cells (31, 32). However, we
cannot conclude that the decrease in ROS levels is solely due to
the effect of bilirubin because the animal enzyme BVRA was ectop-
ically expressed in chloroplasts. One concern is that BVRA func-
tions as a transcription factor in addition to bilirubin production,
as reported previously for animal cells (33). Although BVRA is un-
likely to function as a transcription factor in the present study
because BVRA was targeted to the chloroplasts, the possibility of
exhibiting side effects, such as binding to the chloroplast genome,
cannot be denied. Furthermore, our results seem to be inconsistent
with several papers suggesting that biliverdin, which is produced as
a result of increased heme oxygenase expression, plays a protective
role against oxidative stress in plants (34–37). The nonenzymatic
production of bilirubin revealed in the present study points out
that the antioxidative activity seen in the previous studies may
include the effect of bilirubin. On the other hand, biliverdin also
exhibits antioxidant activity in animal cells, although at a lower
level than that of bilirubin (38). Increased heme oxygenase expres-
sion may provide resistance to oxidative stress through the com-
bined antioxidant effects of biliverdin and bilirubin.

Recent studies revealed that bilirubin functions in signal trans-
duction and regulation of metabolism as a hormone-like substance
in animals (39, 40). Similarly, in plants, the heme degradation
pathway involves retrograde signaling from the chloroplast to the
nucleus (41). Heme and bilin pigments produced by the heme deg-
radation are generally thought to regulate photosynthetic gene ex-
pression as signaling molecules (42, 43). Furthermore, ROS
produced in photosynthesis also function as retrograde signaling
molecules (44–46). Bilirubin and/or bilirubin-regulated ROS may
function as retrograde signaling molecules or have hormone-like
effects in plant cells similar to those seen in animals.

Cells contain a mixture of chemical substances, including unsta-
ble molecules, and nonenzymatic reactions are thought to occur ev-
erywhere. Furthermore, plants grow in an environment exposed to
fluctuating light, whose energy frequently induces nonenzymatic
reactions. Gene expression changes, which take tens of minutes to
several hours, are not sufficient to respond to the constantly chang-
ing light environment. Plants may use a variety of nonenzymatic

Fig. 4. Bilirubin production decreases ROS accumulation in chloroplasts. (A)
UnaG and mCherry fluorescence in cotyledons and the root elongation zone from
7-day-old Arabidopsis seedlings expressing TP-mCherry-UnaG exposed to light or
darkness for 24 hours. Scale bars, 50 μm. (B) Quantification of plastid bilirubin
levels in cotyledon mesophyll cells and root epidermal cells in (A). Plastid bilirubin
levels in the cotyledons of light-grown seedlings were set to 1. L, light. D, dark.
Data are means ± SD (n = 20); *P < 0.01, using two-tailed Student’s t test. (C to
F) ROS accumulation in N. benthamiana leaves transiently expressing TP-tagRFP
or TP-BVRA. (C) TP-mCherry-UnaG and TP-tagRFP or TP-BVRA were coexpressed in
N. benthamiana leaves. Scale bars, 25 μm. (D) Quantification of chloroplast bilirubin
levels. Data are means ± SD (n = 20). An asterisk indicates significant difference
from the TP-tagRFP, *P < 0.01, two-tailed Student’s t test. (E) Epidermal cells
stained with 50 μM of the ROS indicator H2DCFDA. Scale bars, 10 μm. (F) Quantifi-
cation of H2DCFDA fluorescence intensity in chloroplasts. The mean value of TP-
tagRFP–expressing leaves was set to 1. Data are means ± SD (n = 30); the asterisk
indicates significant difference from TP-tagRFP, *P < 0.01, two-tailed Student’s
t test.
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reactions to buffer the effect of fluctuating environments. However,
there are few cases in which the physiological roles of these nonen-
zymatic reactions have been elucidated due to the difficulty of
genetic analysis and in vivo experiments. Using a bilirubin biosen-
sor called UnaG, we found that bilirubin is produced nonenzymati-
cally in plants and maintains the redox status of chloroplasts.
Further research with new perspectives and approaches is needed
to elucidate additional physiologically important nonenzymatic re-
actions that have yet to be found in plants.

MATERIALS AND METHODS
Plant materials and growth conditions
We used Arabidopsis (A. thaliana) accession Columbia-0 (Col-0;
CS60000) as the WT. Mutant lines were obtained from the Arabi-
dopsis Biological Resource Center (hy1-100, CS236; hy2-1, CS2068).
Arabidopsis seeds were surface sterilized and sown on Murashige
and Skoog (MS) medium with 0.5% (w/v) gellan gum and 1% (w/
v) sucrose. Arabidopsis seedlings were grown under continuous
light (fluorescent tubes, 25 μmol m−2 s−1) at 22°C and were trans-
ferred to vermiculite 11 days after sowing to set seeds. N. benthami-
ana plants were grown under a 16-hour light/8-hour dark
photoperiod at 25°C. M. polymorpha plants (Takaragaike-1) were
grown as previously reported (47).

Plasmid construction and transformation
All primers used for plasmid construction are listed in table S1.
Unless otherwise noted, polymerase chain reaction (PCR)–ampli-
fied DNA fragments and a synthetic DNA fragment were cloned
into the pENTR1a vector (Invitrogen) at the Sal I and Eco RV
sites using the In-Fusion HD Cloning Kit (Clontech) according to
the manufacturer’s instructions. For the cloning of TP-mCherry-
UnaG, DNA fragments that encode the N-terminal transit peptide
(79 amino acids) from Rbcs1A (48) were amplified by PCR using

Col-0 genomic DNA as a template. Genomic DNA was extracted
from Col-0 with the DNeasy Plant Mini Kit (QIAGEN) according
to the manufacturer’s instructions. The PCR products were joined
with the fragments encoding mCherry-UnaG, which was amplified
from pcDNA3-mCherry-UnaG, by recombinant PCR. For the
cloning of TP-UnaG, a linear pENTR1A-TP-UnaG fragment was
amplified by inverse PCR using pENTR1A-TP-mCherry-UnaG as
a template and circularized using the In-Fusion HD Cloning Kit.
The TP-UnaG-FLAG fragment was amplified from pENTR1A-
TP-UnaG. The synthetic DNA fragment encoding TP-BVRA was
designed according to a previous study (49) and prepared as a syn-
thetic double-stranded DNA (Integrated DNA Technologies; fig.
S3). For the cloning of NADK2, the full-length coding sequence
of NADK2 (29) was amplified by PCR using Col-0 cDNA as a tem-
plate. For the cloning of TP-tagRFP, the fragment encoding the N-
terminal transit peptide of Rbcs1A and the tagRFP fragment ampli-
fied from the pGWB459 vector (50) were joined by recombinant
PCR. The TP-mCherry-UnaG fragments cloned in pENTR1A
were recombined into the pGWB602 binary vector, which was de-
signed to express the cloned genes under the control of the cauli-
flower mosaic virus 35S promoter (50), using the Gateway LR
reaction (Invitrogen). Transgenic Arabidopsis plants were generat-
ed using the floral dip method (51). The TP-UnaG-FLAG, TP-
BVRA, and TP-tagRFP fragments were transferred to the
pGWB511 binary vector (50), which expresses the cloned genes as
a C-terminal FLAG-tagged fusion protein driven by the 35S pro-
moter. The NADK2 fragment was transferred to the pGWB560
binary vector (50), which expresses the cloned genes as a C-terminal
tagRFP-tagged fusion protein driven by the 35S promoter. For par-
ticle bombardment, the TP-UnaG fragment was transferred to the
pGWT35S vector, which places the cloned gene under the control of
the 35S promoter (52), using the Gateway LR reaction. For the prep-
aration of recombinant protein, UnaG fragments were amplified
from pcDNA3-mCherry-UnaG and cloned into pDONR207

Fig. 5. The bilirubin production pathway and its physiological functions. The conversion of heme to biliverdin is catalyzed by heme oxygenases, while the conversion
of biliverdin to phytochromobilin is catalyzed by phytochromobilin synthase (black arrows). Biliverdin reacts nonenzymatically with NADPH and is converted to bilirubin
(brown arrows). An excess of NADPH is produced upon the exposure to high-intensity light, and ROS and biliverdin production are accelerated (yellow arrows). Bilirubin
may contribute to the maintenance of the redox status in chloroplasts by reacting with excessive NADPH generated under high light and by reacting with ROS generated
by photosynthesis (white arrows).
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using the Gateway BP reaction (Invitrogen). A DNA fragment en-
coding amino acids 51 to 231 of AtHO1 was amplified from Arabi-
dopsis cDNA (26) and cloned into the pENTR1a vector. Total RNA
extraction and reverse transcription were performed according to a
previous study (53). The UnaG and AtHO1 fragments were trans-
ferred to the pDEST17 vector (Invitrogen), which is designed to
express the cloned genes as a 6×His-tag fusion protein in Escheri-
chia coli, using the LR reaction.

Transient expression by particle bombardment and
agroinfiltration
pGWT35S-TP-UnaG was delivered into N. benthamiana, Arabi-
dopsis, and M. polymorpha by particle bombardment according
to previously published protocols with minor modifications (54).
True leaves of 4-week-old N. benthamiana plants or 11-day-old
Arabidopsis seedlings were placed on top of plates containing
0.4% (w/v) agarose and bombarded using 650 and 900 psi of
rupture discs, respectively. One-day-old gemmalings of M. poly-
morpha growing on the medium were bombarded using 900 psi
of rupture discs (55). All samples were visualized by confocal mi-
croscopy 24 hours after bombardment. For agroinfiltration, Agro-
bacterium (Rhizobium radiobacter) strain GV2260 harboring
pGWB602-TP-UnaG, pGWB602-TP-mCherry-UnaG, pGWB560-
NADK2, pGWB511-TP-UnaG-FLAG, pGWB511-TP-BVRA, or
pGWB511-TP-tagRFP was cultured, and the cells were collected
by centrifugation and resuspended in pure water to a final optical
density of 1.0 at 600 nm. Single or mixed Agrobacterium cultures
were infiltrated into true leaves of 4-week-old N. benthamiana.
The leaves were used for experiments 2 or 3 days after infiltration.

