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A myocardial infarct border-zone-on-a-chip
demonstrates distinct regulation of cardiac tissue
function by an oxygen gradient
Megan L. Rexius-Hall1, Natalie N. Khalil1, Sean S. Escopete2, Xin Li3, Jiayi Hu3, Hongyan Yuan3,
Sarah J. Parker2, Megan L. McCain1,4*

After a myocardial infarction, the boundary between the injured, hypoxic tissue and the adjacent viable, nor-
moxic tissue, known as the border zone, is characterized by an oxygen gradient. Yet, the impact of an oxygen
gradient on cardiac tissue function is poorly understood, largely due to limitations of existing experimental
models. Here, we engineered a microphysiological system to controllably expose engineered cardiac tissue to
an oxygen gradient that mimics the border zone andmeasured the effects of the gradient on electromechanical
function and the transcriptome. The gradient delayed calcium release, reuptake, and propagation; decreased
diastolic and peak systolic stress; and increased expression of inflammatory cascades that are hallmarks of myo-
cardial infarction. These changes were distinct from those observed in tissues exposed to uniform normoxia or
hypoxia, demonstrating distinct regulation of cardiac tissue phenotypes by an oxygen gradient. Our border-
zone-on-a-chip model advances functional and mechanistic insight into oxygen-dependent cardiac tissue
pathophysiology.
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INTRODUCTION
Amyocardial infarction (MI), commonly known as a heart attack, is
often triggered by the occlusion of a coronary artery due to athero-
sclerotic plaque formation. The occlusion obstructs the flow of
blood and oxygen (O2) to a localized site of myocardial tissue,
leading to hypoxia and massive cardiomyocyte (CM) cell death
(1). Steep O2 gradients develop at the interface between the
injured, hypoxic tissue and the surrounding viable, normoxic
tissue (2), a region known as the border zone. Over the ensuing
days, weeks, and months, the injured myocardium, especially the
border zone, undergoes extensive remodeling in its electromechan-
ical properties that can lead to heart failure (3). In vivo and ex vivo
models have shown that border zone tissue is a known substrate for
arrhythmias (4) and generates less force than remote myocardium
(5). These observations suggest that the border zone is especially
susceptible to pathophysiological remodeling, likely due to hetero-
geneities in the cellular microenvironment, including O2 gradients.
However, the direct effects of O2 gradients on the structure and
function of CMs on molecular, cellular, and tissue levels, including
interactions between differentially oxygenated cells, are poorly un-
derstood, thereby limiting the development of therapeutic
interventions.

In vitro studies are essential for elucidating the effects of O2 and
other physical features in the cellular microenvironment on molec-
ular, cellular, and tissue phenotypes in a controlled setting. Conven-
tional approaches for modulating O2 tension in vitro are primarily
hypoxia chambers or workstations that globally expose cultured

cells to uniform O2 levels. In vitro studies have shown various
effects of different durations of uniform hypoxia. For instance,
acute uniform hypoxia reduces wavefront propagation (6) and
impairs contractility (7). A duration of 5 hours of hypoxia results
in internalization of gap junction protein connexin 43 (Cx43) (8).
On the scale of 8 to 24 hours of hypoxia, the mRNA of fetal, T-type
calcium channel Cav3.2 is up-regulated, which is normally absent in
adult myocardium (9). Apoptosis is also induced after 12 to 48
hours (10–12).

The conventional tools for applying uniform hypoxia cannot re-
produce the spatial O2 gradients characteristic of the myocardial
infarct border zone and thus preclude any insights into the effects
of nonuniform O2. Microengineering technologies, such as micro-
electrode arrays and microfluidic channels, have been used to
develop in vitro systems to study myocardial ischemia and injury
(6, 13–16). One of these models mimicked a hypoxia gradient,
but it was generated using a drug that uncouples mitochondrial ox-
idative phosphorylation rather than physical O2 tension (13). O2
gradients have also been developed in cardiac organoid models by
relying on the transport limitations of passive O2 diffusion into the
three-dimensional (3D) tissue. However, this approach offers low
spatiotemporal control of O2 and is not practical for rigorously dis-
secting the effects of O2-dependent cellular cross-talk on cell and
tissue physiology due to inherent variability and the limited
ability to position and monitor distinct cell types. Organoids also
do not recapitulate the native architecture of the myocardium, in
which sheets of elongated, anisotropically aligned CMs form an
electromechanical syncytium that maximizes electrical signal prop-
agation and force generation in the longitudinal direction. Other
diffusion-limited approaches to generate O2 gradients include em-
bedding cells in hydrogels (17) and stacked paper-based culture
systems (18), but these models similarly offer little spatiotemporal
control and are prone to gradient fluctuations by cellular O2 con-
sumption and cell density. Thus, our understanding of the effects
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of O2 gradients on cardiac tissue phenotypes has been limited by
technical barriers related to controllably and reproducibly exposing
aligned cardiac tissues to O2 gradients and subsequently quantify-
ing functional and transcriptional phenotypes in one integrat-
ed system.

