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Heart-on-a-Chip Model of Epicardial–Myocardial Interaction
in Ischemia Reperfusion Injury

Dawn Bannerman, Simon Pascual-Gil, Qinghua Wu, Ian Fernandes, Yimu Zhao,
Karl T. Wagner, Sargol Okhovatian, Shira Landau, Naimeh Rafatian, David F. Bodenstein,
Ying Wang, Trevor R. Nash, Gordana Vunjak-Novakovic, Gordon Keller, Slava Epelman,
and Milica Radisic*

Epicardial cells (EPIs) form the outer layer of the heart and play an important
role in development and disease. Current heart-on-a-chip platforms still do
not fully mimic the native cardiac environment due to the absence of relevant
cell types, such as EPIs. Here, using the Biowire II platform, engineered
cardiac tissues with an epicardial outer layer and inner myocardial structure
are constructed, and an image analysis approach is developed to track the EPI
cell migration in a beating myocardial environment. Functional properties of
EPI cardiac tissues improve over two weeks in culture. In conditions
mimicking ischemia reperfusion injury (IRI), the EPI cardiac tissues
experience less cell death and a lower impact on functional properties. EPI cell
coverage is significantly reduced and more diffuse under normoxic conditions
compared to the post-IRI conditions. Upon IRI, migration of EPI cells into the
cardiac tissue interior is observed, with contributions to alpha smooth muscle
actin positive cell population. Altogether, a novel heart-on-a-chip model is
designed to incorporate EPIs through a formation process that mimics cardiac
development, and this work demonstrates that EPI cardiac tissues respond to
injury differently than epicardium-free controls, highlighting the importance of
including EPIs in heart-on-a-chip constructs that aim to accurately mimic the
cardiac environment.
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1. Introduction

Physiologically relevant models of heart tis-
sue enable the investigation of heart de-
velopment and disease, as well as testing
of potential therapeutic agents. Increasingly
complex three-dimensional cardiac tissue
constructs developed in microscale plat-
forms, called heart-on-a-chip platforms, are
sought after because they can incorporate
multiple cell types, directionally dependent
chemical, electrical, and mechanical cues,
and structural support elements at various
scales such that the native tissue is better re-
capitulated. Heart-on-a-chip platforms can
also overcome issues of species variability,
relying on the use of human pluripotent
stem cell derived progeny, and open the po-
tential for personalized studies, in poten-
tially high throughput configurations.

Bioengineers generating engineered car-
diac tissue seek to impart it with key fea-
tures that are hallmarks of maturity includ-
ing evidence of organized myocardial sar-
comere structures and regular contractile
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function. Furthermore, while the contraction of cardiac tissue
is accomplished by cardiomyocytes (CMs), various other cell
types are present in native tissue, contributing to cardiac tissue
structure,[1,2] and engaging in cellular crosstalk.[3] For example,
fibroblasts (FBs) play an important supporting role and affect
cardiac function[4,5] and endothelial cells (ECs) and vascular
smooth muscle cells (vSMCs), which form microvessels and
vasculature, also contribute to cardiac structure and function.[6,7]

Although most heart-on-a-chip systems mimic only the my-
ocardium, the epicardium is being recognized as highly impor-
tant during both development and disease.[8] The epicardium
is the outer layer of the heart, and it is comprised of epithe-
lial cells specific to the heart called epicardial cells (EPIs).[9]

During development, EPIs undergo a process of epithelial-to-
mesenchymal transition (EMT) to transform into various cell
types including FBs, vSMCs, and a small population of ECs.[8]

These epicardial-derived cells (EPDCs) provide trophic support to
CMs during development, with evidence of promoting CM pro-
liferation and maturation.[10] After development, the epicardium
becomes dormant,[8] but upon injury such as myocardial is-
chemia, EPIs are activated and begin to re-express fetal gene pro-
grams. While the final contribution of re-activated epicardial cells
to various cell types after injury is still under debate, migration
of the re-activated EPIs occurs as a response to injury.[9] These
re-activated EPIs provide paracrine factors contributing to post-
myocardial infarction cardiac remodeling.[11] For these reasons,
heart-on-a-chip systems that include EPIs are needed. Further-
more, the onset of injury is of particular interest to be modeled
using these systems since the epicardium plays a crucial role in
this process.

Various heart-on-a-chip models have been developed, in-
cluding the “I-Wire” system,[12] a centrifugal heart-on-a-chip
system,[13] an extracellular matrix derived engineered heart tissue
system,[14] and the “milliPillar” system.[15] We have previously
developed the Biowire II platform, with non-invasive recording
of contractile properties of engineered heart tissues formed in
microwells between a pair of anchoring polymer microwires.[16]

Contractile properties of the cylindrical cardiac tissue are evalu-
ated in the system by quantifying the deflection of the polymer
wires during tissue contraction and conversion to force values via
previously generated force/displacement curves.

Here, we sought to develop a cardiac platform that incorpo-
rates the highly relevant EPIs, in a physiologically relevant lo-
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calization to facilitate the study of their roles in cardiac tissue
formation, injury, and recovery. Currently, heart-on-a-chip mod-
els that incorporate EPIs are limited to self-assembled human
heart organoids that include epicardial cells,[17] human induced
pluripotent stem cell (hiPSC)-derived premature epicardial cells
in co-culture with CMs in 3D spheroids,[18] and one system of hu-
man embryonic stem cell-derived epicardial cells in engineered
heart tissue.[19,20] Establishing a defined localization of the in-
ner myocardial and outer epicardial layer has not been routinely
achieved.

The Biowire II system has been shown to be effective for dis-
ease modeling of left ventricular hypertrophy[16,21] and myocar-
dial fibrosis.[22] Given that myocardial ischemic injury leading to
myocardial infarction (MI) is one of the leading causes of death
in the developed world,[23] we sought to model this type of injury
in our system. Currently, the most effective clinical treatment ap-
proach to improve outcomes after MI is to achieve rapid reper-
fusion of the occluded artery to restore blood flow to the region.
However, this reperfusion stage also causes significant damage—
termed ischemia-reperfusion injury (IRI).[24,25] Establishing ef-
fective heart-on-a-chip models of ischemic injury enables inves-
tigations of the impacts of MI and IRI on cardiac tissues as well
as possible treatment approaches to promote recovery of cardiac
function. Previously, Chen et al. developed an acute model of
IRI for engineered human EPI-free myocardial tissues and as-
sessed potential strategies for cardioprotection.[26] We sought to
determine whether a similar approach would be applicable in our
Biowire II platform with EPI cardiac tissues, with the aim to as-
sess tissue recovery over a prolonged time period and the contri-
bution of a defined epicardial outer layer to functional recovery
after IRI in vitro.

Here, we developed a novel model of cardiac tissue that con-
tains both epicardial and myocardial tissue. Cardiac tissues were
subsequently assessed under normoxic conditions and condi-
tions mimicking IRI. We found several differences in EPI car-
diac tissues compared to the control tissues, including migra-
tion of EPIs into the tissue core in a manner that mimics de-
velopmental processes, with retention but decreased expression
of epicardial marker, and delayed but eventual advancement of
functional properties. EPI biowires also experienced less severe
injury and as a result less subsequent recovery after IRI. Finally,
EPI cell retention and co-localization with myofibroblast mark-
ers was increased in injured EPI biowires compared to healthy
EPI biowires; altogether, supporting the concept that inclusion of
EPIs in such cardiac tissue constructs is important for the study
of development and disease.

2. Results

2.1. Epicardial Cell Differentiation

Epicardial cells were generated from human embryonic stem
cells (hESC) according to a procedure adapted from a published
protocol.[27] At confluence, cells exhibited some heterogeneity,
but the cobblestone morphology typical of epicardial cells was
observed (Figure 1B). Immunostaining revealed that 70.5 ± 4.8%
of the cells had positively stained nuclei for transcription factor
WT1, a marker of epicardium in the context of cardiac tissue,
and 92.6 ± 7.5% of cells possessed ZO-1+ borders, a marker
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Figure 1. Cardiac tissues were generated with cardiomyocytes, fibroblasts and differentiated epicardial cells, followed by processes of normal develop-
ment and ischemia reperfusion injury. A) Schematic demonstrating cell composition of biowires and subsequent development and injury modeling.
B) Human epicardial cells following i) differentiation protocol (created with Biorender.com) with ii) cells shown as brightfield image, iii) WT1 immunos-
taining and iv) ZO1 immunostaining. v) Quantification of percent WT1+ nuclei and ZO1+ bordered cells is included (n = 4). C) Flow cytometry analysis
of i) CD105 and ii) AldeRed (ALDH) expression in the epicardial cells after differentiation.