Immunopurification of holoUnaG from plant cells
About 1 g of N. benthamiana leaves infiltrated with pure water or
Agrobacterium cells harboring pGWB511-TP-UnaG-FLAG was
collected. All subsequent procedures were performed at 4°C. The
leaves were ground in a mortar and pestle with 5 ml of 1× phos-
phate-buffered saline (PBS; pH 7.4). The homogenate was filtered
through two layers of Miracloth (Merck) and centrifuged at 3000g
for 10 min. The supernatant was mixed with 100 μl of anti-
DYKDDDDK (FLAG) tag antibody beads (Wako) and rotated for
5 hours. The mixture was transferred to a Poly-Prep Chromatogra-
phy Column (Bio-Rad) to trap the affinity beads, which were sub-
sequently washed twice with 5 ml of 1× PBS. The affinity beads were
resuspended in 150 μl of 1× PBS, and UnaG florescence was ob-
served under blue light. Further analysis was performed with
UnaG bound to the affinity beads. Immunoblot analysis was
carried out as described previously using an anti-DYKDDDDK
(FLAG) antibody (Wako) and an anti-mouse antibody (Thermo
Fisher Scientific) (56). Fluorescence excitation and emission
spectra of ipUnaG were acquired using an F-2700 fluorescence
spectrophotometer (Hitachi).

Recombinant protein preparation
The recombinant proteins 6×His-tagged UnaG and AtHO1 were
purified using the QIAexpress Ni-NTA Protein Purification
System (QIAGEN). The pDEST17-UnaG and pDEST17-AtHO1
plasmids were transformed into E. coli BL21-AI (Invitrogen). The
E. coli cells harboring each plasmid were cultured in LB medium at
37°C to an optical density at 600 nm of 0.4, and the production of
UnaG was induced by the addition of 20% (w/v) D-(−)-arabinose

(final concentration of 0.1%, w/v). After cultivation at 16°C for 24
hours, the cells were pelleted and resuspended in 1× tris-buffered
saline (TBS) [20 mM tris-HCl (pH 7.9) and 500 mM NaCl]. The
resuspended cells were sonicated on ice (SONIFIER 250,
Branson) and centrifuged at 12,000g at 4°C for 15 min. Only
when purifying recombinant holoUnaG (holorcUnaG) was a solu-
tion of bilirubin (Wako) added to the supernatant to a final concen-
tration of 100 μM for holoUnaG formation. The supernatant was
mixed with Ni-NTA Agarose (QIAGEN) and rotated at 4°C for
30 min. The mixture was transferred to a Poly-Prep Chromatogra-
phy Column to trap the agarose resin and subsequently washed
twice with five bed volumes of 1× TBS. The recombinant proteins
were eluted from the resin by adding elution buffer [20 mM tris-
HCl (pH 7.9), 500 mM NaCl, and 1 M imidazole] and buffer ex-
changed by PD-10 gel filtration column (Cytiva) for further exper-
iments [1× PBS for apoUnaG and holorcUnaG or 100 mM
potassium phosphate buffer (pH 7.2) for AtHO1]. Fluorescence ex-
citation and emission spectra of holorcUnaG were acquired using
an F-2700 fluorescence spectrophotometer (Hitachi).

In vitro heme oxygenase assay
An in vitro heme oxygenase assay was performed according to a
previous study (25, 26). The following reagents were mixed and in-
cubated at 25°C for 8 hours in a final volume of 100 μl: 5 μM recom-
binant AtHO1, 40 μM hemin (Tokyo Chemical Industry, catalog
no. H0008), bovine serum albumin (60 μg/ml; Merck, catalog no.
A9647), 4.6 μM ferredoxin (Merck, catalog no. F5875), ferredox-
in-NADP+ reductase (0.025 U/ml; Merck, catalog no. F0628), 10
μM catalase (Merck, catalog no. 219261), 6.5 mM glucose-6-phos-
phate (Merck, catalog no. 10127647001), G6PD (Merck, catalog no.
G7877), 0.82 mM NADP+ (Wako, catalog no. 308-50463), and 5
mM sodium ascorbate (Tokyo Chemical Industry, catalog no.
A0539). These reagents were dissolved in 100 mM potassium phos-
phate buffer (pH 7.2) or DMSO according to the previous study
(26). The reactions were stopped and their proteins removed by
mixing water (reaction solution), methanol, and chloroform to a
0.9:1:1 ratio. Following centrifugation at 13,000g for 5 min, the
upper layer was collected, dried, and then dissolved in 10 μl of
DMSO. In Fig. 2E, biliverdin was added in place of AtHO1,
hemin, and the indicated enzymes or coenzyme. The reaction prod-
ucts were mixed with an equal volume of 10 μM apoUnaG, and
UnaG florescence was observed under blue light.

Nonenzymatic reaction of biliverdin and NADPH in vitro
Biliverdin (Toronto Research Chemicals, catalog no. B386400) and
NADPH (Wako Chemicals, catalog no. 44332000) were dissolved in
DMSO and 100 mM potassium phosphate buffer (pH 7.2) and then
mixed in 100 mM potassium phosphate buffer (pH 7.2) at 25°C.
After 8 hour incubation, the reaction products were mixed with
an equal volume of 10 μM apoUnaG, and UnaG florescence was ob-
served under blue light. Biliverdin degradation was monitored by
absorbance at 620 nm with a Multiskan FC Microplate Reader
(Thermo Fisher Scientific) at 25°C. The reaction product (250 μl)
after 24-hour incubation was lyophilized and dissolved in 15 μl of
chloroform:methanol (1:1). The bilirubin and biliverdin standards
were diluted in chloroform:methanol (1:1). The samples and 10
nmol of commercial biliverdin and bilirubin were loaded onto
Merck 60 F254-coated silica gel plates (0.25 mm in thickness) and
separated in chloroform:methanol:water (65:25:3).
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Confocal microscopy
Live-cell fluorescence imaging was performed with an SP8X confo-
cal microscope system (Leica Microsystems) equipped with Fluotar
VISIR 25× and HC PL APO CS 63× water-immersion lenses. Plant
samples were mounted onto glass slides in pure water and topped
with a coverslip. All images were taken in photon counting mode
with the time-gating method (57). UnaG, mCherry, and
H2DCFDA were excited with 498-, 554-, and 484-nm lasers from
the white light laser source and detected at 510 to 545, 565 to 636,
and 494 to 545 nm by hybrid detectors, respectively. Chlorophyll
autofluorescence was detected at 655 to 743 nm by a photomultipli-
er tube detector. Images were taken at 100 Hz/1024 × 1024 pixels in
sequential scan mode. The z-projection images of Figs. 3A and 4A
were reconstructed from z-stack images captured in 3.5-μm inter-
vals. Three-dimensional (3D) images of Fig. 1F were reconstructed
from z-stack images taken at 100 Hz/256 × 256 pixels in 0.35-μm
intervals using 3D viewer in Leica Application Suite X software.
Lasers were irradiated using a sequential scan between frames. In
each frame, lasers of 470, 530, 590, or 650 nm with 15% intensity
from the 70% power white light laser source were irradiated to the
regions of interest. The lasers of four different wavelengths were ir-
radiated at 400 Hz/512 × 512 pixels (1.295 s per frame) in turn for
2 hours.

Measurement of bilirubin levels
For the quantification of bilirubin levels or UnaG and mCherry
fluorescence intensities, confocal images of UnaG and mCherry
were taken at 100 Hz/1024 × 1024 pixels with the Fluotar VISIR
25× water-immersion lens. Each circular region of interest with 5
× 5 pixels was randomly set on the target plastids in different
cells, and fluorescence intensities of UnaG and mCherry were mea-
sured with Fiji software (58). Bilirubin levels inN. benthamiana leaf
epidermal cells were calculated as the mean value of UnaG fluores-
cence intensity. Bilirubin levels in epidermal cells of Arabidopsis
were calculated with the following formula

bilirubin level ¼
1
n

Xn

i¼1
xi
y
yi

� �

where x is UnaG fluorescence intensity, y is mCherry fluorescence
intensity, and y is average mCherry fluorescence intensity.

For mesophyll cells, the following formulawas used to normalize
the fluorescence attenuation due to sample thickness

bilirubin levels ¼
yepi

y
1
n

Xn

i¼1
xi
y
yi

� �" #

¼
1
n

Xn

i¼1
xi
yepi

yi
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where yepi is average mCherry fluorescence intensity in the epider-
mis of cotyledons.

Investigation of the antioxidant function of bilirubin
in planta
N. benthamiana leaves from the same position along the main stem
were infiltrated with Agrobacterium cells harboring pGWB511-TP-
BVRA or pGWB511-TP-tagRFP and analyzed 2 days after infiltra-
tion. The quantum yield photochemistry of photosystem II (Fv/Fm)
was measured with a JUNIOR-PAM chlorophyll fluorometer
(Walz). Measurements were made on the Agrobacterium-infiltrated
leaves of three individual plants. The Fv/Fm values were measured at

three points on a leaf, and the average value was used as single-
sample data. Three leaf discs (5 mm in diameter) that were taken
from the Agrobacterium-infiltrated leaves in three plants were im-
mersed in 50 μM H2DCFDA (Invitrogen) for 30 min by pressure
infiltration with a syringe and subsequently washed with pure
water. Fluorescence images were taken with a Leica SP8X as de-
scribed above. H2DCFDA fluorescence intensities in chloroplasts
were measured with Fiji software.