To overcome these limitations, we engineered a myocardial
infarct border-zone-on-a-chip with three key features: (i) aligned
cardiac tissues generated via microcontact printing of extracellular
matrix protein, (ii) stable microfluidic-controlled spatial O2 gradi-
ents generated via continuous gas perfusion, and (iii) integration of
assays for on-chip quantifiable functional metrics, including
calcium wave propagation velocity and contractility. We then
used our device to expose engineered cardiac tissues to uniform
normoxia, uniform hypoxia, or an O2 gradient and measured
calcium transients, calcium wave propagation velocity, and contrac-
tile stress. We also used bulk RNA sequencing (RNA-seq) to
examine differentially expressed genes (DEGs) in tissues exposed
to uniform and gradient O2. Our functional and transcriptomic
analysis revealed that the O2 gradient condition exhibited heteroge-
neous calcium handling, hypocontractility, and activation of in-
flammation. These phenotypes were not observed in engineered
tissues exposed to global, homogeneous O2 levels, demonstrating
the unique impact of the O2 gradient. Thus, our myocardial
infarct border-zone-on-a-chip recapitulates select dysfunctional
myocardial tissue responses associated with hypoxic cardiac
injury and could be implemented to inform and test post-MI ther-
apeutic strategies.

RESULTS
Development of the O2 gradient border-zone-on-a-chip
Our goal was to expose engineered cardiac tissue to an O2 gradient
similar to the myocardial infarct border zone at the lateral margin of
an ischemic area, also known as the intramural border zone (19). To
achieve this, we fabricated a polydimethylsiloxane (PDMS) micro-
fluidic device with two serpentine microchannels separated by 8.5
mm, which is in the 2- to 20-mm range of the border zone size mea-
sured in humans (20, 21) and other large mammals, such as dogs
(22). The channels were interfaced with tubing for gas perfusion
and overlaid with a thin gas-permeable PDMS membrane to serve
as a surface for cell culture (Fig. 1, A and B). Cells were exposed to
an O2 gradient via continuous perfusion of compressed gases
through the microchannels that diffused across the membrane on
which cells were cultured (Fig. 1C). To generate a 20%-0% linear
O2 gradient, one channel was perfused with 5% carbon dioxide
(CO2), balanced air and the other was perfused with 5% CO2, ba-
lanced nitrogen (N2). The advantage of continuous gas perfusion
devices is the maintenance of a stable O2 gradient (Fig. 1D), espe-
cially in the presence of cells (23), unlike devices relying on passive
O2 diffusion barriers, where the gradient is altered by cell density
and O2 consumption (24). To engineer myocardial tissues with
native-like alignment, the membrane was microcontact printed
with lines of fibronectin and seeded with neonatal rat ventricular
myocytes (NRVMs; Fig. 1E). After 3 days, an anisotropic myocar-
dial tissue was formed (Fig. 1F) and subsequently exposed to one of
three different O2 conditions for 4 hours: (i) uniform normoxia, (ii)
uniform hypoxia, or (iii) 20%-0% O2 gradient. The 4-hour O2 mod-
ulation time point is consistent with the duration of ischemia in

humans before clinical intervention (25), whereafter the deleterious
effects of reperfusion injury contribute to myocardial damage.

An O2 gradient alters calcium transients in anisotropically
aligned CMs
Acute MI and post-MI cardiac dysfunction is associated with
calcium handling abnormalities (26). To determine how an O2 gra-
dient alters calcium handling, we measured calcium transients
(Fig. 2A) in engineered tissues exposed to 4 hours of uniform nor-
moxia, uniform hypoxia, or an O2 gradient. In the gradient condi-
tion, fluorescent traces were analyzed separately in regions above
the normoxic channel and hypoxic channel (Fig. 2B).

Calcium transient dynamics were dependent on O2 condition
(Fig. 2, C to F). While time to peak (Fig. 2D) was similar in both
uniform conditions, it significantly increased in normoxic CMs in
the gradient compared to adjacent hypoxic CMs in the gradient as
well as uniform hypoxia and uniform normoxia. Tau, the time
constant of decay, was higher in normoxic and hypoxic CMs in a
gradient as compared to both uniform conditions (Fig. 2E). The
full duration half maximum (FDHM) was also elevated in the gra-
dient compared to uniform normoxia (Fig. 2F). Together, these data
suggest that an O2 gradient delays calcium release and reuptake in
CMs. Time to peak and tau of decay were reported as prolonged in
CMs isolated from rats exposed to chronic hypoxia by inspiration of
10% O2 (7). We observed similar trends in the gradient condition
but not uniform hypoxia. However, the gradient condition is likely
more characteristic of CMs isolated from rats breathing 10% O2
because heterogeneous O2 landscapes arise naturally in the tissue
due to O2 transport limitations and diffusion of O2 from
blood vessels.