Adv. Healthcare Mater. 2024, 13, 2302642 2302642 (3 of 17) © 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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of tight junctions in epithelial cell sheets (Figure 1B). Flow
cytometry analysis demonstrated the cells were negative for
mesenchymal marker, CD105, and a significant proportion
(46.2%) stained positive for AldeRed, a marker of aldehyde
dehydrogenase (ALDH) activity that is used to identify EPI
cells[27] (Figure 1C). This is consistent with values reported for
hESC-derived EPIs, ranging from over 40%[28] to 78.9%,[27] and
in contrast to the cells undergoing EMT, which in the same work
were reported to range from 1.4% to 35% ALDH+.[27] Some het-
erogeneity is common in the differentiation of stem cells to the
epicardial lineage, and presence of small populations of EPDC
may exist. For simplicity in this paper, we will subsequently refer
to the hESC-derived cells produced from this method and used
in the subsequent experiments as epicardial cells (EPIs), despite
their maturity and phenotype shifting throughout the following
stages due to the co-culture in cardiac constructs and varying
treatments.

2.2. Epicardial Biowire Formation

The EPIs generated using the recently established methods
(Figure 1B) were incorporated into biowire cardiac tissues using
a two-step seeding protocol in order to mimic the spatial arrange-
ment of epicardium surrounding the myocardium (Figure 1A
and Figure 2A). Key cells included in the biowire constructs, CMs
and EPIs, were derived from human pluripotent stem cells, and
the number of contracting cells (i.e., CMs) was kept consistent
between the EPI biowire and control biowire groups. One day af-
ter seeding CMs and FBs, some tissue compaction was observed
with tissue width reduced to 75 ± 12% of well width (Figure 2A).
EPIs were then seeded around the tissues to form EPI biowires
(CM+FB+EPI group), while control biowires did not have EPIs
added (CM+FB group). EPIs surrounded the tissue and at early
time points (e.g., day 2), there was a clear distinction between the
EPIs and the CM+FB tissue within the biowires (Figure 2B). EPIs
provided a level of support for forming biowires, demonstrated
by the number of tissues remaining attached to the microwires
(which were present on both sides of the microwells for tissue
attachment) being significantly greater in the CM+FB+EPI
group than in the CM+FB group at day 8. While the CM+FB tis-
sues had lower attachment rate (39.8 ± 10.8%) compared to our
previous reports,[29] differences in CM cell line, CM to FB ratio,
and electrical conditioning procedures are possible reasons for
this. Nevertheless, for the group that had a similar ratio of my-
ocytes to non-myocytes compared to our previous report (i.e., the
CM+FB+EPI tissues), similar attachment rates were observed as
in our previous reports, with 74.6 ± 4.5% of CM+FB+EPI tissues
remaining attached (Figure 2C). The differences in cell number
and composition, with EPI biowires having higher cell numbers
than control biowires is another likely reason for the differences
between groups. Over the next week, tissues continued to com-
pact and tissue width decreased over time within both groups
(Figure 2D). Although EPI cardiac tissues had slightly greater
diameter than the control tissues at earlier time points, which
can be explained by the presence of additional cells in coculture,
both groups leveled off after several days and no difference in tis-
sue diameter was observed after one week, the time period when

initial tissue remodeling due to cell/gel compaction is generally
complete.

The GFP+ EPIs could be visualized surrounding the EPI
biowires initially (Figure 2E-i). Interestingly, EPIs were observed
to be moving into the center of the biowires over time (Figure 2E,
and Figures S2 and S3, Supporting Information). During the first
week of tissue formation following EPI introduction, profiles of
the average GFP+ pixel distribution through the width of the car-
diac tissue show the transition of these cells from the outside
edges at earlier time points toward the center at later time points
(Figure 2E-iii, Figures S3 and S4, Supporting Information). By
quantifying the slopes of these profiles, we observed a signifi-
cant increase over time, confirming the movement of EPI cells
from the exterior (i.e., negative slope) to the interior (i.e., positive
slope) of the tissues (Figure 2E-iv).

One week after the EPI cell seeding on day 8, the tissues were
assessed for functional properties. Active tension, active to pas-
sive tension ratio (which considers factors associated with pas-
sive tension such as tissue stiffness), and contraction slope were
compared between the control tissues and EPI cardiac tissues
(Figure 2F-i–iii; passive tension shown independently in Figure
S5B, Supporting Information). A significantly lower active to pas-
sive tension ratio was observed in the EPI biowire group. Other
contractile properties were comparable between the two groups
although there was a trend of lower properties in the EPI biowire
group. However, excitation threshold (ET), representing the min-
imum excitation voltage for synchronous beating, and maximum
capture rate (MCR), the maximum frequency that tissues can
beat synchronously, were not significantly different between the
control tissues and EPI cardiac tissues (Figure 2F-iv,v).

2.3. Characterization of Epicardial Biowires under Baseline
Conditions

Following the initial assessments of functional tissue properties
at day 8, further measurements were assessed relative to day 8
data to capture the evolution of the tissues over longer periods
of time. Under baseline culture conditions, tissue diameter re-
mained relatively stable in the EPI biowire group, with more
compaction occurring in control tissues despite having fewer
non-myocytes (Figure 3A,B). With time in culture, active tension
increased in both groups as expected due to tissue maturation
(Figure 3C,D). The active to passive tension ratio and contraction
slope only increased over time in the EPI biowire group. Com-
parisons between control tissues and EPI cardiac tissues at each
time point (indicated by # in Figure 3B,D and shown in Figure
S6, Supporting Information) revealed that the EPI biowires did
not exhibit significant differences in any of properties by day 15,
including in the active to passive tension ratio, for which the EPI
biowire group caught up to match the control biowire group over
time. Both groups exhibited a significant decrease in MCR with
time in culture (Figure S7, Supporting Information), as expected
due to the lack of electromechanical conditioning. A slight but
significant increase in ET was observed in EPI biowires at day 15
compared to day 8 (Figure S7, Supporting Information), which
may be explained by the lack of electrical conditioning—a vari-
able that was not in the scope of this study.[29]
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Figure 2. Engineering of cardiac tissues with defined epicardial/myocardial layers and tracking of EPI cell migration over 8 days. A) Representative
images of cardiac tissues illustrating the double seeding procedure and tissue compaction. Scale bar is 500 μm. B) Vimentin stained biowires at day
2 (i.e., one day after EPI seeding) showing i) the end of a tissue and ii) a region with clear EPI and CM+FB sections. Scale bars are 100 μm (i) and
50 μm (ii). C) Percentage of tissues remaining attached to the microwires in microwells. Average values from three batches of CM+FB biowires and 2
batches of CM+FB+EPI biowires are shown with unpaired t tests between groups at each time point. N per batch are CM+FB: 14, 7, 22; CM+FB+EPI:
36 and 21. D) Tissue diameter of control CM+FB cardiac tissues (n = 18 at day 2, n = 15 by day 8) and CM+FB+EPI cardiac tissue (n = 20) over time. A
mixed-effects model (REML) with Šidák’s multiple comparison test was performed. E) GFP+ epicardial cells imaged in the green channel surrounding
in the composite tissues on i) day 2, 4, and 8 with ii) corresponding thresholded image for GFP+ pixel tracking. Scale bar is 500 μm. iii) Profiles of the
average GFP+ pixels in the binned width through the tissue are shown and iv) the slopes of the positive pixels profiles over the first 50% binned width
were compared. An ordinary one-way ANOVA with Tukey’s multiple comparisons test was performed (n = 19 or 18). F) Functional properties of tissues
on day 8 are compared. i) Active tension with Mann–Whitney test (CM+FB n = 11 and CM+FB+EPI n = 18), ii) active tension per passive tension with
unpaired t test (CM+FB n = 13 and CM+FB+EPI n = 19), iii) contraction slopes with Mann Whitney test (CM+FB n = 12 and CM+FB+EPI n = 16), iv)
ET with unpaired t test (CM+FB n = 16 and CM+FB+EPI n = 20), and v) MCR with unpaired t test (CM+FB n = 16 and CM+FB+EPI n = 20) are shown.