Mass spectrometry analysis
Mass spectrometry analysis of proton adduct ions was performed
with a triple quadrupole/linear ion trap instrument (LIT)
(QTRAP5500, AB Sciex) with an electrospray source. MS and
MS2 spectra were recorded in product ion scan mode using LIT.
Ion source was maintained at 450°C with curtain gas at 30 psi, col-
lisionally activated dissociation gas at 9 psi (12 psi for LIT), ion
source gas at 80 psi, and ion source gas 2 at 70 psi. Ion spray
voltage was set to 5000 V in positive ion mode and − 3500 V in neg-
ative ion mode. Declustering, entrance, and collision cell exit poten-
tials were maintained at 60, 15, and 9 V, respectively. HPLC
separation was performed on an ultrahigh-performance liquid
chromatograph (Nexera X2, Shimadzu) equipped with a C8
column (YMC-Triart C8, ϕ 2.1 × 150 mm, 1.9 μm; YMC). The
column oven temperature was maintained at 40°C. The mobile
phase consisted of acetonitrile (solvent A) and water (solvent B),
both of which contained 0.1% (v/v) acetic acid. HPLC separation
was conducted with a linear gradient of 10% A (0 min) to 45% A
(15 min) at a flow rate of 0.2 ml/min.

Supplementary Materials
This PDF file includes:
Figs. S1 to S3
Table S1
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V I RO LO GY

Human SAMD9 is a poxvirus-activatable anticodon
nuclease inhibiting codon-specific protein synthesis
Fushun Zhang1, Quanquan Ji2, Juhi Chaturvedi3, Marisol Morales1, Yuanhui Mao2,
Xiangzhi Meng1, Leiming Dong2, Junpeng Deng3, Shu-Bing Qian2*, Yan Xiang1*

As a defense strategy against viruses or competitors, some microbes use anticodon nucleases (ACNases) to
deplete essential tRNAs, effectively halting global protein synthesis. However, this mechanism has not been
observed in multicellular eukaryotes. Here, we report that human SAMD9 is an ACNase that specifically
cleaves phenylalanine tRNA (tRNAPhe), resulting in codon-specific ribosomal pausing and stress signaling.
While SAMD9 ACNase activity is normally latent in cells, it can be activated by poxvirus infection or rendered
constitutively active by SAMD9 mutations associated with various human disorders, revealing tRNAPhe deple-
tion as an antiviral mechanism and a pathogenic condition in SAMD9 disorders. We identified the N-terminal
effector domain of SAMD9 as the ACNase, with substrate specificity primarily determined by a eukaryotic
tRNAPhe–specific 2′-O-methylation at the wobble position, making virtually all eukaryotic tRNAPhe susceptible
to SAMD9 cleavage. Notably, the structure and substrate specificity of SAMD9 ACNase differ from knownmicro-
bial ACNases, suggesting convergent evolution of a common immune defense strategy targeting tRNAs.
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INTRODUCTION
Transfer RNAs (tRNAs) are one of the most conserved components
of protein synthesis machinery. They are also a major target for
protein toxins used by microbes to impede virus infection, mitigate
cellular stress, or eliminate competing organisms (1). Many tRNA-
targeting protein toxins are anticodon nucleases (ACNases) that
cleave at the anticodon stem loops (ASLs), leading to depletion of
specific tRNAs from cellular pools and a block in protein synthesis.
Notable examples of ACNases include Escherichia coli PrrC, which
is activated upon T4 phage infection and serves as an innate defense
against phages (2), and E. coli Colicin E5 (1) and Kluyveromyces
lactis γ-toxin (3), which are secreted from producing cells to
arrest growth of competing bacterial or yeast cells. tRNA cleavage
is also associated with some stress responses in eukaryotic cells
(4), but the cleavage does not substantially reduce cellular tRNA
pools, and no tRNA-depleting ACNases have been reported for
multicellular eukaryotes.

In vertebrate animals, interferon-regulated innate immune
system serves as the first line of defense against viruses, and
innate antiviral factors can pose as host restriction factors that
block the replication of certain groups of viruses. A paralogous
pair of mammalian interferon-stimulated gene products, sterile
alpha motif domain–containing 9 (SAMD9) and SAMD9-like
(SAMD9L) (SAMD9/9L), are potent restriction factors for poxvi-
ruses (5–7), a family of DNA viruses that include monkeypox
virus and vaccinia virus (VACV). Conversely, mammalian poxvi-
ruses have evolved multiple inhibitors of SAMD9/9L (5, 6, 8, 9),
without which they would fail to replicate in mammalian cells
due to a block in protein synthesis (10–12). In addition to their

antiviral activities, SAMD9/9L also have antiproliferative activities.
Germline mutations in SAMD9/9L cause a range of human diseas-
es, including around 10% of the inherited bone marrow failure syn-
dromes (13, 14) and several rare multisystem disorders (15–17). The
mutations are mostly missense mutations that result in a gain of
function (GoF) in inhibition of cell proliferation (14, 15) and
protein synthesis (18–20).

SAMD9/9L are ubiquitously expressed cytosolic proteins with a
predicted domain architecture (21) resembling that of the STAND
(signal transduction adenosine triphosphatases with numerous as-
sociated domains) (22) superfamily of immune sensors, which in-
cludes the nucleotide-binding oligomerization domain (NOD)–like
receptors (23). STAND proteins share a conserved tripartite domain
architecture, consisting of a C-terminal sensor that recognizes
danger- or pathogen-associated molecular patterns (PAMPs), a
central NOD that mediates the formation of a supramolecular
complex, and an N-terminal effector that is allosterically activated
to exert the downstream effect. Consistently, an N-terminal effector
domain was recently identified in SAMD9/9L, and its functions
were found to be closely linked to its ability to bind double-stranded
nucleic acid (dsNA) in vitro (18). In this study, we found how
SAMD9/9L inhibit viral replication and protein synthesis with the
effector domain, which unexpectedly shares a functional connec-
tion with microbial ACNases.

RESULTS
FTSJ1-mediated 2′-O-methylation of tRNA wobble position
is critical for host restriction of VACV
SAMD9, WD repeat domain 6 (WDR6), and FtsJ RNA 2’-O-meth-
yltransferase 1 (FTSJ1) were previously identified by a human
genome-wide RNA interference screen (6) and subsequently con-
firmed with individual gene knockout in HeLa cells (11), as host re-
striction factors for a VACV mutant that lacks two viral SAMD9/9L
inhibitors (7) (referred to as vK1−C7−). However, how they are con-
nected in restricting VACV was unknown. FTSJ1 is an RNA
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methyltransferase that interacts separately with thyroid adenoma-
associated protein (THADA) and WDR6 to install 2′-O-ribose
methylation at positions 32 and 34 of certain tRNA species (24), re-
spectively. The coidentification of WDR6 but not THADA from the
same genome-wide screen suggests that tRNA methylation at posi-
tion 34 is important for the host restriction. To test this idea, we
knocked out FTSJ1 from HeLa cells and reconstituted the FTSJ1
KO cells (ΔFTSJ1) with a Dox-inducible FTSJ1 allele. As expected,
FTSJ1-deficient cells failed to restrict vK1−C7−. Induction of
FTSJ1–wild type (WT) expression to different levels restored the re-
striction in a dose-dependent manner (Fig. 1A). By contrast, FTSJ1
with K28A or A26P mutation failed to restore the restriction
(Fig. 1B). The K28A mutation of the catalytic site completely inac-
tivates the methyltransferase activity, while the A26P mutation spe-
cifically disrupts methylation at position 34 but leaves methylation
at position 32 intact (25). These results indicate that 2′-O-methyla-
tion at position 34—the wobble position of the anticodon—is crit-
ical for host restriction of vK1−C7−.

SAMD9 is a VACV-activatable endoribonuclease with an
exquisite specificity for 2′-O-methylated tRNAPhe

In human cells, tRNAPhe, tryptophan tRNA (tRNATrp), and leucine
tRNA with CAA anticodon (tRNALeu(CAA)) are known to be meth-
ylated at position 34 by FTSJ1 (26, 27). Among them, tRNAPhe has
been identified as the most biologically important substrate for
FTSJ1 across eukaryotes (26, 28). We thus focused on tRNAPhe to
decipher the functional connection between SAMD9 and FTSJ1/
WDR6 in host restriction of vK1−C7−. We infected WT and
ΔFTSJ1 HeLa cells with vK1−C7− and analyzed tRNAPhe by North-
ern blot (Fig. 1C). In WT HeLa cells, tRNAPhe level decreased con-
tinuously during the first few hours of infection, reaching a steady
state of ~40 to 50% of the original level by 4 to 6 hours postinfection
(hpi). Two tRNAPhe fragments appeared at 2 hpi when full-length
(FL) tRNAPhe level was still relatively high, suggesting that tRNAPhe

was cleaved into two fragments before being completely degraded.
The degradation only requires the early phase of viral replication, as
it was not affected when replication was blocked at genome replica-
tion by cytosine arabinoside (AraC). In ΔFTSJ1 cells, tRNAPhe level
was also reduced after vK1−C7− infection, but the degree of reduc-
tion was relatively small. tRNAPhe was not degraded in HeLa cells
after WT VACV infection or in SAMD9 and SAMD9L KO
(ΔSAMD9&L) cells after vK1−C7− infection (shown later), indicat-
ing that SAMD9 or SAMD9L is required for the degradation.

We recently identified an effector domain in SAMD9/9L that
binds to dsNAs (18). Given that tRNA is highly structured and con-
tains many ds regions, we reasoned that this effector domain was
responsible for degrading tRNAPhe. The incubation of recombinant
SAMD9134–385 protein with total RNA from HeLa cells produced
two distinct RNA fragments, which were abundant enough to be
visualized with only nucleic acid staining (Fig. 1C). Northern blot
identified the large [~50 nucleotides (nt)] and the small (~30 nt)
fragments to be 3′ and 5′ end of tRNAPhe, respectively. They were
identical in size to the two tRNAPhe fragments transiently present in
infected cells. With increasing incubation time, an increasing
amount of tRNAPhe was cleaved by SAMD9134–385, but the cleavage
products were not degraded (Fig. 1D), suggesting that further deg-
radation of tRNA fragments in infected cells is likely mediated by a
separate exonuclease. Notably, tRNALeu(CAA) as well as six other
tRNAs that we specifically tested for were not cleaved by

SAMD9134–385 or degraded in cells infected with vK1−C7−

(Fig. 1C and fig. S1). SAMD9134–385 did not cleave tRNAPhe from
ΔFTSJ1 cells under our in vitro assay condition (Fig. 1E), indicating
that tRNA 2′-O-methylation is critical for substrate specificity.
Because of its unique specificity for 2′-O-methylated tRNAPhe, we
named the SAMD9 effector domain (SAMD9134–385) tRNA ribonu-
clease (tRNase) SA (for SAMD9/9L).

tRNA binding and active site of tRNase SA
We previously solved the crystal structure of SAMD9156–385 in
complex with DNA and identified a dsNA binding site that is essen-
tial for antiviral and antiproliferative activities of SAMD9 (Fig. 2A)
(18). With a gel mobility shift assay, we found that tRNase SA
formed a stable complex with purified yeast tRNAPhe, and the
binding is mediated by the previously identified dsNA binding res-
idues, including K198, K214, and R221. Specifically, K198E, K214E,
and R221E mutations abolished, while K350E and K242Emutations
reduced the binding (Fig. 2B). Consistently, these mutations affect-
ed the cleavage of human tRNAPhe by tRNase SA to different
degrees (Fig. 2C).