An O2 gradient affects calcium wave propagation velocity
Rapid and uniform propagation of action potentials and subsequent
calcium waves in the myocardium is necessary for normal, synchro-
nized excitation-contraction coupling (27). Myocardial conduction
velocity is closely linked to calcium propagation velocity due to the
important functional relationship between the action potential and
the kinetics of the subsequent increase in cytosolic calcium (28). Si-
multaneous voltage and calcium mapping demonstrates an analo-
gous propagation velocity but with a transient signal peak delay on
the scale of tens of milliseconds (29). To assess how an O2 gradient
affects calcium wave propagation velocity, we exposed engineered
myocardial tissues to the different O2 conditions and generated
calcium activation maps in response to point stimulation to quan-
tify propagation velocity (Fig. 3A) (30). Both longitudinal velocity
(Fig. 3, B and C) and transverse velocity (Fig. 3, D and E) were mea-
sured. Propagation from normoxia to hypoxia and vice versa was
examined for tissues exposed to an O2 gradient to determine any
effects specific to directionality.

Tissues cultured in uniform hypoxia had slightly, but not signif-
icantly, lower calcium propagation velocity in the longitudinal di-
rection compared to uniform normoxia (Fig. 3C). However,
longitudinal calcium propagation velocity for tissues in the O2 gra-
dient was significantly lower compared to uniform normoxia
(Fig. 3C). In gradient tissues, longitudinal propagation velocity
was similar traveling from normoxia to hypoxia and vice versa, in-
dicating that longitudinal propagation velocity was not sensitive to
the direction of propagation relative to the O2 gradient.
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As expected, transverse calcium propagation velocity was consis-
tently slower than longitudinal. Transverse velocity was similar for
tissues exposed to uniform normoxia or uniform hypoxia. In the O2
gradient, transverse velocity was slow enough that it was apparent
that propagation velocity was dependent on directionality relative to
the gradient. Thus, calcium propagation velocity was calculated in-
dependently for the normoxic side and hypoxic side (Fig. 3D). This
analysis demonstrated that transverse velocity in the normoxic to
hypoxic direction was relatively uniform but significantly slower
than the uniform normoxic condition (Fig. 3E).

Transverse velocity in the hypoxic to normoxic direction did not
exhibit the same degree of uniformity. Only the hypoxic side was
significantly slower than uniform normoxia. Collectively, our data
demonstrate that an O2 gradient delays propagation of both longi-
tudinal and transverse calcium waves and is sensitive to direction-
ality in some instances. Therefore, the calcium propagation velocity
results in our infarct border zone model were consistent with a pre-
vious finding that longitudinal and transverse conduction velocity
decreased during acute ischemia (31).

Gap junction protein Cx43 is the primary connexin in ventricu-
lar myocardium, mediating cell-to-cell electrical impulse conduc-
tion. Uniform hypoxia has previously been shown to decrease the
Cx43 signal at gap junctions (32) and increase Cx43 internalization
(8). There is a demonstrated relationship between Cx43 abundance

and propagation velocity (33–35). To understand whether Cx43
may play a role in the decrease in propagation velocity observed
in the O2 gradient, the Cx43 immunosignal was assessed in
images of the different O2 conditions (Fig. 3, F and G). The
number of CMs, as determined by the nuclei count in each
image, was not significantly different between conditions (fig.
S1). The Cx43 immunosignal decreased in uniform hypoxia
(Fig. 3G). There was also a significant increase in the Cx43 immu-
nosignal in hypoxic CMs in a gradient compared to CMs in uniform
hypoxia. In addition, the increased Cx43 immunosignal in the CMs
in the region above the hypoxic channel was statistically significant
compared to the CMs in the region above the normoxic channel,
demonstrating spatial heterogeneity of Cx43 in the engineered
tissue exposed to the gradient. Notably, spatial heterogeneity of
Cx43 has been associated with conduction block and arrhythmia
(36–38).

O2 levels affect contractile stress
We next investigated whether an O2 gradient also affects the con-
tractile function of engineered cardiac tissue. For this purpose, we
integrated the muscular thin film (MTF) assay (39) into our border-
zone-on-a-chip microphysiological system to measure contractile
stresses generated by the tissues. The O2 control MTF devices
were fabricated with an array of polytetrafluoroethylene (PTFE)/

Fig. 1. Fabrication and characterization of the O2 gradient myocardial infarct border-zone-on-a-chip. (A) O2 gradient condition with gas flow through two ser-
pentine microchannel networks separated by 8.5 mm. (B) Fabricated O2 gradient device with gas perfusion microchannels connected to microbore tubing. Scale bar, 10
mm. (C) Cross-sectional schematic showing diffusion of perfused gases across the PDMSmembrane to expose the cells to an O2 gradient. (D) Validation of the surface O2
profile. Error bars indicate means ± SD. Solid lines indicate the linear regression. (E) Fabrication and experimental flowchart schematic. (F) Anisotropically aligned en-
gineered cardiac tissue. DAPI (blue) and phalloidin staining of F-actin (green). Scale bar, 20 μm.
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PDMS bilayer cantilevers (Fig. 4A). Engineered cardiac tissues were
then cultured on top and exposed to different O2 conditions follow-
ing the protocol previously described (see Fig. 1E). For contractile
stress measurements, the precut MTFs were manually peeled away
from the O2 control device substrate, allowing them to contract and
curl out of plane of the device surface (Fig. 4B). Custom software
leveraging a modified Stoney’s equation derived specifically for
bilayer MTFs (see Supplementary Text) was used to calculate radii
of curvature and contractile stress generation of the MTFs.