There was no significant difference observed in the myocar-
dial architecture between the groups with and without EPIs. Both
groups displayed aligned sarcomere structures, with no mea-
sured differences in cardiac troponin T (cTnT) density or eccen-
tricity (Figure 3E). The presence of GFP+ EPI cells was shown
throughout the myocardial parenchymal tissue. Spindle-shaped
morphology was observed in GFP+ cells dispersed throughout
the tissue.

To understand the response of EPIs after their addition into
biowires, expression of epicardial marker, WT1, was assessed in
the tissues and compared over time. WT1 is used to discern de-
veloping epicardium from other developing cardiac layers, and
its expression can indicate retention of the epicardial pheno-
type, while its downregulation can indicate subsequent progres-
sion through EMT.[18,19,27,28] Immunostaining of CM+FB+EPI
biowires at day 2 reveal GFP+ cells concentrated around the
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Figure 3. Epicardial and control cardiac tissues exhibit similar functional properties over time under baseline normoxic conditions. A) Images of cardiac
tissues over time. Scale bar is 500 μm. B) Tissue diameter over time in the i) control CM+FB cardiac tissues and ii) CM+FB+EPI cardiac tissues with
mixed-effects analysis using REML and Dunnett’s multiple comparisons test (n = 6 for CM+FB and n = 9 for CM+FB+EPI at d8). C) Force traces of
CM+FB control i) cardiac tissues and ii) CM+FB+EPI cardiac tissues at day 8 and 15. D) Functional properties of cardiac tissues over time. Active tension,
active tension over passive tension, and contraction slope are shown for CM+FB control tissues (i**, iii**, and v**, respectively) and CM+FB+EPI tissues
(ii*, iv*, and vi*, respectively). *Repeated measures one-way ANOVA with Dunnett’s multiple comparisons tests was applied comparing to the initial
time point. **When values were missing, data were analyzed with a mixed-effects model (REML) with Dunnett’s multiple comparisons test. # indicates
statistical significance in pairwise comparisons from CM+FB control group at the same time point. E) Immunofluorescence images of i) CM+FB control
and ii) CM+FB+EPI cardiac tissues at endpoint, showing presence of cTnT staining and GFP+ epicardial cells. Nuclei were counterstained with DAPI.
Scale bar is 20 μm. Quantification of cTnT iii) density and iv) eccentricity are shown, with unpaired t test applied.

border of the biowire, as well as a strong presence of WT1+nuclei
in the same regions (Figure 4A). The CM+FB+EPI tissues after
two weeks in culture show GFP+ cells more distributed through
the tissue, and retained WT1+ nuclei within the GFP+ region.
Analysis of higher magnification regions confirm these trends
(Figure 4B) and indicate that the overall percent of WT1+ cells
in the tissues is significantly lower at endpoint compared to at
day 2 (Figure 4C-i), even more significantly than total cell count
(Figure 4C-ii). However, when WT1+ cells are compared relative
to the number of GFP+ cells, the WT1+ presence in endpoint
biowires is only slightly, and insignificantly lower (Figure 4C-iii).
Nevertheless, the intensity of the WT1 signal decreases in the tis-
sues over time (Figure 4C-iv). Taken together, these results sug-

gest that while there is retention of epicardial marker WT1 over
time in the tissues, downregulation likely occurs to some extent.

2.4. Ischemia-Reperfusion Injury of Biowires

IRI was simulated in the tissues on day 8 by performing a 6-h
period of ischemic culture in hypoxia (i.e., 95% N2, 5% CO2)
and nutrient deprivation media, followed by a 3-h period of
culture in normoxia (i.e., 5% CO2) and reperfusion media, based
on pervious work validating this model for tissue-engineered
constructs.[26] Visual observations immediately following is-
chemia indicated that injured tissues were not beating. Beating
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Figure 4. Epicardial marker WT1 presence is retained but reduced in biowires over time. A) Representative confocal images of WT1 stained (red)
biowire tissues. Scale bar is 200 μm. B) Representative confocal images of WT1 stained (red) regions within the biowire tissues. Scale bar is 50 μm. C)
Quantification of immunofluorescence images showing i) WT1+ cell percent of total (*), ii) total cell count (*), iii) WT1+ cell percent of GFP+ cells (**),
and iv) mean gray value of the WT1 channel relative to the mean gray value of the DAPI channel (**). Ordinary one-way ANOVA with Tukey’s multiple
comparisons test (*) or unpaired t test (**) were performed. EPI cells are visualized by GFP signal. Nuclei were counterstained with DAPI.
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Figure 5. Epicardial cardiac tissues experience fewer changes after IRI compared to control cardiac tissues and as a result exhibit less significant recovery
of functional properties over time. A) Images of cardiac tissues before IRI, 12 h after, 3d after, and 7d after IRI. Scale bar is 500 μm. B) LDH released
from cells in culture media during three stages: 24 h before IRI, during ischemia, and during reperfusion, normalized to 105 cell input during tissue
formation. Two-way ANOVA with Tukey’s multiple comparison test was applied, and results are shown on the graph and in the table. # indicates
significant differences of unpaired t-test between groups at each time point. C) Force traces of representative samples in i) CM+FB cardiac tissues
and ii) CM+FB+EPI cardiac tissues before IRI and at three time points afterward. D) Electrical excitability and functional properties of cardiac tissues
over time. MCR, active tension, active tension over passive tension, and contraction slope are shown for CM+FB biowires (i, iii, v, vii, respectively) and
CM+FB+EPI biowires (ii, iv, vi, viii, respectively). Mixed-effects model (REML) with Dunnett’s multiple comparisons test was applied comparing to the
12 h after IRI values. Dotted lines correspond to the average of the properties before IRI. # indicates statistical significance in pairwise comparisons
from CM+FB control group at the identical time point.

recovered after the reperfusion period. Cell death during these
periods was confirmed by comparing LDH absorbance during a
24-h period before IRI, during ischemia, and during reperfusion
(Figure 5B). In line with previous reports of establishing IRI in
human engineered tissue constructs,[26] as well as established in
vivo understanding of IRI,[24,25] the period of greatest cell death
was during reperfusion, with some cell death also occurring dur-
ing ischemia, and negligible cell death in the 24-h period before
IRI. Interestingly, the EPI cardiac tissues had significantly less
cell death during reperfusion compared to the control tissues, as
evidenced by LDH measurements (Figure 5B).

Functional properties were also compared before and after IRI
and directionally lower average electrical and force properties
were observed in all groups in nearly all assessments at the 12-
h point after injury compared to before IRI, as demonstrated in
the representative force traces (Figure 5C) and functional prop-
erties with values below the dotted line representing the base-
line values before injury (Figure 5D, and Figure S8, Supporting

Information). Of note, MCR 12 h after IRI compared to before
IRI was significantly lower in the control biowire group, whereas
no difference was observed in the EPI biowire group. Compar-
ing between the groups at 12 h, EPI cardiac tissues had a sig-
nificantly higher MCR than control biowires (indicated by # in
Figure 5D and in Figure S9, Supporting Information). A higher
MCR within a physiological range is considered a good functional
outcome, as it indicates that tissues contract simultaneously at
high frequency—a property of mature and well-functioning car-
diac tissue. The significant decrease in MCR after injury in the
CM+FB group indicates worsening performance of the tissue in
terms of MCR as a metric. However, the lack of decrease in MCR
observed after injury in the CM+FB+EPI group suggests that EPI
cells may protect the tissues ability to contract in unison at higher
frequencies.

The effects of the IRI regimen on EPI biowires were also ex-
plored using another source of CMs, BJ1D-iPSC derived CMs,
to establish more general applicability of the injury model that

Adv. Healthcare Mater. 2024, 13, 2302642 2302642 (8 of 17) © 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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moves beyond one cell line. In this case, more dramatic effects
were observed, likely a result of the use of a cell line more sensi-
tive to injury, and consistent with cell line variability that is often
observed with human pluripotent stem cells (Figure S10, Sup-
porting Information). In tissues formed with BJ1D-iPSC derived
CMs, FBs, and EPIs, deterioration of electrical and functional
properties was observed 12 h after IRI. At three days after IRI,
half of the tissues were no longer beating, representing an even
more severe injury outcome.

Differences in the response to IRI over time were observed in
the EPI cardiac tissues compared to the control tissues. Recov-
ery can be seen in many of the electrical and contractile proper-
ties over time for both biowire groups, with visible improvements
at 3 and 7 days after IRI compared to the at 12-h after IRI time
point (Figure 5C,D). The recovery of the functional properties of
active tension and contraction slope that occurs by 7 days after
IRI relative to before IRI was not significant in the EPI biowire
group, whereas the control biowires demonstrate significant re-
covery over time (Figure 5D).