We found that a divalent cation is required for tRNase SA cleav-
age of tRNAPhe. While Mn2+ is preferred over Mg2+, Ca2+ and Zn2+

do not support the cleavage of tRNAPhe (Fig. 2D). This rather strin-
gent selection of divalent cation is a characteristic of nucleases that
use two metal ions, coordinated by acidic residues, for catalysis (29).
Upon close examination of the structure of SAMD9156–385/dsDNA
complex, we identified a cluster of conserved acidic residues on the
protein’s surface near the dsNA binding site (Fig. 2A and fig. S2A).
To investigate whether this cluster could represent the active site, we
performed mutagenesis studies on these residues. In SAMD9,
D345A substitution had no significant effect on its antiviral activity
against VACV, while D192A partially reduced the antiviral activity
(Fig. 2E). Furthermore, E184A, E196A, E218A, and D241A substi-
tutions resulted in complete loss of the antiviral activity (Fig. 2E),
indicating that these four acidic residues are essential for SAMD9
function. Recombinant SAMD9156–385 proteins with E184A,
E196A, E218A, or D241A substitutions could be purified similarly
to the WT version and exhibited comparable binding to yeast
tRNAPhe (Fig. 2B), suggesting that the mutations do not affect
protein folding. However, the mutations abolished the cleavage of
human tRNAPhe (Fig. 2C). These data collectively support the idea
that E184, E196, E218, and D241 serve as the active site residues for
tRNase SA in SAMD9.

tRNase SA targets the ASL with a 2′-O-methylguanosine
While tRNase SA forms a stable complex with yeast tRNAPhe at 4°C
with no sign of cleavage (Fig. 2B), we found that it cleaves yeast
tRNAPhe at 37°C (fig. S3A). To identify the cleavage site, we isolated
the cleavage products and determined their molecular weights
(MWs) by mass spectrometry (fig. S3A). This analysis revealed
that SAMD9134–385 cleaves between nucleotides 31 and 32, produc-
ing termini with 5′-phosphate and 3′-OH. We next examined the
cleavage products using total RNAs from HeLa cells. Only the
small cleavage product was purified with sufficient quantity for
MW determination, and it belongs to the first 31 nucleotides of
human tRNAPhe with a 3′-OH (fig. S3A). Therefore, tRNase SA spe-
cifically cleaves tRNAPhe among the numerous RNA species in
human cells by targeting the same cleavage site as that of yeast
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Fig. 1. SAMD9 is a VACV-activatable endoribonuclease specifically targeting tRNAPhe. (A) HeLa cells with a Dox-inducible FTSJ1–wild type (WT) allele were induced
to express different amount of FTSJ1 with varied Dox concentrations (0.1 to 1 μg/ml) for various time (3 to 24 hours). The FTSJ1 protein (arrowhead) and a nonspecific
protein were detected by the anti-FTSJ1 antibody. The position of the 37-kDa molecular weight (MW) marker is shown. The abilities of the cells to restrict a SAMD9-
sensitive mutant VACV (vK1−C7−) were determined by measuring the viral titers [plaque-forming units (PFU) per milliliter] at 0 and 24 hours postinfection (hpi) with
plaque assays on Vero cells. (B) HeLa cells were engineered to express no FSTJ1 (ΔFTSJ1) or different FTSJ1 mutants under a Dox-inducible promoter. FTSJ1-K28A mutant
is catalytically inactive, while FTSJ1-A26P mutant is defective of methylating at position 34 of certain tRNAs. 2′-O-methylations are indicated by the red lines in the tRNA
schematics. (C) WT and ΔFTSJ1 HeLa cells were infected with vK1−C7− for the indicated time (2 to 8 hours). 8 + A, infection for 8 hours in the presence of cytosine
arabinoside (AraC). Separately, total RNAs from uninfected HeLa cells were incubated with recombinant SAMD9134–385 protein. RNAs resolved on a denaturing gel
were stained with SYBR Gold. Lane M contains an RNA ladder, the sizes of which (in bases) are indicated on the left. Northern blots were performed with two probes
complementary to 5′ or 3′ end of tRNAPhe or one probe complementary to 3′ end of tRNALeu(CAA). Numbers below the gel are relative band intensities with respect to that
in uninfected cells. Black or white arrowheads point to the tRNAPhe cleavage products. (D) Total RNAs from HeLa cells were incubated with SAMD9134–385 protein for the
indicated time (0.5 to 4 hours). FL, full-length tRNA. (E) Total RNAs from HeLa (WT) or ΔFTSJ1 (ΔFt1) cells were incubated with SAMD9134–385 protein for 1 hour.
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Fig. 2. tRNA binding and active site of SAMD9134–385. (A) Part of the crystal structure of SAMD9156–385/DNA complex (Protein Data Bank, 7ksp) is shown with residues
that have been targeted for mutagenesis depicted. Residues that are essential for SAMD9134–385 cleavage of tRNAPhe are underlined with putative binding and active site
residues colored in cyan and red, respectively. (B) Effects of the mutations on SAMD9134–385 binding of yeast tRNAPhe in a gel mobility shift assay. Purified SAMD9134–385

proteins were incubated with yeast tRNAPhe at 2:1 molar ratio and ran on an agarose gel. Ethidium bromide (EtBr)–stained gel is shown. (C) Effects of the mutations on
SAMD9134–385 cleavage of human tRNAPhe. Total RNAs from HeLa cells were incubated with SAMD9134–385 protein for 1 hour. tRNAPhe fragments were detected by North-
ern blot. (D) Divalent cation requirements for SAMD9134–385 activities. Total RNAs from HeLa cells were incubated with SAMD9134–385 in the presence of the indicated
concentrations (1 or 4 mM) of cations for 1 hour. tRNAPhe fragments were detected by Northern blot. FL, full-length tRNA. (E) The effect of the mutations on SAMD9
antiviral activities. Human embryonic kidney (HEK) 293T cells were transfected with mCherry-SAMD9 fusions for 36 hours and infected with vK1−C7−/GFP+ for 15 hours.
Infection rates (GFP+%) among SAMD9-expressing and nontransfected control cells from the same culture well were simultaneously determined with flow cytometry.
Relative infection rates between SAMD9-expressing and nontransfected cells are derived from the flow cytometry data shown in fig. S2B. Statistics: one-way ANOVA
compared to the WT (****P < 0.0001).
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tRNAPhe, which is the phosphodiester 5′ to the first nucleotides of
the anticodon loop.

To determine the tRNase SA substrate specificity, we focused ini-
tially on regions conserved between human and yeast tRNAPhe,
which include the D arm and most of the anticodon arm (fig.
S3A). tRNase SA efficiently cleaved a 38-nt synthetic RNA, contain-
ing only the D arm, the anticodon arm, and the variable loop, at the
phosphodiester 5′ to the anticodon loop (Fig. 3A). The 3′ cleavage
product was readily degraded by yeast exonuclease Xrn-1 (Fig. 3B),
confirming that it has the 5′ monophosphate, which is required for
Xrn-1 degradation. Deletion of the variable loop or base substitu-
tions of the anticodon stem or the last two positions of the antico-
don did not affect the cleavage efficiency or the cleavage site (fig.
S3B). Last, a 17-nt synthetic RNA containing only the anticodon
arm was found to be efficiently cleaved at 5′ to the anticodon
loop (fig. S3C). Notably, these RNAs were all synthesized with 2′-
O-methylation at the wobble position but lack all other modifica-
tions in human tRNAPhe (fig. S3A).

We further assessed the substrate specificity of tRNase SA using
additional synthetic variants of the 17-nt RNA. The absence of 2′-
O-methylation at the wobble position greatly reduced cleavage, even
if the position corresponding to tRNAPhe C32 was 2′-O-methylated
(Fig. 3C). A 17-nt linear RNA incapable of forming a stem was not
cleaved, while a 13-nt RNA forming just a stem of 3 base pairs (bp)
was cleaved (Fig. 3D). Substituting the wobble base with pyrimi-
dines greatly reduced cleavage, while substituting its adjacent posi-
tion with any bases had no negative impact (Fig. 3E). Unlike metal-
independent RNases (29), 2′-OH immediate 5′ to the scissile phos-
phodiester was not required for the cleavage, but substituting ribose
with deoxyribose in the stem or the loop abolished the cleavage (fig.
S3F). These and additional results in fig. S3 (E and F) collectively
showed that tRNase SA cleaves an RNA stem loop with the
feature shown in Fig. 3F: (i) a loop of 7 or 8 nt and a stem of at
least 3 bp, (ii) a pyrimidine base at the first position of the loop,
and (iii) a 2′-O-methylated purine base at the third position of
the loop (corresponding to wobble position). The substrate specif-
icity of tRNase SA therefore fully explains the exquisite specificity of
SAMD9 on tRNAPhe and the requirement of FTSJ1 for SAMD9 ac-
tivity, as tRNAPhe is the only tRNA that is known to have the 2′-O-
methylated purine at position 34. Other eukaryotic tRNAs known
or suspected to be methylated by FTSJ1 at position 34, including
tRNATrp(CCA) and tRNALeu(CAA), have a pyrimidine base at the
wobble position.