Diastolic and peak systolic stresses were determined as well as the
difference between them, referred to as twitch stress (Fig. 4B). Con-
tractile stresses fromMTFs exposed to three different O2 conditions
were compared: (i) uniform normoxia, (ii) uniform hypoxia, and
(iii) 20%-0% O2 gradient. In the gradient condition, contractile
stresses from MTFs above the normoxic channel and hypoxic
channel were determined (Fig. 4C). Plots of the resulting stresses
demonstrated that MTFs exposed to uniform hypoxia were signifi-
cantly weaker than uniform normoxia in diastolic, peak systolic,
and twitch stress (Fig. 4, D and F). In addition, diastolic stress
and peak systolic stress were suppressed above the normoxic
channel in the O2 gradient compared to tissues in uniform normox-
ia (Fig. 4, D and E). Our findings are consistent with hypocontrac-
tile border zone myocardium reported by others (40, 41). Twitch
stress in the O2 gradient condition was not significantly different
than uniform normoxia.

Our contractile stress measurements echo known systolic dys-
function in pathological conditions, including reduction in systolic
pressure after MI (42) and depressed contractility and reduced sys-
tolic pressure occurring in heart failure (43). The MTF assay is not
as applicable for elucidating diastolic dysfunction due to limitations
in decoupling the rate of diastolic relaxation [an important

parameter altered in diastolic dysfunction (44)] from the elastic
recoil of the PDMS substrate (45). Left ventricular diastolic pressure
is known to increase in various pathological cardiac settings, includ-
ing heart failure (43), acute hypoxia in hypertrophied hearts (46),
and MI (47). However, we do not expect to replicate this clinical
aspect of MI observed in vivo because the MTF assay does not
involve formation of a cardiac chamber. Therefore, it cannot reca-
pitulate certain cardiac physiology parameters, such as pressure-
volume relations. However, the measured decrease in the MTF dia-
stolic stress could be explained by a decrease in basal stress caused
by a decrease in basal contractile tone due to impairment of the con-
tractile apparatus attributed to O2-dependent cellular and molecu-
lar changes in the uniform hypoxia and gradient conditions.

Transcriptomic analysis of engineered cardiac tissues
exposed to different O2 landscapes
To identify DEGs as a function of O2, the transcriptomes of engi-
neered tissues exposed to normoxia, hypoxia, and the gradient were
analyzed using RNA-seq. To distinguish between normoxia and
hypoxia in the O2 gradient condition, the device was cut into two
equal halves and tissues were isolated separately from both sections,
corresponding to the normoxic side and the hypoxic side (here re-
ferred to as gradient normoxia and gradient hypoxia, respectively).
All six pairwise comparisons of the various O2 conditions were then
performed (data S1). Volcano plots of the pairwise comparisons
show the up-regulated (red) and down-regulated (blue) DEGs
[P < 0.05, absolute value of the fold change (|fold change|) ≥ 2]
and top 5 DEGs with the largest |fold change| on the up-regulated
and down-regulated side (Fig. 5, A to F). With an included false dis-
covery rate (FDR) < 0.05, a robust count of DEGs was attained
(Fig. 5G). The more rigorous cutoff eliminated DEGs in the

Fig. 2. Effects of different O2 conditions on CM calcium transients. (A) Fluo-4 signal in engineered cardiac tissue during 1-Hz electrical pacing, with i and ii corre-
sponding to baseline and peak intensity, respectively. Scale bar, 200 μm. (B) Normoxic (red open circles), hypoxic (blue open circles), and gradient O2 conditions with gas
flow through microchannels. Calcium transients from the CMs cultured on the membrane directly above the normoxic channel (red squares) and hypoxic channel (blue
squares) were compared in the gradient condition. (C) Representative traces of the calcium transients from the different O2 conditions. Quantification of (D) time to peak,
(E) tau time constant of decay, and (F) full duration half maximum (FDHM). Black lines with error bars indicatemeans ± SEM from n = 5 independent experiments for each
condition. *P < 0.05, **P < 0.01, and ****P < 0.0001 (one-way ANOVA, Tukey’s multiple comparison post hoc test).
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gradient hypoxia versus gradient normoxia comparison. A Venn
diagram shows the overlap of identified DEGs in the comparisons
versus uniform normoxia (Fig. 5H) with 15 shared DEGs in those
comparisons (Fig. 5I). Comparisons versus uniform hypoxia
(Fig. 5J) had 25 shared DEGs (Fig. 5K).