2.5. Epicardial Cell Tracking in Healthy and Injured Epicardial
Biowires

Focusing on the EPI cardiac tissues before and after IRI and com-
paring them to the time-matched EPI cardiac tissues that did
not undergo IRI (termed No IRI control), we tracked GFP+ cells
within biowires (Figure 6A). Under normal conditions (i.e., No
IRI), overall coverage of GFP+ cells at day 15 was significantly
lower than the coverage at day 8 (Figure 6B-i). Moreover, the in-
ternal peak of the GFP+ profiles within the tissues plateaued
in the No IRI controls, indicating no increase in cell migration
(Figure 6C and Figure S11A, Supporting Information). Indeed,
the average internal GFP+ profile slope decreased over time in
the No IRI controls (Figure 6B-iii, and Figure S11B, Supporting
Information). In contrast, the tissues that underwent IRI contin-
ued to display more coverage of GFP+ cells at day 15 compared to
day 8 (Figure 6B-ii) along with a stronger presence of a GFP+ cell
core with steeper internal cell concentration profiles, which re-
mained stable over time (Figure 6B-iv,C and Figure S11A,B, Sup-
porting Information). No significant differences were observed
for GFP+ cell coverage specifically at the edge of the tissues
(Figure S11C,D, Supporting Information). Analysis of GFP+ dis-
tribution in biowire tissues demonstrate similar trends in terms
of appearance, GFP+ density, and GFP+ cell cluster distance
from the longitudinal center of the tissue (Figure 6E,D). Thus,
it appears that EPIs in the biowire cores diminished over time in
the No IRI control EPI tissues but remained present in the EPI
biowires undergoing IRI.

Probing deeper into the expression of EMT-associated mark-
ers, alpha smooth muscle actin (𝛼-SMA) and vimentin, some
differences between IRI-treated EPI tissues and No IRI control
EPI tissues were observed (Figure 7). Both endpoint groups had
significantly lower GFP+ density compared to the earlier time-
point biowires (Figure 7A,C-i,E-i). In both endpoint groups, the
GFP-expressing cells possessed morphologies consistent with
the mesenchymal phenotype (Figure 7B,D). No significant dif-
ferences were detected in 𝛼-SMA expression between the early
time-point, No IRI endpoint control, and IRI endpoint groups

(Figure 7C-ii), suggesting that the total amount of 𝛼-SMA does
not significantly change over time. However, notably, a signifi-
cant difference in the fraction of 𝛼-SMA cells that colocalize with
GFP expression was observed in the group that underwent IRI
(Figure 7C-iii), suggesting EPI cell contribution to myofibrob-
lasts, which orchestrate repair after injury such as an MI, but
could also promote fibrosis in cases of overactivation. The trend
of increased 𝛼-SMA+ eccentricity, indicating organized 𝛼-SMA
presence, in the endpoint IRI group further corroborates this re-
sult (Figure 7C-iv). There are no notable differences in vimentin
colocalization with GFP+ signal or eccentricity between groups
(Figure 7E-iii,iv), but the total vimentin density is highest in the
day 2 tissues (Figure 7E-ii), which we hypothesize is a result of the
FBs initially present in the tissues expressing vimentin, and sub-
sequently becoming more dilute within a tissue over time when
integration of EPI cells and CM+FB cells occurs, in contrast to
the distinct EPI and CM+FB regions that exist at early time points
(Figure 7A).

3. Discussion

The recent discovery of differentiation pathways to derive
EPIs from human induced pluripotent and embryonic stem
cells.[18,19,27] has enabled the use of this cell type in miniature
3D tissue constructs, thus capturing the complex, multilayer na-
tive cardiac structure more closely. The novelty of this work lies
in the generation of a multi-layer cardiac tissue model with an
initial outer epicardial compartment that migrates inward in the
tissue in a process mimicking developmental processes, and that
we used to compare to standard myocardial tissue constructs con-
taining only CMs and FBs under both normoxic and injured con-
ditions.

It is known that early during heart development, clusters of
proepicardial cells migrate around the heart to form a mesothe-
lial layer known as the epicardium.[8,9] Once this layer has been
established, EPDCs form through EMT and then migrate into
the myocardium, contributing to populations of cardiac FBs and
vSMCs.[8,9] Some aspects of this phase of heart development
are mimicked by our EPI biowire model in two stages. The first
stage involved the formation of an EPI layer around the entire
myocardial tissue (days 1–2). Subsequently, in the presence of
CMs and cell culture conditions that support the EMT process,
we observed a spontaneous migration of EPIs into the cardiac
tissue over several days of culture (days 4–8), analogous to the
migration of EPDCs into the myocardium during development.
Furthermore, these EPIs have morphology consistent with
that of cells having undergone EMT. Indeed, while epicardial
marker, WT1, was retained in the EPIs as they migrate into the
tissue, a decrease in its relative expression was observed when
comparing early formed tissues to later stage tissues. While a
large proportion of EPIs move into the tissues, some remain on
the outer layer of the tissues, likening itself to the native cardiac
structure.

Culture of biowire cardiac tissues under normoxic conditions
was carried out for over two weeks. Since in our previous studies,
cardiac tissues seeded with CMs in monoculture without FBs did
not compact,[29] here, both the control tissues without EPI cells
and the EPI cardiac tissues contained FBs such that the compar-
isons between these groups were not affected by the ability to

Adv. Healthcare Mater. 2024, 13, 2302642 2302642 (9 of 17) © 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 6. Epicardial cardiac tissues retain stronger EPI cell presence after injury. A) Fluorescence images of GFP+ cells (green) in cardiac tissues (top
row) and corresponding thresholded images (bottom row) in CM+FB+EPI cardiac tissues under i) normoxia and ii) with IRI. Scale bar is 500 μm. B)
GFP+ area coverage of cardiac tissues compared between day 8 and day 15 (or 7 days after IRI) in i) No IRI control tissues and ii) IRI cardiac tissues.
Welch’s t test was applied. The average internal slope of GFP+ cell distribution profiles in iii) No IRI control tissues and iv) IRI cardiac tissues between
day 8 and day 15 (or 7 days after IRI) are also shown. Unpaired t test was applied. C) Profiles of the average GFP+ pixels in the binned width thr-ough
i) No IRI control cardiac tissues and ii) IRI cardiac tissues, comparing day 8 and day 15 (or 7 days after IRI). D) Confocal images of biowire tissues,
demonstrating the distribution of GFP+ cells within the tissues (i–vi represent independent tissues). EPI cells are visualized by GFP signal. Nuclei were
counterstained with DAPI. Scale bar is 200 μm. E) Quantification of biowire tissues showing i) GFP+ cell density and ii) distance of GFP+ cell clusters
from the tissue center relative to the cluster area and tissue perimeter. Welch’s t tests were performed.

form compacted cardiac tissue structures. Instead, we sought to
address the specific contributions of the EPIs and their crosstalk
with other cells in 3D cardiac tissue constructs. Initially at day
8, the contractile properties were inferior in the EPI biowire tis-
sues, which may be attributed to the larger cell load. Over time,
these properties improved, eventually catching up to the control

tissues whose properties remained stable after formation. How-
ever, even at earlier time points, ET and MCR were not different
between the control tissues and EPI cardiac tissues, indicating
that electrical excitability was similar, which can be explained by
the same number of CMs being used in both groups, and indi-
cates that the added EPIs did not impede contraction.