To further delineate the boundary of the tRNase SA domain, we
tested a more compact domain of SAMD9, SAMD9156–385, which
removes 22 amino acids from the N terminus of SAMD9134–385.
In addition, to expand our study to SAMD9L, we expressed and pu-
rified the corresponding fragment of SAMD9L, SAMD9L158–388.
Both SAMD9156–385 and SAMD9L158–388 cleaved the natural
tRNAPhe and the 38-nt synthetic substrate (fig. S3, G to I).

SAMD9 depletes cellular tRNAPhe and causes codon-specific
ribosomal pausing
To comprehensively evaluate the effect of SAMD9 on intracellular
tRNAs, we used a modified tRNA sequencing approach to quantify
tRNA levels in cells infected with VACV. Relative to cells infected
with WT VACV, vK1−C7− infection markedly reduced the level of
tRNAPhe by nearly 10-fold, but not other tRNAs (Fig. 4A and fig.
S4A). We next conducted ribosome profiling [ribosome sequencing

(Ribo-seq)] to determine the impact of tRNAPhe depletion on global
protein synthesis. With superior 3-nt periodicity of ribosome foot-
prints, ribosome positions can be determined with high precision as
evidenced by prominent peaks at start and stop codons (fig. S4B).
We calculated the A-site ribosome occupancy at individual codons
by averaging the read density from the entire transcriptome. This
analysis revealed a marked increase in the read density at two Phe
codons UUU (~3.6-fold) and UUC (~2.6-fold) that are decoded by
the single tRNAPhe, in cells infected with vK1−C7−, relative to that
in cells infected with WT VACV or uninfected cells (fig. S4D). To
avoid the cascading effect of viral replication on cell physiology and
to synchronize WT and vK1−C7− VACV replication at the early
stage (fig. S5B), we repeated the experiments by conducting virus
infection in the presence of AraC to block viral DNA replication.
Under this condition, the elevated read density at both Phe
codons became more prominent in cells infected with vK1−C7−

(~5.8-fold for UUU and ~3.6-fold for UUC) (Fig. 4B).
To substantiate this finding further, we performed additional

studies on BT20 cells with Dox-inducible expression of WT
SAMD9 or a GoF mutant SAMD9R1293W that we characterized re-
cently (18). Without virus infection, the expression of
SAMD9R1293W, but not WT SAMD9, decreased cellular tRNAPhe

level by ~50% with Northern blot analysis (Fig. 4C). The level of
tRNALeu(CAA) remained comparable, supporting the specificity of
tRNA targeting by SAMD9. Furthermore, we tested additional
GoF SAMD9/9L variants in 293T cells, including R982C and
E1136Q of SAMD9, as well as W1180R and F886Lfs*11 of
SAMD9L, by transient transfection in 293T cells. All the GoF var-
iants that we tested depleted tRNAPhe but had little effect on
tRNALeu(CAA) (fig. S4, E to H). A single substitution in the effector
domain (R221E or R223E) that disrupted tRNAPhe binding in vitro
also prevented the GoF variants from depleting tRNAPhe. Mutations
of other tRNA binding residues and the putative catalytic site also
prevented SAMD9R982C from depleting tRNAPhe (fig. S4E).

We performed Ribo-seq analysis on BT20 cells with Dox-induc-
ible expression of SAMD9R1293W. The two Phe codons UUU and
UUC showed a marked increase of read density at the A-site
(~8.6- and 5.3-fold, respectively) upon Dox treatment (Fig. 4D).
Similar to vK1−C7− infection, the pausing at the UUU codon was
greater than at the UUC codon, presumably because the relatively
weaker binding affinity of the UUU codon with tRNAPhe, due to the
non–Watson-Crick U:G base pairing at the wobble position, makes
it more vulnerable to tRNAPhe depletion.

Activated SAMD9 triggers ribotoxic stress
To find out the common signaling cascade downstream of SAMD9
activation, we performed transcriptome analysis on the infected
HeLa cells and compared it to previous results from a GoF
SAMD9 variant (Fig. 5A and fig. S5A). SAMD9R1293W was previ-
ously shown to significantly induce 41 genes that are mostly associ-
ated with proteotoxic stress response (18). Nine of the 41 genes were
also induced by more than fourfold in response to infection by
vK1−C7− but not by WT VACV (Fig. 5A). Among the nine
genes, activating transcription factor 3 (ATF3) was induced the
most with an increase of >60-fold. This was validated by reverse
transcription quantitative polymerase chain reaction (RT-qPCR)
analysis, which additionally showed that the ATF3 induction in in-
fected cells requires SAMD9 and partially requires FTSJ1 (Fig. 5B).
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Fig. 3. SAMD9134–385 is an ACNase with a specificity for the eukaryotic tRNAPhe. (A) A 38-nt synthetic RNAwith the depicted secondary structure was incubated with
SAMD9134–385 (WT or E184A) for 1 hour. The black arrowhead points to the cleavage site. MWs of different fragments are listed. The Xrn-1 symbol indicates that the 3′
fragment can be degraded by Xrn-1. m, 2′-O-methylation. The cleavage products were resolved on a denaturing gel and visualized after SYBR Gold staining. The sizes of
the RNA ladder (in bases) are shown on the left of the gel. The cleavage products were analyzed with electrospray ionization liquid chromatography mass spectroscopy.
The relative intensity and the MWs of the RNA species are shown. (B) The cleavage reaction was performed in the absence or presence of Xrn-1. The black arrowhead
points to the 3′ product that disappeared in the presence of Xrn-1. Note that the RNA was synthesized with a 5’-OH group. (C to E) Synthetic RNAs with the depicted
sequences were incubated with SAMD9134–385 for 1 hour. Sequences that differ from that of tRNAPhe were shown in gray background. The size of the arrows reflects the
relative cleavage efficiency. “X” indicates no cleavage. (F) The consensus RNA structure cleaved by SAMD9134–385.
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Persistent ribosome pausing is expected to cause ribosome col-
lision and subsequent ribotoxic stress, which is characterized by in-
creased eukaryotic translation initiation factor 2 subunit alpha
(eIF2α) phosphorylation and ATF3 induction (30). BT20 cells
with the expression of SAMD9R1293W induced ATF3 expression at
mRNA and protein levels (Fig. 5C and fig. S5C). Intriguingly,
knocking down tRNAPhe was sufficient to induce ribotoxic stress

as evidenced by eIF2α phosphorylation and the up-regulated
ATF3 expression (Fig. 5D). Notably, silencing tRNALeu showed
minimal effects on ATF3 induction (fig. S5D), presumably due to
its relative abundance.

Fig. 4. SAMD9 activated by VACV or through a GoF
mutation specifically depletes cellular tRNAPhe and
causes ribosomal pausing at Phe codons. (A) HeLa
cells were uninfected or infected with either WT or
vK1−C7− VACV for 8 hours. tRNAs were isolated from
total RNAs resolved on a denaturing gel, treated with a
tRNA demethylase and subjected to tRNA-seq. Levels
of different tRNA species in vK1−C7−-infected cells
with respect to that in WT VACV–infected cells are
ranked from the lowest to the highest. tRNAPhe is
highlighted in red. (B) HeLa cells were infected as in (A)
but in the presence of AraC to limit the infection to the
early phase. Ribosome sequencing (Ribo-seq) was
conducted, and global codon occupancy of all cellular
transcripts was analyzed. Codon occupancies in
vK1−C7−-infected cells with respect to that in WT
VACV–infected cells are ranked from the highest to the
lowest. Phe codons are shown in red. (C) BT20 cell lines
with a Dox-inducible SAMD9 allele (WT or
SAMD9R1293W) were either uninduced or induced with
Dox for 24 hours. tRNAPhe and tRNALeu(CAA) levels in
the cells were determined by Northern blot. The graph
summarizes the results from three biological repli-
cates. ns, not significant. (D) BT20 cells with a Dox-
inducible SAMD9R1293W allele were either uninduced
or induced with Dox for 24 hours. Ribo-seq was con-
ducted, and global codon occupancy of all cellular
transcripts was analyzed. Codon occupancies in Dox-
induced cells with respect to that in uninduced cells
are ranked from the highest to the lowest. Phe codons
are shown in red.
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Overexpression of tRNAPhe restores protein synthesis and
viral replication
We next tested whether SAMD9/9L–mediated inhibition of protein
synthesis and VACV replication can be alleviated by overexpression
of tRNAPhe. To assess protein synthesis at single-cell level, we fluo-
rescently labeled nascent cellular proteins with a puromycin analog
and performed flow cytometry analysis. As we showed previously
(18), transfection of mCherry-SAMD9R982C fusion into 293T cells
resulted in a strong inhibition of cellular protein synthesis in trans-
fected (mCherry+) cells, relative to nontransfected cells (mCherry−)
from the same culture well (Fig. 6A). Cotransfection of a plasmid
overexpressing tRNAPhe significantly increased cellular protein syn-
thesis, including the synthesis of mCherry-SAMD9R982C itself, in
transfected cells (Fig. 6C). In comparison, cotransfection of a

plasmid overexpressing tRNALeu had a minor effect (Fig. 6B). The
effect of tRNAPhe on cellular protein synthesis could also be detect-
ed from the total cell population by Western blot of puromycin-
labeled proteins (fig. S6C).