In our RNA-seq analysis, many of the top up-regulated or down-
regulated genes in the pairwise comparisons correlate well with

other hypoxia studies. ANKRD37, which was highly up-regulated
in the comparison of hypoxia versus normoxia (Fig. 5A) and a
shared DEG in every comparison (Fig. 5, H and J; as listed in
Fig. 5, I and K), was also up-regulated in the RKO colon cancer
cell line in hypoxia and regulates autophagy (48). DDIT4 was up-
regulated in hypoxia (table S1) and was a shared DEG in compari-
sons versus hypoxia (Fig. 5K). Fittingly, DDIT4 has previously been

Fig. 3. Regulation of calcium propagation velocity by an O2 gradient. (A) Tissue orientation relative to electrode position for longitudinal propagation (left) and
transverse propagation (right) with example Fluo-4 fluorescent intensity time lapses (inset panels). Scale bar, 2 mm. (B) Activation maps of longitudinal calcium prop-
agation velocity with cropped regions parallel to uniaxial measurement (dashed lines) of the different O2 conditions, including the normoxic control (red open circle),
hypoxic control (blue open circle), gradient with normoxic to hypoxic directionality (red square), and gradient with hypoxic to normoxic directionality (blue square). (C)
Quantification of longitudinal calcium propagation velocity. (D) Activation maps of transverse calcium propagation velocity from the normoxic control (red open circle),
hypoxic control (blue open circle), gradient when the calcium wave propagation was from the normoxic side (left half; red triangle) to the hypoxic side (right half; blue
triangle), and gradient when the calcium wave propagation was from the hypoxic side (left half; blue hexagon) to the normoxic side (right half; red hexagon). (E) Quan-
tification of transverse calcium propagation velocity. Black lines with error bars indicate means ± SEM from at least six independent experiments for each condition.
*P < 0.05 and **P < 0.01 (one-way ANOVA, comparing the mean of each group with the mean of the uniform normoxia group, Sidak’s multiple comparison post hoc test).
(F) Zoomed-in and cropped Cx43 staining (green) and DAPI (blue). Scale bar, 50 μm. (G) Quantification of Cx43 immunosignal. Black lines with error bars indicate
means ± SEM from n = 5 for each condition. *P < 0.05 and ***P < 0.001 (one-way ANOVA, Tukey’s multiple comparison post hoc test).
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shown to be under the transcriptional activity of the key hypoxia-
inducible transcription factor HIF-1 (49). EREG was one of the top
5 genes up-regulated in the gradient condition (Fig. 5, B to E) and
was previously shown to be robustly induced following acute MI in
rats (50), underscoring the applicability of our infarct border
zone model.

The transcriptional profile of samples from the gradient was
clearly distinct from uniform normoxia and hypoxia (Fig. 6A).
The hierarchical clustering with a heat map and principal compo-
nents analysis (PCA) demonstrated clear separation of the gradient
samples from uniform normoxia and uniform hypoxia (Fig. 6, A

and B). Data S2 lists the component loadings for the first 18 com-
ponents. However, as apparent in the PCA plot (Fig. 6B), although
uniform normoxia and uniform hypoxia cluster separately and away
from the gradient, gradient normoxia and gradient hypoxia do not
have clear separation from each other (also see fig. S2). The similar
transcriptional profile in gradient hypoxia and gradient normoxia
samples is likely due to continuity arising from the engineered tissue
acting as a syncytium.

To understand the biological functions driving the distinct tran-
scriptional profile of the gradient compared to the uniform con-
trols, Ingenuity Pathway Analysis (IPA) was used to generate a

Fig. 4. Contractile stresses generated by engineered cardiac tissues exposed to different O2 conditions during 2Hz electrical pacing. (A) Flowchart of the fab-
rication of O2 controlled MTF devices. (B) Tissue stress generation reduces the radius of curvature as MTFs contract from diastole to peak systole. Original length of the
MTF film (blue) and tracked film edge (red). Scale bar, 1 mm. (C) MTFs in the different O2 conditions: uniform normoxia (red open circle), uniform hypoxia (blue open
circle), normoxic channel (red square) of the O2 gradient, and hypoxic channel (blue square) of the O2 gradient. Quantification of (D) diastolic stress, (E) peak systolic stress,
and (F) twitch stress. Black lines with error bars indicate means ± SEM. *P < 0.05 (Kruskal-Wallis test, comparing the mean rank of each group with the mean rank of the
uniform normoxia group, Dunn’s multiple comparison post hoc test).