Adv. Healthcare Mater. 2024, 13, 2302642 2302642 (10 of 17) © 2024 The Authors. Advanced Healthcare Materials published by Wiley-VCH GmbH
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Figure 7. EPI cells display colocalized marker of EMT after injury. A) Confocal images of representative biowire tissues over time, showing presence of
GFP+ cells (green) and 𝛼-SMA (red). Scale bar is 200 μm. B) Confocal images of cardiac tissues, showing presence of GFP+ EPI cells (green) and 𝛼-SMA+
expression (red) in i) day 2, ii) endpoint No IRI control, and iii) endpoint IRI conditions. Scale bar is 20 μm. C) Quantification of immunofluorescence
images showing ii) GFP+ density (***), i) 𝛼-SMA+ density (*), iii) 𝛼-SMA+GFP+ colocalization normalized to GFP+ density (**),and iv) 𝛼-SMA+
eccentricity (***) from 𝛼-SMA-stained tissues. D) Confocal images of cardiac tissues, showing presence of GFP+ EPI cells (green) and vimentin+
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Despite the lower initial contractile properties of EPI cardiac
tissues compared to control tissues, the contractile properties
of the EPI biowires improved over time through a process that
is preceded by a migration of a fraction of the EPIs into the
tissues, thus mimicking the contribution of EPIs to the heart
through development. Previous studies have shown that engi-
neered heart tissues containing hESC-derived EPIs had the great-
est active force compared to groups formed without support-
ing cells or with supporting MSCs.[19] Indeed, the hESC-derived
EPIs enhanced the contractility, myofibril structure, and calcium
handling in the cardiac tissues constructs.[19] It is known that
epicardial-myocardial crosstalk occurs, but this phenomenon is
not fully understood. A recent report has shown that iPS-derived
premature EPI cells increase contractility and may induce CM
proliferation or enhance CM maturity when in co-culture with
CMs.[18] In both reports showing benefits of EPI cells,[18,19] the
improvements in contractility were observed at day 14, which is
consistent with our results.

After development, the epicardium becomes dormant in the
adult heart and is only reactivated in response to injury. Ani-
mal models of ischemic injury include models of MI via per-
manent ligation of the left anterior descending coronary artery
(LAD), models or IRI via temporary occlusion of the left anterior
descending coronary artery, or cryoinjury.[30–32] Differences exist
between these injury models in terms of reproducibility, molec-
ular mechanisms involved in the injury, size and extent of the
injury, and the inflammatory response.[30–32] For example, cry-
oinjury results in a very reproducible injury size, but it has less
physiological relevance than permanent or temporary ligation of
the LAD. Permanent ligation is less technically challenging and
therefore more reproducible than temporary occlusion. The in
vitro investigation performed in this work made use of an IRI
model designed to mimic the temporary occlusion but tailored
to heart-on-a-chip tissue constructs, which has been shown to
recapitulate certain key molecular and tissue-level processes of
the in vivo injury.26] Specifically, we investigated the effect of is-
chemic injury on the cardiac tissues after the initial formation
process, using the established method.26] The described ischemic
conditions recapitulate the in vivo ischemic setting by mimicking
some of the key extracellular ischemic changes (e.g., acidic pH,
hyperkalemia, and lactate accumulation), the rapid change be-
tween ischemia and reperfusion conditions, and result in effects
that align with the reperfusion process in vivo, such as increased
apoptotic activity and disorganized cardiac ultrastructure.26]

IRI was modeled here, which resulted in cell death and trends
of decreasing electrical and contractile properties initially after
IRI. While our results over the period of over two weeks under
healthy/normoxic conditions revealed that the EPI biowires had
more significant increases in functional properties compared to
control biowires, we see the reverse trend after injury. By track-
ing functional properties over the week following injury, overall
recovery in force properties over time was observed to a lesser ex-

tent in the biowires that include EPIs. Since the initial day 8 val-
ues for some functional properties start lower in the EPI group,
our comparisons following injury focused on relative differences
within one group over time, so as to be able to track changes that
result from the injury itself for each tissue. As such, closest at-
tention was paid to the time-dependent differences within each
group. A key observation as a result of injury with regards to the
functional properties is that there are overall fewer significant in-
creases over time after IRI in the CM+FB+EPI group, represent-
ing less recovery in the CM+FB+EPI group. This is corroborated
by a significant lowering of MCR right after injury only in the
CM+FB group and the reduced LDH release in EPI biowires. It
is plausible that the EPI biowires exhibited less significant recov-
ery because they experienced less significant injury, or by more
closely mimicking the native physiological response to cardiac in-
jury. Exact mechanisms should be investigated further, but this
result reinforces that it is vital to include EPIs in cardiac injury
models, as their impacts may affect responses to injury and sub-
sequent recovery.

By specifically evaluating the role of EPIs within structures rep-
resenting both healthy and injured tissues, we observed differ-
ences in their retention within the tissues as well as their tran-
sitions to other cell types, again capturing the importance of in-
cluding EPIs in heart-on-a-chip models of injury. EPI cardiac tis-
sues that underwent IRI demonstrated retention of the GFP+
cells in the tissue, and no decrease in the GFP+ internal profiles
over time. Under ischemia, the core of the tissue would experi-
ence the most dramatic ischemic effects due to oxygen diffusion
limitations,[33] and thus is it plausible that the EPIs having under-
gone EMT are more resistant to ischemia and remain at the tissue
core as a protective response to maintain tissue viability,[34] but
this would need to be confirmed in future investigations. In this
sense, we may be observing a phenomenon that mimics some as-
pects of the in vivo response by the epicardium to injury. Indeed,
in vivo, ischemia results in death of CMs as well as the activation
of EPIs as a compensatory strategy.

𝛼-SMA is expressed by smooth muscle cells and
myofibroblasts,[35] and is considered a marker of the final
stages of EMT.[36] The observation of co-localization of GFP
and 𝛼-SMA suggests that GFP-expressing EPIs have undergone
EMT and transitioned to a smooth muscle or myofibroblast
phenotype. It is known that in the infarcted heart, cardiac FBs
convert to 𝛼-SMA-expressing myofibroblasts, which secrete col-
lagen and matrix proteins.[37] Myofibroblasts play an important
role in both repair post-MI as well as the fibrotic response and
contribute to scar formation.[35] While cells of the epicardial
layer undergo change after injury, it has been found that newly
activated EPDCs do not populate the infarct region to the same
extent as pre-existing epicardium-derived fibroblasts after MI,
and that the pre-existing cells contribute more to fibrosis.[38]

In our epicardial biowire model, the epicardial-derived cells
invade myocardial tissue at the stage preceding IRI. Therefore,

expression (red) in i) day 2, ii) endpoint No IRI control, and iii) endpoint IRI conditions. Scale bar is 20 μm. E) Quantification of immunofluorescence
images showing i) GFP+ density (*), ii) vimentin+ density (**), iii) vimentin+GFP+ colocalization normalized to GFP+ density (*), and iv) vimentin+
eccentricity (**) from vimentin-stained tissues. Ordinary one-way ANOA with Tukey’s multiple comparisons test (*), Kruskal–Wallis test with Dunn’s
multiple comparisons test (**), or Brown–Forsythe and Welch ANOVA test with Dunnett’s T3 multiple comparisons test (***) were performed. EPI cells
are visualized by GFP signal. Nuclei were counterstained with DAPI.
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the increased overlap of 𝛼-SMA with EPDCs is an indication
that this heart-on-a-chip system provides a useful platform to
capture responses to injury that correspond to those which occur
in vivo, in a way that is novel within engineered heart-on-a-chip
systems.

4. Limitations and Future Work

While this study is first to capture certain stages of epicardial
contribution to cardiac tissue development and injury in a heart-
on-a-chip system, it is important to note that the maturation sta-
tus of EPIs, which could be revealed through measurements of
developmentally staged genes, was not conducted in this work.
This would be an interesting future step that could facilitate
the inclusion of additional chemical or mechanical features to
control the cellular developmental stages within the cardiac tis-
sues over time. A well-known challenge associated with tech-
nologies that make use of differentiated stem cell protocols is
cellular heterogeneity.[39,40] As such, it is likely that the hESC-
derived epicardial cells in this work differ in maturity and pheno-
type from epicardial cells of the native cardiac environment post-
development due to the inherent immaturity of the cell source.
Therefore, it should be understood that the system described in
this work is one attempt to model the development and function
of cardiac tissue using cell populations that are relatively imma-
ture. Future work is therefore needed to more closely recapitu-
late the mature native cardiac cellular environment, especially for
late-onset disease models, by drawing on maturation processes
for stem-cell derived cells [41] or adding in additional maturation
processes for the engineered tissues such as long-term electri-
cal stimulation.[16] Furthermore, while the migration of EPIs oc-
curred in the first week of biowire formation, our investigation
of the effects of injury was performed on still relatively immature
tissues. Further maturation of the tissues using known electrical
field conditioning methods,[16] was omitted here to enable bench-
marking of the baseline effects. It could be undertaken in future
studies to generate progressively more mature tissues, such that
comparisons of injury response can be performed on “aged” tis-
sues, coupled with deeper investigation of EMT markers.