To quantify the antiviral activity, 293T cells transfected with
mCherry-SAMD9R982C were infected with vK1−C7− and analyzed
by flow cytometry. The antiviral activity of SAMD9R982C was reflect-
ed by ~10-fold reduction in infection rate in mCherry-
SAMD9R982C–expressing cells relative to that in nontransfected
cells from the same culture well (Fig. 6, E and N). Cotransfection
of the tRNAPhe plasmid increased the relative infection rate in trans-
fected cells by ~60% (Fig. 6, G and N), although the cellular level of
mCherry-SAMD9R982C was more than doubled by tRNAPhe overex-
pression (Fig. 6, G and M), indicating that the antiviral activity of

Fig. 5. Activated SAMD9 causes stress response associated with ATF3 induction. (A) RNA-seq was performed on HeLa cells that were uninfected or infected with
either WT or vK1−C7− (mut) VACV for 8 hours. Numbers of genes in mut VACV andWT VACV–infected cells that showed RPKM (reads per kilobase of transcript, per million
mapped reads) fold change (FC) greater than 4 with respect to uninfected cells are shown. A common set of nine genes were induced by SAMD9R1293W in BT20 cells and
by infection with themut VACV (but not theWT VACV) in HeLa cells. The fold changes are shown in the heatmap. (B) Depletion of cellular tRNAPhe and induction of ATF3 in
VACV-infected cells in a SAMD9- and FTSJ1-dependent manner. HeLa cells with SAMD9 and SAMD9L KO (ΔhSAMD9&L) or FTSJ1 KO (ΔFTSJ1) were infected with vK1−C7−

or WT VACV for 8 hours. tRNAPhe and ATF3 levels in the cells were determined by Northern blot and reverse transcription quantitative polymerase chain reaction (RT-
qPCR), respectively. ATF3 level is normalized with amitochondrial mRNA level in the cells. (C) SAMD9R1293W induces ATF3 expression and eIF2a phosphorylation. BT20 cell
lines with a Dox-inducible SAMD9 allele (WT or SAMD9R1293W) were either uninduced or induced with Dox for 24 hours. Proteins were detected with the indicated
antibodies in immunoblots. (D) Knockdown of cellular tRNAPhe induces ATF3 expression. Short hairpin RNA (shRNA) against tRNAPhe was transduced into BT20 cells.
tRNAPhe level was determined by RT-qPCR, and ATF3 and phosphorylated eIF2a levels were determined by immunoblots.
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Fig. 6. Overexpression of tRNAPhe reduces SAMD9 activities. (A to C) SAMD9 inhibition of global protein synthesis was reduced by tRNAPhe overexpression. HEK 293T
cells were transfected with mCherry-SAMD9R982C and a plasmid expressing tRNAPhe or tRNALeu and labeled withO-propargyl-puromycin (OPP) for 30 min. Representative
flow cytometry plots of OPP level relative to cellular mCherry level are shown. The OPP median fluorescence intensities in SAMD9-expressing cells are listed. (D) Nascent
protein synthesis levels in SAMD9R982C-expressing cells relative to nontransfected cells from the same culture wells are derived from the flow cytometry. (E to L) SAMD9
inhibitions of protein synthesis and viral replication were reduced by tRNAPhe in a dose-dependent manner. HEK 293T cells were cotransfected with a plasmid expressing
mCherry-SAMD9R982C and a plasmid expressing tRNAPhe or a mutant tRNAPhe and infected with vK1−C7−/GFP+. Infections among SAMD9-expressing and nontransfected
control cells from the same culturewell were simultaneously determinedwith flow cytometry. Representative flow cytometry plots are shown. (M) Themean fluorescence
intensity (MFI) of mCherry-SAMD9 in transfected cells and (N) the relative infection rates between SAMD9-expressing and nontransfected cells are derived from the flow
cytometry data. Statistics: one-way ANOVA (ns, not significant; *P < 0.1; ***P < 0.001; ****P < 0.0001).
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SAMD9R982C was attenuated. A mutant tRNAPhe with a 3-nt anti-
codon substitution had no effect on viral replication (Fig. 6, F and
N). tRNAPhe overexpression increased the cellular synthesis of
SAMD9R982C proteins in a dose-dependent manner (Fig. 6, I to
M), but the increase in the relative infection rate was nearly constant
(Fig. 6, I to L and N), probably because further reduction in SAMD9
antiviral activity was counterbalanced by the increased SAMD9
protein level in the same cells. Last, we obtained similar results
using WT and additional GoF mutants of SAMD9/9L by showing
that overexpression of tRNAPhe restored protein synthesis and viral
replication (fig. S6, A to C).

DISCUSSION
SAMD9/9L have recently emerged as critical antiviral factors and
myeloid tumor suppressors, with studies revealing their role as
host restriction factors for poxviruses (5–7) and GoF mutations in
SAMD9/9L as the underlying cause for a spectrum of human dis-
eases with myeloid involvement (14, 15, 31). SAMD9/9L are pre-
dicted to function similarly to the STAND superfamily of
signaling molecules, which share a conserved tripartite domain ar-
chitecture with an N-terminal effector, a central NOD, and a C-ter-
minal sensor. Recently, we identified an N-terminal dsNA binding
domain of SAMD9/9L as the effector responsible for their antiviral
and antiproliferative activities (18). However, the precise function of
this effector has remained elusive until our current study, where we
found that the effector acts as an ACNase, functioning as a specific
tRNA restriction enzyme that inhibits cellular protein synthesis and
restricts viral replication. This discovery of an intrinsic effector
function in eukaryotic STAND-like proteins is unexpected, as pre-
viously characterized eukaryotic STAND proteins all rely on adap-
tors to recruit additional cellular proteins to exert their effect (23).
For instance, the prototypical STAND protein, apoptotic peptidase
activating factor 1 (APAF1), a component of the apoptosome, uses a
caspase activation and recruitment domain (CARD) as its effector
to recruit and activate caspase 9, thereby initiating apoptosis (32).
The reliance on an intrinsic effector may enable SAMD9/9L to
mount a more rapid response to viral infections without the need
for an additional signaling step. Intriguingly, recent findings have
also revealed the presence of STAND proteins with intrinsic effector
functions in prokaryotes (33). A family of bacterial STAND proteins
that sense tailed phages was found to exert their antiviral functions
with diverse N-terminal nucleases (33), making SAMD9/9L mech-
anistically more similar to these prokaryotic antiviral STAND
proteins.

SAMD9/9L are ubiquitously expressed in various tissues (34),
but, under normal physiological conditions in HeLa cells and pre-
sumably other cells, they do not inhibit cellular protein synthesis or
degrade tRNA. Previous studies by us and others have demonstrated
that frameshift mutations truncating nearly the C-terminal half of
SAMD9L lead to a GoF phenotype, rendering SAMD9L constitu-
tively active in suppressing protein synthesis (18–20). This suggests
that SAMD9/9L are typically maintained in an inactive state
through autoinhibition by the C-terminal half, similar to other
STAND proteins involved in innate immunity. These STAND pro-
teins are allosterically activated once their C-terminal sensors bind
to specific PAMPs. Supporting this activation model, we found that
SAMD9 ACNase activity is activated upon VACV infection in HeLa
cells, resulting in cleavage of tRNAPhe and ribosomal pausing (Figs.

1C and 4B). Although the molecular patterns that activate SAMD9
have not yet been uncovered, it is evident that they are already
present during the early stage of VACV infection, even when viral
genome replication is blocked, as shown by the tRNAPhe degrada-
tion and ribosomal pausing under this condition (Figs. 1C and 4B).
Furthermore, the aforementioned SAMD9/9L activation model is
supported by the phenotypes of various GoF mutations. The mech-
anisms by which GoF mutations render SAMD9/9L constitutively
active in inhibiting cell proliferation are not fully understood, but it
is believed that these mutations eliminate self-inhibition mediated
by the C-terminal half, where nearly all GoF mutations occur. All
the GoF SAMD9/9L mutations that we analyzed, including frame-
shift and missense mutations, result in constitutive ACNase activity
(fig. S4, E to H).

The utilization of ACNases to deplete essential tRNAs and
thereby halt global protein synthesis represents a previously
unknown antiviral and antiproliferative mechanism in multicellular
eukaryotes. Recent studies have identified members of the mamma-
lian Schlafen protein family, which include several viral restriction
factors, as having an endoribonuclease domain that targets ribo-
somal RNA (rRNA) and/or tRNAs (35, 36). Among these, human
schlafen11 solely targets tRNAs, and it cleaves type II tRNAs
(tRNASer and tRNALeu) at the acceptor stem (37), inhibiting the
synthesis of a subset of proteins with atypical codon usage, includ-
ing HIV-1 proteins (38). In contrast, SAMD9 cleaves the essential
tRNAPhe at the anticodon loop, leading to the depletion of tRNAPhe

and inhibition of global protein synthesis. Similar mechanisms in-
volving ACNase depletion of essential tRNAs are found in the mi-
crobial world, although the microbial ACNases differ from tRNase
SA in terms of structure and substrate specificity. For example, E.
coli PrrC contains a higher eukaryotes and prokaryotes nucleo-
tide-binding (HEPN) domain (39) and cleaves tRNAlys(UUU) 5′ to
the wobble position (2), E. coli Colicin E5 contains a barnase,
EndoU, colicinD, RelE (BECR) domain and cleaves four different
tRNA species 3′ to the wobble position (40), and enteric bacterial
toxin VapC contains a PilT N-terminus (PIN) domain and
cleaves tRNAfMET at 3′ end of the anticodon loop (41). Most of
these microbial ACNases produce termini with a 2′-3′-cyclic phos-
phate and a 5′-OH group. In contrast, tRNase SA adopts a fold that
has no close match to others in the Protein Data Bank (18) and
cleaves tRNAPhe at the 5′ end of the anticodon loop, yielding
termini with a 3′-OH and 5′-phosphate group. Despite these differ-
ences, SAMD9 and the microbial ACNases have the similar effects
of depleting essential tRNAs and inhibiting global protein synthesis,
highlighting the importance of tRNAs as regulators of protein syn-
thesis and innate immunity in all domains of life.