Rexius-Hall et al., Sci. Adv. 8, eabn7097 (2022) 7 December 2022 6 of 15

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



Fig. 5. DEGs in engineered cardiac tissues exposed to different O2 conditions. (A to F) Volcano plots of pairwise comparisons with down-regulated (blue) and up-
regulated (red) genes [P < 0.05, absolute value of the fold change (|fold change|)≥ 2]. The black horizontal and vertical lines distinguish the fold change and P value cutoff
for DEGs. The top 5 down-regulated and up-regulated genes with the highest |fold change| are labeled by gene symbol. (G) Quantification of down-regulated (light blue)
and up-regulated (orange) genes with P < 0.05, FDR < 0.05, and |fold change| ≥ 2. (H) Venn diagram indicating the overlap of identified DEGs in the comparisons versus
uniform normoxia. (I) List of the 15 shared DEGs in the comparisons with uniform normoxia. (J) Venn diagram indicating the overlap of identified DEGs in the comparisons
versus uniform hypoxia. (K) List of the 25 shared DEGs in the comparisons with uniform hypoxia.
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heatmap of the enriched categories of select canonical pathways
(tables S2 to S6) and their statistical significance according to the
DEGs identified in the various comparisons (Fig. 6C). Activity pat-
terns of several pathways with positive z scores indicate that the nor-
moxic side and hypoxic side of the gradient condition are associated
with inflammatory cascades involved inMI, including interleukin-6
(IL-6) signaling (51), IL-17 signaling (52), HMGB1 signaling (53),
and p38 mitogen-activated protein kinase (MAPK) signaling (54).

Overall, the pathway analysis suggests that the engineered cardiac
tissue exposed to an O2 gradient exhibits strong activation of in-
flammatory responses compared to both uniform normoxia and
uniform hypoxia.

To measure the similarity of our model to adult myocardial
tissue after acute MI, we compared our transcriptomic data to
that of adult myocardium of rats 24 hours after MI caused by sur-
gical ligation and healthy myocardium of sham-operated rats as

Fig. 6. PCA and pathway analysis of the RNA-seq data from the engineered cardiac tissues. (A) Hierarchical clustering heatmap of the samples exposed to uniform
normoxia (open red outline), uniform hypoxia (open blue outline), normoxic side of the gradient (solid red), and hypoxic side of the gradient (solid blue). (B) PCA plot of
normoxia (open red circle), hypoxia (open blue circle), normoxic side of the gradient (red squares), and hypoxic side of the gradient (blue squares). The percent of total
variance due to the first three PCs is labeled. (C) Heatmap of select canonical pathways and the associated z score (left) and −log10(P value) (right) for the indicated
pairwise comparison. (D) PC coordinates of PC1 and PC2 after comparative analysis of the in vitro devices with in vivo rat MI and control myocardium.
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controls (55). Compared with rat MI transcriptomic data, the DEGs
(P < 0.05) of the O2 gradient overlapped with >2000 genes (fig. S3).
Data S3 lists 38 up-regulated and 62 down-regulated DEGs that have
similar expression profiles in the in vitro gradient and in vivo infarc-
tion but a distinct profile in the uniform hypoxia condition. Our list
includes the genesHBEGF,AREG, CLEC4E, and IL1B that have pre-
viously reported roles inMI or ischemia-reperfusion injury (56–59).

The top PCs (PC1 and PC2) demonstrated clear separation
between samples (Fig. 6D). Pathways associated with PC1 and
PC2 were determined using IPA analysis of the PC gene loadings
as rankings (tables S7 and S8). PC1 stratified in vivo and in vitro
samples, likely due to differences in tissue complexity, age (neonatal
versus adult), and time point (4-hour O2 modulation versus 24-
hour post-MI). For example, pathways associated with non-CM
cell types, such as PD-1 signaling, natural killer cell signaling, and
leukocyte extravasation (table S7), were represented in PC1. PC2
predominantly grouped the O2 gradient samples with adult myo-
cardial tissue after acute MI while also grouping uniform normoxia
and uniform hypoxia with control rat myocardium (Fig. 6D). Path-
ways represented in PC2 include hypoxia signaling in the cardiovas-
cular system (table S8), supporting our finding that an O2 gradient
models in vivo hypoxic cardiac injury more accurately compared to
uniform hypoxia.

DISCUSSION
In this study, a microfluidic MI border-zone-on-a-chip was fabri-
cated to expose aligned cardiac tissues to O2 gradients and quantify
multimodal physiological responses. This led to the key finding that
an O2 gradient regulates calcium handling, contractile stress, and
gene expression of engineered cardiac tissues in a manner distinct
from tissues exposed to global, uniform O2 levels. Specifically,
tissues exposed to the O2 gradient recapitulated hallmarks of ar-
rhythmogenic conditions, such as slower calcium transients, dimin-
ished propagation velocity, heterogeneous Cx43 expression, and
contractile dysfunction. In addition, only tissues in the gradient ex-
pressed transcriptional signatures indicative of inflammation. These
findings suggest that an O2 gradient model is vital for understand-
ing how interactions between differentially oxygenated cells con-
tribute to the heterogeneous functional and transcriptional
remodeling in the infarct border zone.