With more focus applied to the developmental stages of EPIs
in the tissue, several additional future directions building off
this work could be taken. It may be possible to retain a portion
of EPIs at their mature epicardial state around the border of
the myocardial tissue using chemical inhibitors of EMT, thus
limiting the transition to epicardial-derived fibroblast popula-
tions. This way, the cardiac tissue consisting of both EPDCs
within the myocardium and an intact mature epicardial cell
layer around the edge may be achieved, moving toward a more
complete model of the native cardiac environment. Elimination
of fibroblast addition to the tissues may also be possible in
future studies, relying on EPI as a sole source in a more develop-
mentally faithful paradigm. Finally, we envision our epicardial
biowire system being useful for investigations of treatments
that could mitigate fibrotic responses and help achieve tissue
regeneration after injury. Indeed, the epicardium activated by
injury is a source of EPDCs and cytokines that contribute to
angiogenesis and revascularization,[11,42] thus opening up the
potential for use of this EPI biowire model for investigations of
regenerative strategies.

In terms of the platform, the Biowire II platform has been
thoroughly optimized,[43] with recent enhancements to the plat-
form addressing certain challenges by incorporating features like
printed polymer ink and a 24-well plate system.[44] New chal-
lenges based on the work reported here include the two-step
seeding protocol used to develop the desired tissue complexity
and composition. Future directions to improve tissue generation
could include automation of the seeding steps to produce tissues
with even greater consistency in terms of distribution of the cell
types during tissue formation.

5. Conclusion

This work has established several important steps in the develop-
ment of more advanced heart-on-a-chip systems. We have shown
that we can generate miniature, functional cardiac tissues incor-
porating a defined layer of epicardium around a myocardiumus-
ing our Biowire II platform, through a two-step seeding protocol
with EPIs added after tissue formation. We were able to mimic
the developmental migration of EPIs into the myocardial tissue
and demonstrated the ability to track EPI migration and phe-
notype within the beating cardiac tissues. While EPI biowires
had lower contractile forces compared to control biowires ini-
tially, they catch up over the following week in culture, demon-
strating the ability to form comparably functioning tissues with
higher degree of cell complexity. Investigations of these tissues
in conditions mimicking IRI revealed that EPI biowires experi-
ence less significant cell death during reperfusion, less impact
of functional properties such as MCR, and as a result less recov-
ery over time compared to control cardiac tissues. EPI cardiac
tissues that underwent IRI had a more pronounced GFP+ sig-
nal, indicating a greater EPI cell presence than EPI tissues un-
der healthy/normoxic conditions, with a pronounced migration
of cells to the interior. They also exhibited a significant overlap be-
tween GFP-expressing EPIs and 𝛼-SMA expression. Overall, we
observed differences in cardiac tissues with and without EPIs un-
der normal and injured conditions, as well as specific differences
in the EPI location and expression as a result of injury, which sup-
port that this heart-on-a-chip system containing EPIs provides a
useful platform to investigate cardiac processes in development
and in response to injury.

6. Experimental Section
Plate Fabrication: Polystyrene plates with repeating rectangular mi-

crowells (5 mm × 1 mm × 0.3 mm) and grooves (75 mm × 0.2 mm)
were fabricated according to recently established methods.[45] Briefly, a
polystyrene base plate with built-in carbon electrodes was fabricated by
using AutoCAD to design a photomask, soft-lithography to create an
SU-8 master mold, and polydimethylsiloxane (PDMS, Sylgard 184 sili-
cone elastomer kit, 5:1 ratio of elastomer to crosslinker) poured onto
the SU-8 mold to generate a negative mold that was bonded to a sili-
con wafer via plasma treatment. Carbon electrodes (Cat No. AR-14, Ohio
Carbon Blank, 1 mm × 0.4 mm × 96 mm) were incorporated by plac-
ing them on the PDMS mold (with distance between two electrodes of
5 mm) and loading into a hot embosser (EVG 520). Thermal bonding at
180 °C and compression force of 3000 N was used to fabricate the base
plate.

Microwires were fabricated using nanocomposite ink which was printed
directly on the base plate. To fabricate the ink, TPE/QD nanocom-
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posites were prepared by mixing core–shell CdSe/ZnS quantum dots
and poly(styrene)(ethylene/butylene)-(styrene) copolymers thermoplastic
elastomers (TPE) in toluene as previously described.[45] The final mixture
of QDs in the nanocomposite reached a concentration of 0.05 w/w%, after
casting them in a glass Petri dish to allow solvent evaporation and baking
in an oven under vacuum at 75 °C for 2 h. An array (75 mm × 94.5 mm)
of micro-wires (60 μm diameter) was deposited from this nanocompos-
ite ink onto the polystyrene base plate with built-in carbon electrodes by
extrusion 3D printing (RegenHU Ltd., Switzerland). The polystyrene plate
base fitted with electrodes and microwires was then assembled onto a bot-
tomless 24-well plate using polyurethane glue (two-part adhesive casting
system; GS Polymers, cat. No. 1552-2T50).

A microscale mechanical tester (MicroSquisher, CellScale) with cus-
tomized probes was used to generate the force-displacement curves of
the microwires. The probe was placed beside the middle of the nanocom-
posite wires (60 μm diameter) and moved forward at 2.5 μm s−1 with force
applied perpendicular to the long axis of the wire. The force-displacement
curves were generated as previously described[45] and were used to cali-
brate the contraction force of the biowire tissues.

For one supporting experiment (Figure S9, Supporting Information),
polystyrene strips with microwells and poly(octamethylene maleate (an-
hydride) citrate) microwires were assembled according to previous
reports.[16] Force-displacement curves were also generated as previously
described.[16]

Plates were filled with 70% ethanol for several hours for sterilization and
rinsed with phosphate buffered saline (PBS). Prior to cell seeding, 5% w/v
Pluronic acid in distilled water was added to the wells for several minutes
before removal, and remaining liquid was allowed to evaporate.

Cell Culture: hES2-GFP hPSCs were used for differentiation into pro-
epicardial cells adapted from a previously published report.[27] The eGFP
gene is inserted in the ROSA26 locus. Differentiation was performed in
embryoids bodies (EB, day 1–4) and monolayer culture (day 4–8) un-
der hypoxic conditions (5% CO2, 5%O2, 90%N2). Briefly, hPSC pop-
ulations (hES2-GFP) were dissociated into single cells using TypeLE
and re-aggregated to form EBs in StemPro-34 media containing 1%
penicillin/streptomycin, 2 mm L-glutamine, 150 mg mL−1 transferrin,
50 mg mL−1 ascorbic acid, 50 mg mL−1 monothioglycerol, 10 μm ROCK
inhibitor Y-27632 and 1 ng mL−1 rhBMP4 for 24 h on an orbital shaker
(70 rpm). On day 1, the EBs were transferred to mesoderm induction
media consisting of StemPro-34 with the above supplements (-ROCK
inhibitor Y-27632) and 3 ng mL−1 rhBMP4, 1 ng mL−1 rhActivinA and
5 ng mL−1 rhbFGF. On day 4, cells were replated in medium containing
2 μm Retinol, 10 ng mL−1 rhBMP4, 6 μm SB431542, and 1 μm CHIR until
day 6. From day 6 to 8/9 cells are cultured in StemPro34 medium. On day
8/9 the population was dissociated into single cells (ColB followed by Try-
pLE) and cryopreserved for subsequent experiments. eGFP gene expres-
sion was found to remain stable throughout differentiation in all lineages
analyzed, independent of germ layer.[46]

The cryopreserved GFP tagged pro-epicardial cells (day 8–9) were used
to generate EPIs as follows. The pro-epicardial cells were thawed and
plated on 0.1% porcine gelatin-coated six well plates at 200 000 cells
per well. Cells were cultured with supplemented Stempro34 media con-
taining 1% penicillin/streptomycin, 1% glutamine, 50 ug mL−1 ascorbic
acid, 0.026% (v/v) monothioglycerol, and 6 um SB (dissolved in DMSO at
18 mm) for 16–20 days, until fully confluent. For dissociation, the monolay-
ers were treated with 1 mg mL−1 collagenase B for 1 h. Detached monolay-
ers were harvested and 0.4% (v/v) TrypLE was added to the cell solution
and incubated at 37 °C for 3 min to allow cells to dissociate with gen-
tle pipetting. TrypLE was diluted with media and pelleted at 1200 rpm for
5 min. The pellet was washed with media, recentrifuged, and maintained
in minimal media on ice until seeding.