Mature tRNAs are the most extensively modified RNA species in
cells (42), although the physiological roles of the modifications are
often not fully understood. The activities of SAMD9 and some mi-
crobial ACNases are influenced by different tRNA modifications at
the ASLs. For instance, PrrC activity is enhanced by the presence of
the 6-threonylcarbamoyl adenosine modification at position 37
(43), while γ-toxin activity requires the 5-methoxycarbonylmeth-
yl-2-thiouridine modification at the wobble position (3). tRNase
SA specificity is primarily determined by the presence of a 2′-O-
methylated purine base at the wobble position, which is unique to
eukaryotic tRNAPhe and not present in other tRNAs or most of the
prokaryotic tRNAPhe (fig. S7). Notably, the 2′-O-methylation in
tRNAPhe is important for organismal health, as its absence leads
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to slow growth in diverse yeast species (28) and intellectual disabil-
ity in humans (25, 26). Hypomodification of tRNAPhe in FTSJ1 KO
mice selectively reduced the steady-state level of tRNAPhe in the
brain, resulting in decreased translation of genes that are important
for brain functions (26). Intriguingly, GoF SAMD9L mutations are
associated with ataxia-pancytopenia syndrome characterized by
cerebellar ataxia, raising the possibility that tRNAPhe deficiency
could underlie the neurological manifestation of the disease. We
showed that overexpression of tRNAPhe could restore protein syn-
thesis and virus replication caused by GoF SAMD9/9L (Fig. 6), sug-
gesting that restoring tRNAPhe levels by overexpressing tRNAPhe or
inhibiting SAMD9/9L ACNase activity could be a potential thera-
peutic strategy for diseases associated with GoF SAMD9/9L
mutations.

MATERIALS AND METHODS
Reagents
The following antibodies were used in the immunoblotting: anti-
FTSJ1 (Santa Cruz Biotechnology, SC-390355), anti-Flag (Sigma-
Aldrich, F1804), anti-ATF3 (Cell Signaling Technology, 18665S),
anti–β-actin (Sigma-Aldrich, A5441), anti-phosphorylated eIF2α
(Cell Signaling Technology, 3398P), anti-eIF2α (Cell Signaling
Technology, 5324), and anti-puromycin antibody (Developmental
Studies Hybridoma Bank, PMY-2A4). Yeast Xrn-1 [New England
Biolabs (NEB), M0338], yeast tRNA (Sigma-Aldrich, R4018), the
microRNA marker (NEB, N2102S), and the Low Range ssRNA
Ladder (NEB, N0364S) were acquired commercially.

Viruses
WT VACV Western Reserve (WR) strain and the K1L and C7L de-
letion mutant (vK1−C7−) were previously described (10, 44, 45).
They were propagated and titrated on Vero cells.

Cells
Vero (ATCC CCL-81) and HeLa 229 (ATCC CCL-2.1) cells were
from American Type Culture Collection (ATCC). Human embry-
onic kidney (HEK) 293FT cells were from Thermo Fisher Scientific
(catalog no. R70007). HeLa cells with SAMD9 and SAMD9L KO
(ΔSAMD9&L) (7) and BT cells (18) with Dox-inducible expression
of SAMD9-WT or SAMD9R1293W were described before.

Plasmids construction
To overexpress tRNALeu(CAA) in vivo, the sequence including pro-
moter region, tRNA sequence and terminator region was amplified
by PCR using genomic DNA extracted from BT20 cells as the tem-
plate and cloned into EcoR I and Pst I sites of pcDNA3.1. To over-
express tRNAPhe in vivo, the Q5 Site-Directed Mutagenesis Kit
(NEB) was used to replace the tRNALeu sequence with tRNAPhe.

To knock out FTSJ1 gene, a pair of complementary oligonucle-
otides (table S1) that contain the guide sequence for FTJS1 (5′-
ATCTGTACCACACCTGGTAG-3′) was cloned into lenti-
CRISPRv2 (Addgene, plasmid no. 52961) that had been digested
with Esp3 I, essentially as described (46).

Lentiviral plasmids for expressing FTSJ1 were constructed by
PCR amplification of a FTSJ1 complementary DNA (cDNA)
clone (Transomic Technologies) and subcloning the PCR fragment
into Nhe I and BamH I sites of pCW57.1 (Addgene, no. 41393), a
doxycycline-inducible lentiviral vector with rtTA-VP16-2A-puro.

To decrease FTSJ1 basal expression level, the minimal CMV pro-
moter upstream of the FTSJ1 gene was modified to match that in
pTRE3G-IRES vector (Takara Bio) by using a synthetic DNA frag-
ment (Eurofins). FTSJ1 K28A and A26P mutations were introduced
into the plasmid through PCR with primers containing the desired
mutations (table S1) and subcloning the PCR fragments between
Nhe I and EcoR I sites of the vector.

Plasmids for expressing mCherry-SAMD9/9L fusion
(pcDNA6.2/mCherry-SAMD9/9L) were described previously (18).
Specific mutations of SAMD9/9L were introduced into the plasmids
through recombinant PCR-based site-directed mutagenesis as de-
scribed previously (44).

Generation of HeLa cell lines that express FTSJ1 allele
under the Dox-inducible promoter
A FTSJ1 KO HeLa cell line was first generated by transient transfec-
tion of the plasmid containing the guide sequence for FTSJ1 to
HeLa cells, followed by selection with puromycin (3 μg/ml) for 2
days. Cells that survived the selection were cultured in the
absence of puromycin, and multiple cell clones were isolated and
tested for FTSJ1 expression by Western blotting. Cell clones that
showed no FTSJ1 expression by Western blot were also tested for
the FTSJ1 genotype by Sanger sequencing as described previously
(7). The FTSJ1 KO cells were transduced with lentivirus encoding
FTSJ1 WT or mutant alleles, similar as described previously (9).
Transduced cells were selected with puromycin at 3 μg/ml.

Viral growth analysis
Cells in 12-well plates were incubated with 1 plaque-forming unit
per cell of the VACV for 2 hours at room temperature. Following
adsorption, the cells were washed twice with phosphate-buffered
saline. One set of the cells was harvested immediately as the 0 hpi
sample, while the other set was moved to 37°C incubator to initiate
viral entry and harvested at 24 hpi. The viral titers in the cell lysates
were determined by plaque assays on Vero cells.

Protein purification
Recombinant SAMD9134–385, SAMD9156–385, and SAMD9L158–388

proteins were expressed in E. coli as a small ubiquitin-like modifier
(SUMO) fusion with a 6xHis-tag and purified as previously de-
scribed (18).

Assay of SAMD9/9L activities in HEK 293T cells
HEK 293T cells in 24-well plates were transfected with pcDNA6.2/
mCherry-SAMD9/9L plasmids before they were subjected to the
following assays. For assessing antiviral activities, cells that had
been transfected for 36 hours were infected with vK1−C7−/GFP+

at a multiplicity of infection of 1 for 15 hours. For assessing
protein synthesis level, cells that had been transfected for 24
hours were treated with 10 μM of O-propargyl-puromycin (OPP)
for 30 min before they were processed with the Click-iT Plus OPP
Alexa Fluor 488 Protein Synthesis Assay Kit according to the man-
ufacturer’s instruction (Thermo Fisher Scientific). The cells were
harvested using trypsin-EDTA solution, fixed with 4% paraformal-
dehyde for 20 min, washed twice with Hanks’ balanced salt solution
(HBSS) (Sigma Life Science) supplemented with 1% bovine serum
albumin, resuspended in 400 μl of HBSS, filtered with 40-μm mesh,
and analyzed with an LSR II cell analyzer (BD Biosciences). Flow
data were analyzed using FlowJo software (TreeStar). Protein
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synthesis rates in total transfected cells were also assessed by label-
ing the cells with puromycin (10 μg/ml; InvivoGen) for 10 min fol-
lowed by Western blot with an anti-puromycin antibody (PMY-
2A4, Developmental Studies Hybridoma Bank).

Electrophoretic mobility shift assay
The binding of the purified SAMD9 proteins with yeast tRNA was
studied by electrophoretic mobility shift assay on a 0.8% native
agarose gel as previously described (18).

In vitro cleavage assay
Total RNA (10 μg) extracted from HeLa cells or 20 pmol of synthetic
RNAs (table S1) was incubated with 0.8 to 14 μg of recombinant
SAMD9134–385 protein in the cleavage buffer at 37°C for 60 min.
The cleavage buffer was made of 40 mM tris-HCl (pH 8.0), 20
mM KCl, 4 mM MgCl2 (or MnCl2), and 2 mM dithiothreitol
(DTT). The cleavage products were mixed with gel loading dye (In-
vitrogen, 8546G) and resolved on 8% or 15% denaturing polyacryl-
amide gel containing 8 M urea. The gels were stained with SYBR
Gold (Invitrogen, S11494) or subjected to Northern blot analysis.

Northern blot analysis
Northern blots were performed as described (47). Briefly, RNAs re-
solved on denaturing urea-polyacrylamide gel were transferred onto
a positive charged nylon membrane. RNAs on the membrane were
visualized and photographed after ethidium bromide staining. The
staining was washed away, and the RNAs on the membrane were
cross-linked with short-wave ultraviolet light. The membrane was
probed with digoxigenin (DIG)–labeled DNA oligonucleotides
against specific tRNAs. The labeling of oligonucleotides was per-
formed with a DIG oligonucleotide 3′-End labeling kit (Roche).
The signal is detected with chemiluminescence with CDP-Star as
the substrate (Roche).

Mass spectroscopy
Oligonucleotide mass was determined with electrospray ionization
liquid chromatography mass spectroscopy by Novatia, LLC
(Newtown, PA).

Immunoblotting
SDS–polyacrylamide gel electrophoresis gel (12%) was used to sep-
arate proteins with different mass, and proteins were transferred to
polyvinylidene difluoride or nitrocellulose membranes (Thermo
Fisher Scientific). Membranes were blocked in blocking buffer con-
taining tris-buffered saline (TBS), 5% nonfat milk, and 0.1% Tween
20 for 1 hour at room temperature with shaking. Primary antibodies
were diluted in blocking buffer (1:1000) and added to membrane
overnight at 4°C. After incubation with horseradish peroxidase–
coupled secondary antibodies for 1 hour at room temperature, the
membrane was washed three times with Tris-buffered saline with
0.1% Tween 20 detergent (TBST), and immunoblots were visualized
using enhanced chemiluminescence (ECL-Plus, GE Healthcare).