The development of arrhythmias due to ischemia or hypoxia-
induced cardiac injury has frequently been attributed to fibrosis
(60), in which strands or patches of scar tissue can interrupt
uniform propagation and induce pinning of spiral waves.
However, ventricular arrhythmias in acute ischemia (on the scale
of hours) due to coronary artery occlusion are a major cause of
sudden cardiac death (61). Our results demonstrating abnormal
propagation velocity, which can be arrhythmogenic, support evi-
dence that arrhythmia could develop in peri-infarct myocardial
tissue without fibrotic scar formation in early ischemia during
acute MI due to nonuniform changes in calcium cycling and prop-
agation in heterogeneous O2 environments.

Although calcium handling and contractility were altered in the
gradient, pathway analysis did not reveal any major changes in the
expression of genes associated with calcium handling, propagation,
contractility, or excitation-contraction coupling. Thus, the observed
functional effects in the gradient are likely not regulated at the tran-
scriptional level, but rather the posttranslational or functional level.

We observed spatial heterogeneity in the abundance of the gap junc-
tion protein Cx43, which plays a crucial role in cell-to-cell electrical
impulse conduction. Spatial heterogeneity of Cx43 is associated
with arrhythmia and conduction block (36–38). However, Cx43 ex-
pression pattern alone does not dictate the extent of electrical cou-
pling, as Cx43 is also prone to phosphorylation events that modulate
channel conductance, trafficking, gap junction assembly, and inter-
nalization (62). Cx43 has previously been shown to be modified at
the posttranslational, but not transcriptional, level in hypoxia (32).
Posttranslational modifications, including changes in phosphoryla-
tion states, may also be altering the gating properties of Cx43,
causing the functional effects observed in the O2 gradient, which
could be further investigated with this device.

The increased activity of inflammation-associated signaling in
the O2 gradient revealed in the pathway analysis is valuable for un-
derstanding the acute inflammatory response in the border zone
after MI (63). Although innate immune cells, such as leukocytes
and macrophages, have well-defined roles in cardiac inflammation
after ischemic injury and MI (64), the contributions of CM-derived
mediators to inflammation (65) in the setting of MI are unknown. A
better understanding of the inflammatory processes of all cardiac
cell types in the border zone could enable therapeutic approaches
to target the cardiac immune response beyond the traditionally rec-
ognized cells of the innate immune system.

Most of the dysfunctional phenotypes in the O2 gradient were
not observed in uniform hypoxia, suggesting that tissue dysfunction
in the gradient cannot be accounted for solely by exposure of CMs
to low O2 tension. Thus, tissue phenotypes in the gradient must be
in part influenced by communication between differentially oxy-
genated cells. In the gradient condition, a pattern emerged that
the normoxic side was typically more dysfunctional than the
hypoxic side. Previous studies with conditioned medium have
shown that hypoxic CMs secrete factors that can protect other
CMs from ischemic stress (66). Thus, in the gradient tissues,
hypoxic and normoxic CMs may be continuously exchanging
factors that contribute to the observed phenotypes. Establishing
the role of ongoing, dynamic communication between differentially
oxygenated cells is possible with the device developed in this study
but not possible with conventional hypoxia chambers and condi-
tioned medium.

Our study is limited by the use of NRVMs, which lack human
relevance. However, NRVMs have higher morphological and phys-
iological relevance by retaining more of the functional characteris-
tics of their original tissue compared to human induced pluripotent
stem cell–derived CMs, which tend to have fetal-like phenotypes
(67–70). Although adult CMs would be more appropriate than neo-
natal CMs, adult human CMs are largely unavailable for in vitro
studies, and adult rat CMs have limited plasticity and rapidly dedif-
ferentiate in vitro (71–73).

The results of our functional and transcriptional analysis with
NRVMs motivate future studies to investigate how intercellular
communication across an O2 gradient contributes to myocardial
damage and may present therapeutic targets to minimize infarct
size, reduce adverse remodeling, and prevent the onset of heart
failure. The importance of studying myocardial tissue responses
in an O2 gradient is highlighted by our comparison with in vivo
tissue, which suggests that hypoxic-normoxic intercellular interac-
tions may be a particularly important source of tissue heterogeneity
defining the hypoxic cardiac injury transcriptional profile and
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phenotype after MI. As there remains a pressing need to improve
post-MI clinical outcomes, our in vitro model also has many appli-
cations for developing and screening potential drug candidates in
the preclinical stage.

MATERIALS AND METHODS
Device fabrication
The microfluidic network layer was designed in AutoCAD (Auto-
desk, San Rafael, CA) as a 22 mm × 22 mm square containing two
serpentine channels (550 μm wide, 100 μm deep, and 175 μm inter-
channel spacing) separated by an 8.5-mm gap. A 10-cm-diameter
silicon master with an array of the 22 mm × 22 mm designs was
fabricated using SU-8 2100 photoresist (Kayaku Advanced Materi-
als, Tokyo, Japan) to create the microfeatures via standard photoli-
thography techniques in a class 100 cleanroom. The PDMS
microfluidic network layer was fabricated using standard soft li-
thography procedures. Briefly, Sylgard 184 Silicone Elastomer
(Dow, Midland, MI) curing agent was added to the base elastomer
at a weight ratio of 1:10. The mixture was mixed and degassed in a
planetary centrifugal mixer (Thinky, Laguna Hills, CA) and cast on
the silicon master. The PDMS-covered master was placed in a
vacuum desiccator to further degas for 1 hour and was then cured
overnight in an 80°C benchtop oven. Inlet/outlet ports were
punched with a 1.5-mm-diameter biopsy punch (Integra Miltex,
Integra Life Sciences, Princeton, NJ).