Human ventricular cardiac fibroblasts (FBs) (Lonza CC-2904) were cul-
tured with supplemented Fibroblast growth media 3 (Promocell C-23025)
with 1% 10 000 U mL−1 penicillin/streptomycin in a tissue culture flask
and passage three to five was used in the biowires. FBs were dissociated
with Trypsin for 3 min at 37 °C, neutralized with media and centrifuged at
300 g for 5 min. Cells were resuspended in media, counted, and kept on
ice prior to use.

In a supporting experiment (Figure S10, Supporting Information),
BJ1D-iPSC derived CMs were used. Briefly, BJ1D iPSC were cultured and
passaged into GFR Matrigel (Corning, 354230) coated 12-well plates for
CM differentiation according to the protocol described in Lian et al.[47]

On day 20 of differentiation, each well of CMs was incubated in 800 μL of
200 units mL−1 type II collagenase (Worthington, LS004205) and 10 μm
ROCK inhibitor (Y-27632 2HCl; Selleckem, S1049) for 1 h. 200 μL of
TryplE-Express (Gibco, 12605010) was then added, and cells were released
from the culture surface by gentle pipetting up to 8 times using a P1000
pipette to dissociate clumps. Dissociated cells in solution were diluted
1:1 with blocking media consisting of DMEM containing 10% embry-
onic stem cell qualified fetal bovine serum (Gibco, cat# 10439024), 1%
penicillin/streptomycin, 10 μm ROCK inhibitor, and 10 μm DNase (Cal-
biochem, 260913-10MU). Prior to use, CMs were counted then centrifuged
at 300g for 5 min to remove dissociation media.

In all other experiments, iCell CMs (Cellular Dynamics, 01434) were
used. iCell CMs were thawed from frozen according to the manufacturer’s
instructions, transferred to a falcon tube and diluted with Induction 3
Medium (I3M) (supplemented Stempro34 media containing 1% peni-
cillin/streptomycin, 213 μg mL−1 2-phospahte ascorbic acid, 150 μg mL−1

transferrin, 20 mm HEPES and 1% GlutaMAX), followed by centrifugation
at 300g for 5 min. Cells were resuspended in media and counted.

Flow Cytometry: A portion of EPI cells that were dissociated for seed-
ing into biowires were set aside for analysis by flow cytometry (Cytek Au-
rora (violet (405 nm), blue (488 nm), and red laser (640 nm)), Fremont,
California, USA). These cells were stained using AldeRed ALDH Detec-
tion Assay (Sigma-Aldrich, SCR150) according to the manufacturer’s in-
structions. Cells were also stained for CD105 (Thermo Fisher, 17-1057-
42, 1:20) in the AldeRed assay buffer for 30 min at 4 °C. Unstained, iso-
type control (Thermo Fisher, 17-4714-82, 1:20), and DEAB inhibitor of
AldeRed ALDH Detection Assay (Sigma-Aldrich, SCR150) were included.
All events were gated by their forward scatter area (FSC-A) versus side
scatter area (SSC-A), followed by doublet exclusion based on FSC-A and
forward scatter height (FSC-H). This gating was applied to all samples
to identify single cells. AldeRed positive events were identified based on
SSC-A versus AldeRed fluorescent intensity according to the manufac-
turer’s instructions. CD105 gating was established using the isotype con-
trol in the fluorescent intensity histogram. Spectral unmixing was not per-
formed for this experiment since it was a single color assay. All EPI cells
were tagged with GFP and equally represented across all samples. The
flow cytometry results were analyzed in FlowJo v10.10 Software (BD life
sciences).[48]

Biowire Generation: Biowire tissues were prepared similarly to previ-
ous reports.[16] Cells were suspended in a hydrogel for seeding into the mi-
crowells. The hydrogel was prepared by mixing, in order, 10% v/v Medium
199 10×, 10% v/v 2.2 mg mL−1 NaHCO3, 0.6% v/v 1 m NaOH, distilled wa-
ter at a volume adjusted to achieve the required final concentration based
on the collagen concentration, 3 mg mL−1 collagen I, and 15% v/v GFR
Matrigel. The pH was measured to ensure a pH of 7 was achieved, and
minute amounts of 1 m NaOH were added to adjust if needed.

For the first cell seeding on day 0, CM and FB cell solutions were com-
bined and mixed, such that concentrations of 90 000 CMs and 10 000 FBs
per biowire tissue were achieved. Cells were centrifuged and supernatant
was removed from the cell pellet. Hydrogel was added and mixed with the
cell pellet in a concentration of 50 000 cells μL−1. The cell-hydrogel sus-
pension was mixed well with gentle pipetting, ensuring minimal bubbles
were formed. 2 μL of cell-hydrogel suspension was seeded into each mi-
crowell of the plate and left for 10 min at 37 °C to gel. After evidence of
gelling was observed, 1.5 mL of I3M was added to each well and plates
were incubated at 37 °C.

Seeding of EPIs took place one day after CM/FB seeding. Similar hydro-
gel was added to the detached and centrifuged EPIs to achieve a concen-
tration of 50 000 cells μL−1 hydrogel. Media was removed carefully from
the biowire wells and from the chamber around the slightly compacted
biowires, with care taken to not disturb the tissue. 1 μL of EPI-hydrogel sus-
pension was pipetted around the tissue in each microwell, and the plate
was transferred to 37 °C for 10 min for gelling to occur. Afterward, 1.5 mL
I3M was added to each well. Media was removed and replaced with 1 mL
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fresh media on day 5 and day 7. Optical images of biowires were taken over
the next week. In some cases, biowires that had adhered to the wall of the
chamber were prodded gently with a sterile needle on day 3 to encourage
tissues formation. Both CM+FB and CM+FB+EPI tissues were cultured in
two separate batches each for the analyses involving functional properties.
An additional batch of CM+FB and CM+FB+EPI biowires was cultured for
additional immunostaining.

Biowire Functional Properties Assessment: Biowire tissues were as-
sessed for electrical properties through previously described methods.[16]

Briefly, the carbon electrodes in the 24-well plates were connected to a
stimulator (Grass Technology S88X Square Pulse Stimulator) and kept at
37 °C in a chamber under the fluorescence microscope for imaging for as-
sessment of functional properties. Tissues were imaged in brightfield, and
tissue specific parameters for functional property calculations such as tis-
sue thickness, chamber width, length of tissue attached to wire, and wire
passive tension were measured.[16] The ability of tissues to beat sponta-
neously (i.e., without additional electrical stimulation) was recorded. ET
of each tissue was defined as the minimum voltage required to achieve
synchronous beating across the tissue. This was assessed by setting stim-
ulation frequency to 1.00 Hz or 2.00 Hz (depending on spontaneous tissue
beating frequency), setting the voltage to 1.00 V cm−1 and increasing the
voltage until continuous and synchronized beating for the tissues was ob-
served. The stimulation for testing is monophasic with pulse duration of
2 ms. The frequency used for this measurement was kept constant for each
tissue for the assessments over time. The results in the manuscript show
the ET value in the units of V. The distance of electrodes is 0.5 cm, and
this is consistent for all tissues. With stimulation voltage set to double the
ET (to ensure continuous beating), and frequency initially set to 1.00 Hz,
MCR of each tissue was measured by gradually increasing the stimulation
frequency until beating was no longer controlled by electrical stimulation,
specifically noted by a large break in beating. For the supporting experi-
ment with BJ1D-derived CMs, a value of zero was assigned for MCR of
tissues that were not beating or not being affected by stimulation, while
ET for these tissues was not included.

Videos of the movement of the microwires to which biowire tissues
were attached were captured as the tissues beat with increasing stimula-
tion frequency. The wires fluoresce in the Texas Red channel (𝜆ex = 596 nm
𝜆em = 620 nm) due to the incorporation of quantum dots, enabling wire
movement to be tracked in situ. Videos were taken with spontaneous tis-
sue beating and beating with stimulation at a frequency of 1.00 Hz with
voltage set to double the ET. Videos were cropped using Fiji such that a 50-
pixel region in the center of the wire was isolated for analysis in a custom
MATLAB code. Using this code, wire movement was tracked and trans-
lated into functional properties.[45] Biowires are assumed to be cylindrical
in the center region between the wires. In the supporting experiment with
BJ1D-derived CMs, for tissues that were no longer beating or not catch-
ing, values of zero were assigned for active tension and contraction slope,
while values for passive tension were not included as these could not be
assumed.