Lentiviral shRNAs
Short hairpin RNA (shRNA) sequence targeting tRNAPhe (GAA) is
5′-TCAGTTGGGAGAGCGTTAGAC-3′. shRNA sequence target-
ing tRNALeu (CAA) is 5′-TCTAAGGCGCCAGACTCAAGT-3′.
All the shRNA targeting sequences were cloned into DECIPHER
pRSI9-U6-(sh)-UbiC-TagRFP-2A-Puro (Cellecta). Lenti-X 293T

cells (Clontech) were used to package lentiviral particles. The super-
natants containing virus were collected and filtered at 48 hours after
transfection. Then, the lentivirus was added to cells for 24 hours.
After selection by puromycin (2 μg/μl), tRNA knockdown cells
were collected and characterized.

Reverse transcription quantitative polymerase chain
reaction
For detecting mRNA levels, the cDNAwas obtained by reverse tran-
scription using the High-Capacity cDNA Reverse Transcription Kit
(Invitrogen) or the iScript Select cDNA Synthesis Kit (Bio-Rad). For
detecting tRNA levels, the cDNA was obtained by the rtStar tRNA-
optimized First-Strand cDNA Synthesis Kit (ArrayStar). Real-time
PCR was performed using the Power SYBR Green PCR Master Mix
(Applied Biosystems) and run on the LightCycler 480 Real-Time
PCR System (Roche Applied Science) or a CFX96 Real-Time
system (Bio-Rad). Relative expression was calculated using the
2−ΔΔCt method.

tRNA sequencing
Total RNA was deacylated in 50 mM tris-HCl (pH 9.0) at 37°C for
45 min and then resolved by 10% polyacrylamide tris-borate EDTA
(TBE)–urea gel (Invitrogen). tRNA (60 to 100 nt) were collected by
gel excision and resolved in RNA elution buffer [300 mM NaOAc
(pH 5.2), 1 mM EDTA, SUPERase In (0.1 U/μl)] overnight. After
ethanol precipitation, tRNA was treated with demethylase (rtStar
tRNA-optimized First-Strand cDNA Synthesis Kit, ArrayStar) and
cleaned up. tRNA (1 μg) was used for library construction. Briefly,
tRNA was dephosphorylation in the 15-μl mixture containing 1 ×
T4 polynucleotide kinase buffer, SUPERase In (1 U/μl), and T4
polynucleotide kinase (1 U/μl) at 37°C for 30 min and followed
by 65°C for 20 min. After ethanol precipitation, RNA was pelleted
by centrifugation for 15 min at 20,000g at 4°C and dissolved in nu-
clease-free H2O. Poly(A) tailing and 5′ adenylation reaction was
carried in the mixture containing 1× poly(A) tailing reaction
buffer, 1 mM adenosine 5′-triphosphate, SUPERase In (1 U/μl),
poly(A) polymerase (1 U/μl), and Ezra (1 U/μl) (48) at 37°C for
30 min and followed by 65°C for 20 min. RNA sample was then
mixed with 1 μl of 1 μM ligation adaptor (5′-AATGATACGGCGAC
CACCGAGATCTACACTCTTTCCCTACACGACGCTCTTCCG
ATCT rGrGrG-3′) and heated at 65°C for 2 min and then imme-
diately put on ice for 1 min. Ligation was performed in a 5-μl
mixture containing 1× T4 RNL2 reaction buffer, SUPERase In (1
U/μl), 15% PEG8000, and T4 RNA ligase 2 (20 U/μl) truncated at
22°C for 1.5 hours. For reverse transcription reaction, 1 μl of 1 μM
RT primer (5′-GCATCTCGGTGGTCCAATCTGAACTCCAGTC
GTGTGACTGGAGTTCAGACGTGTGCTCTTCCGATCTTTT
TTTTTTTTTVN-3′) was added to the ligation products and dena-
tured at 65°C for 2 min and cooled down on ice for 1 min. The
linker-ligated RNA was then mixed with 1× first strand buffer, 0.5
mM deoxynucleotide triphosphate (dNTP), 5 mM DTT, RNase-
OUT (2 U/μl), and SuperScript IV (200 U/μl) at 50°C for 1 hour,
followed by 80°C for 10 min. PCR was performed in a 20-μl
mixture containing 1× Phusion HF buffer (NEB), 0.2 mM dNTP,
0.5 μM forward PCR primer (5′-AATGATACGGCGACCACCGA
GATCTACACTCTTTCCCTACACGACGCTCT-3′), 0.5 μM
reverse PCR primer with barcode (see below), and 0.5 U of
Phusion polymerase. The PCR was initiated at 98°C for 30 s, then
98°C for 5 s, 68°C for 20 s, and 72°C for 15 s for 12 cycles. PCR
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products were separated on a nondenaturing 8% polyacrylamide
TBE gel. Expected DNA at 200 to 240 bp was excised and soaked
by 400 μl of DNA elution buffer (300 mM NaCl and 1 mM
EDTA) overnight. After removal of gel debris using Spin-X
column, samples were ethanol precipitated and dissolved in 15 μl
of nuclease-free H2O. Last, samples were sequenced (Illumina
HiSeq) by using sequencing primers: library-PCR-R-13: 5′-CAAG
CAGAAGACGGCATACGAGATTGTTGACTGTGACTGGAGTT
CAGACGTGTGCTCT-3′; library-PCR-R-14: 5′-CAAGCAGAA
GACGGCATACGAGATACGGAACTGTGACTGGAGTTCAGA
CGTGTGCTCT-3′; library-PCR-R-15: 5′-CAAGCAGAAGACGG
CATACGAGATTCTGACATGTGACTGGAGTTCAGACGTGT
GCTCT-3′; library-PCR-R-16: 5′-CAAGCAGAAGACGGCATAC
GAGATCGGGACGGGTGACTGGAGTTCAGACGTGTGCTCT-
3′; library-PCR-R-18: 5′-CAAGCAGAAGACGGCATACGAGATGT
GCGGACGTGACTGGAGTTCAGACGTGTGCTCT-3′; library-
PCR-R-19: 5′-CAAGCAGAAGACGGCATACGAGATCGTTTCA
CGTGACTGGAGTTCAGACGTGTGCTCT-3′; library-PCR-R-20:
5′-CAAGCAGAAGACGGCATACGAGATAAGGCCACGTGACTG
GAGTTCAGACGTGTGCTCT-3′; library-PCR-R-21: 5′-CAAGCA
GAAGACGGCATACGAGATTCCGAAACGTGACTGGAGTTCA
GACGTGTGCTCT-3′.

Ribosome sequencing
Ribo-seq in BT20 cells was performed as follows. Ribosome frac-
tions separated by sucrose gradient sedimentation were pooled
and digested with E. coli RNase I (Ambion, 750 U per 100 A260
units) by incubation at 4°C for 1 hour. SUPERase inhibitor (50 U
per 100 U of RNase I) was then added into the reaction mixture to
stop the digestion. Total RNA was extracted using TRIzol reagent.
RNAwas separated on a 15% polyacrylamide TBE-urea gel (Invitro-
gen), and the ribosome-protected fractions were excised (25 to 35
nt). After gel soaking and RNA precipitation, RNA was collected
for library construction as described above. Last, expected DNA
at 160 to 180 bp was excised and collected for sequencing.

Ribo-seq in VACV-infected cells was performed essentially as
described (49). The steps include RNase I treatment, ribosome re-
covery, footprint fragment purification, 3′ adaptor ligation, rRNA
depletion, reverse transcription, circularization, and PCR amplifica-
tion (49).

Alignment of sequencing reads
The 3′ adapter was trimmed by Cutadapt (50). Trimmed reads with
length < 15 nt were excluded. For Ribo-seq and RNA sequencing
(RNA-seq), the remaining reads were mapped to a household data-
base including all putative human rRNAs by using Bowtie (51).
Mismatch is not permitted. The reads that cannot be aligned to
rRNAs were aligned to human transcriptome using STAR (52).
To construct the transcriptome, the annotation file from the
Ensembl database (GRCh38) was used. For each gene, the mRNA
with the longest coding sequence (CDS) was selected. In the case
of equal CDS length, the longest transcript was used. For read align-
ment, a maximum of two mismatches were permitted. To avoid am-
biguity, reads that were mapped to multiple positions were
excluded. For tRNA-seq, the adaptor-trimmed reads were aligned
to human genome (GRCh38) using HISAT2 (53), and the reads
that were aligned to the human tRNAs were extracted and then
were aligned to a household tRNA database that contains a
unique tRNA sequence for each type of tRNAs. Mismatch is not

permitted. For the reads that can be aligned to multiple tRNAs,
the read is counted as 1/n for each tRNA (n is the total number
of tRNAs that can be aligned).

Aggregation plot of footprint reads near the start and
stop codons
The ribosome P-site was defined as positions +12, +13, and + 14
from the 5′ end of the reads (the first position of the reads is record-
ed as 0). For each mRNA, the mRNA with total reads in the CDS <
32 was excluded from analysis. Ribosome densities at individual
mRNA sites were counted and then normalized by the average ri-
bosome density of the CDS. Ribosome densities with the same dis-
tance from the start or stop codon were averaged over the whole
transcriptome.

Estimation of ribosome density on mRNAs and mRNA levels
For each mRNA, an RPKM (reads per kilobase of transcript, per
million mapped reads) value was calculated and used to measure
the relative ribosome density on individual mRNAs. For Ribo-
seq, only the reads aligned to the CDS were used. For RNA-seq,
the reads aligned to mRNAs were used. mRNAs with RPKM
values < 1 were excluded.

Calculation of ribosome occupancy
For each mRNA, ribosome densities at individual codons of the
CDS were normalized to the average density of the CDS. Then, ri-
bosome occupancies at the same codons were averaged over the
whole transcriptome.

Figure preparation
SAMD9/9L amino acid sequence alignment was performed with
secondary-structure matching (SSM) server (54), and the alignment
figurewas created with ESPript (55). tRNAPhe modification status in
different species was obtained from the RNA modification data-
base (56).

Statistical analysis
Data were analyzed using GraphPad Prism 9 software. We obtained
the P value of the difference between different groups by performing
Student’s t test and one-way analysis of variance (ANOVA). When P
< 0.05, differences were considered statistically significant.

Supplementary Materials
This PDF file includes:
Figs. S1 to S7
Table S1
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