Biowire Injury and Cell Death Assessment: IRI was executed according
to an established protocol.[26] Briefly, to mimic ischemia, regular media
was removed from around the biowires, saved at −20 °C, and replaced
with ischemic solution (119 mm NaCl, 12 mm KCl, 1.2 mm NaH2PO4, 1.3
MgSO4, 0.5 MgCl, 0.9 CaCl2, 20 mm sodium lactate, and 5 mm HEPES,
pH = 6.4). Minimal solution volume (0.5 mL per well) was used to en-
courage waste buildup. The plate was transferred to a hypoxic chamber
perfused with anoxic gas (95% N2, 5% CO2) at 37 °C for 6 h. Ischemic so-
lution was removed, saved at −20 °C, and replaced with reperfusion me-
dia (RPMI 1640 supplemented with 1.4 mm calcium chloride and 2% (v/v)
B27 without antioxidants (Thermofisher 10889038) at pH = 7.4), also at
0.5 mL per well. The plate was moved back to oxygenated environment in
a 37 °C incubator w-ith a mixture of air and 5% CO2 for 3 h. After this time,
the reperfusion media was removed, saved at −20 °C, and replaced with
I3M at a volume of 1 mL per well. Biowires were assessed for spontaneous
beating immediately after reperfusion. Functional assessments of tissues
were performed according to the previously described procedure[16] at
time points up to 7 days after IRI. An additional 0.5 mL fresh I3M was
added four days after IRI.

Lactate dehydrogenase (LDH) assay (Cayman Chemical 601170) was
performed on the frozen media from the various stages of the IRI proce-
dure according to manufacturer’s instructions. Absorbance values of blank
media from the respective media types were subtracted as background.

Tissue assessments were performed 12 h after the end of the IRI pro-
cedure, 3 days after the end of the IRI procedure, and 7 days after the end
of the IRI procedure. In the baseline tissues (i.e., no IRI controls), assess-
ments were performed and at the same time as the injured tissues, which
correspond to day 9, day 11/12, and day 15/16, the last of which is consid-
ered endpoint. For simplicity, these timepoints are written throughout as
day 9, day 11, day 15.

GFP+ Cell Tracking within Biowires: Tissues were fluorescently imaged
(Olympus IX81) to assess location of GFP+ EPIs. Images of biowires taken
in the FITC channel were processed and analyzed using Fiji software. Back-
ground subtraction with rolling ball radius of 50 was performed, followed
by default auto threshold. At three locations across the biowire, a line was
drawn, and plot profile was performed to indicate pixel values across the
biowire. Pixel values were converted to binary values representing either
white or black pixels, which were then binned at 10% intervals of width
across the biowire to determine distribution of pixels across the biowire
width (Figure S2, Supporting Information).

Immunostaining and Microscopy: Plated monolayers of EPIs from the
same batches used for biowires were fixed with 4% paraformaldehyde
(PFA) and immunostained for Wilm’s Tumor Protein (WT1) and Zonula
occludens-1 (ZO1). For WT1 staining, permeabilization with 0.25% Tri-
ton X-100 was performed after fixation for WT1 stained cells. Blocking
with 10% normal goat serum (NGS) for 1 h at room temperature (RT)
was performed prior to incubation with primary antibodies. Anti-WT1 (Ab-
cam, ab 89901 at 1:50 in 10% NGS) and anti-ZO1 (Thermo Fisher 61–
7300 at 5 ug mL−1 in 10% NGS) were applied overnight at 4 °C. Sec-
ondary antibody (Goat-anti-rabbit AF647, Invitrogen A21245, 1:500 in 10%
NGS) was incubated for 1 h at RT, followed by DAPI (1:1000). Wells were
imaged by fluorescence microscopy (Olympus IX81) and quantified by
counting using Fiji software. WT1+ nuclei were automatically counted and
cells with ZO1+ borders were manually counted. The averages of each
well from two independent differentiations of cells (two wells each) was
used.

Tissues at day 2 of formation, and at the endpoint, were removed from
the microwires, washed with PBS, and fixed in 4% PFA at 4 °C overnight for
24 h followed by numerous PBS washes. Biowires were stored in PBS until
staining. Tissues were cut in half with a razor blade and blocking buffer
(10% NGS + 0.1% TritonX-100) was applied for 1 h at RT with rocking.
Anti-vimentin (Abcam ab 8978, 5 ug mL−1), anti-𝛼-SMA (Abcam ab5694,
1/200), anti-cardiac troponin T (Invitrogen 13-11, 1:100), and anti-WT1
(Abcam ab89901, 1/200) primary antibodies were prepared in blocking
buffer, and tissues were incubated with 100 μL antibody solution overnight
at 4 °C (separately). Secondary antibodies were prepared in blocking buffer
and tissues were incubated at 4 °C overnight. AF 647 goat-anti-mouse
IgG1 (Invitrogen A21240, 1:200) was used for vimentin and cTnT-stained
samples, and AF 647 goat-anti-rabbit IgG (Invitrogen A21245, 1:200) was
used for 𝛼-SMA and WT1-stained samples. After each antibody solution
was removed, tissues were washed in fresh PBS and kept in PBS at 4 °C
overnight to allow adequate washing of excess antibodies. Images were
taken with a confocal microscope (Nikon A1R).

𝛼-SMA, vimentin, cTNT and GFP+ cells quantification analysis was per-
formed on unprocessed images using a MATLAB code with the image
batch processor app. Briefly, RGB images were transformed into binary
images by selecting an appropriate threshold. For 𝛼-SMA, vimentin, and
cTNT, the density of each channel was measured by calculating the sum
of the pixels. To measure the overlap of two channels, the matrices rep-
resenting each channel were multiplied. GFP+ colocalization in 𝛼-SMA+
expression was calculated by overlapping the GFP and 𝛼-SMA channels
and dividing them by the GFP+ density. The average of at least three im-
ages was plotted for each sample. To measure the eccentricity of 𝛼-SMA,
vimentin, and cTNT, the binary images were processed using the region-
props function, yielding an eccentricity value for each cell cluster in the
image.[49] The percentage of clusters with a value of 0.95 to 1 was mea-
sured and plotted.
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To measure the distance of GFP+ cells from the tissue center using
a MATLAB code with the image batch processer app, the binary images
were processed using the regionprops function. This step produced out-
puts that included the center of mass and size of each cell cluster. Next,
the distance between the center of mass of each cluster and that of the
entire tissue was calculated. To incorporate the effect of the cluster size,
these distances were adjusted by multiplying by the size of the cluster and
dividing by the average size of clusters in the images. Finally, the average
adjusted distance was measured and normalized to the tissue size by di-
viding it by the perimeter of the entire tissue.

WT1 quantification was performed on unprocessed images using Fiji
software. Each image corresponding to a channel was converted into bi-
nary images by selecting an appropriate threshold, and applying additional
clean up steps to distinguish nuclei, which were then counted using the
Analyze Particles function. Overlap between channels was established us-
ing the imageCalculator function, followed by subsequent Analyze Parti-
cles steps.

The displayed low magnification WT1-stained confocal images were
processed using Fiji software and included a subtract background step
(rolling ball radius of 50) and consistent change to brightness for the red
channel. The displayed high magnification 𝛼-SMA and vimentin confocal
images were processed using a subtract background step (rolling ball ra-
dius of 50), and an additional despeckle step for the red channels. The
displayed low magnification 𝛼-SMA and vimentin confocal images were
processed with a subtract background step (rolling ball radius of 50) on
every channel.

Statistical Analysis: All statistics were performed using Prism 9 or 10
software. Sample numbers are included in the figure captions for each
test or indicated by individual points on the graph and error bars represent
standard deviation. For all electrical and functional data of tissues, outliers
were identified using ROUT (Q= 1%) method and removed from the data.
In cases when a repeated measures test was used for biowires tracked over
time, all data from that biowire sample was removed if it was identified as
an outlier.

For comparisons of two groups, normality was checked using Shapiro–
Wilk test, and nonparametric test was used if normality was not passed. F
test was used to compare variances, and Welch’s correction was applied if
variances were not equal. For comparisons of more than two groups, nor-
mality was checked using Shapiro–Wilk test, and a nonparametric test was
used if normality was not passed. Brown-Forsythe was used to check vari-
ances. For repeated measures comparisons, one-way ANOVA with Dun-
nett’s multiple comparisons tests was applied and when values were miss-
ing, data were analyzed with a mixed-effects model (REML) rather than re-
peated measures ANOVA, which cannot handle missing values. Statistical
significance is indicated by asterisks on the graphs with p ≤ 0.05 consid-
ered significant.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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