PDMS membranes were fabricated by spin coating PDMS (10:1
weight ratio of base to curing agent) on a 10-cm-diameter silicon
wafer (University Wafer, Boston, MA) at 1000 rpm for 30 s after
silanizing the wafer with trichloro(1H,1H,2H,2H-perfluorooctyl)
silane (Sigma-Aldrich, St. Louis, MO) overnight in a vacuum desic-
cator. After curing overnight at 80°C, the 100-μm-thick PDMS
membrane was bonded on top of the microchannel layer using a
90-s exposure in a plasma cleaner (Harrick, Ithaca, NY). The
PDMS device was then bonded on a 22 mm × 22 mm glass coverslip
(Fisher Scientific, Waltham, MA) for MTF and RNA isolation ex-
periments or adhered to the bottom of 35-mm polystyrene dishes
using PDMS as an adhesive for calcium imaging experiments.

For MTF experiments, bonded PDMS devices were spin-coated
with uncured PDMS at 1000 rpm for 30 s to apply an additional
layer of PDMS on top of the existing 100-μm-thick PDMS mem-
brane. The uncured PDMS served as the adhesive to attach two
strips of 10-μm PTFE film (Goodfellow, Coraopolis, PA). The
PTFE layer was included to overcome inherent PDMS-PDMS at-
tractive forces between the underlying PDMS and the final 15-
μm-thick PDMS surface layer. PTFE was chosen for its gas perme-
ability as highlighted by its use in microfluidic bubble traps (74, 75).
The devices were placed in a benchtop oven at 37°C for 4 hours to
secure the PTFE film in position. Devices were then spin-coated
with a final layer of uncured PDMS, covering the PDMS and
PTFE film strips, at 4000 rpm for 60 s to deposit a PDMS layer of
15-μm thickness. Devices were cured overnight at 80°C before two
rows of sevenMTFs (each MTF with dimensions of 2.32 mm length
× 1.38 mmwidth) were laser-engraved into the regions with the un-
derlying PTFE film. Laser engraver settings were chosen to cut
through the surface PDMS and underlying PTFE film to achieve
bilayer MTF cantilevers with a total thickness of 25 μm (15 μm of
PDMS and 10 μm of PTFE film) when manually peeled away from
the base substrate.

Oxygen modulation
The two serpentine perfusion channels in the microfluidic network
layer were separated by an 8.5-mm gap. During gradient experi-
ments, one channel was continuously perfused with 5% CO2, ba-
lanced air and the second channel was continuously perfused
with 5% CO2, balanced N2. Similar to a previous study (18), the ex-
perimental setup for gas perfusion flowed gas from compressed
tanks via two-stage regulators into handheld mini gas regulators
(Marsh Bellofram, Newell, WV) and finally into the microchannels
of the device. Microbore tubing (Tygon ND-100-80, Cole-Parmer,
Vernon Hills, IL) interfaced with the access ports of the device. Ma-
nometers (Dwyer Instruments, Michigan City, IN) were connected
by three-way valves to monitor the pressure within each of the mi-
crochannels. The pressure in the separate microchannels was ad-
justed individually using the in-line handheld mini gas regulator
and maintained at 5-psi pressure to establish and maintain a
stable O2 gradient. The headspace surrounding the device sub-
merged in 4 ml of cell culture medium (refer to the cell culture
section for composition) or Tyrode’s solution (refer to the
calcium transient analysis section for composition) was injected
with N2 gas using microbore tubing, which led from a compressed
N2 tank into a fabricated PDMS lid enclosure to fit a 35-mm poly-
styrene dish containing the submerged device.

During uniform hypoxia experiments, devices were housed in a
hypoxia chamber (STEMCELL Technologies, Vancouver, Canada)
filled with 5% CO2, balanced N2 and maintained in a 37°C cell
culture incubator until the device was transitioned to the fluorescent
microscope or stereo microscope for calcium imaging experiments
or MTF experiments, respectively. The two microchannels were
perfused with 5% CO2, balanced N2 at 5-psi pressure during data
acquisition. The uniform normoxia experiments were conducted
by housing devices in a standard 37°C, 5% CO2 incubator until
being transitioned to a microscope. The two microchannels were
perfused with 5% CO2, balanced air at 5-psi pressure during data
acquisition.

Oxygen gradient validation
The surface O2 profile was validated using fluorescent O2 sensors
fabricated by impregnating 100-μm PDMS membranes with plati-
num(II) octaethylporphyrinketone (PtOEPK) (Frontier Specialty
Chemicals, Logan, UT), as detailed elsewhere (76, 77). Briefly, a
35% (w/w) toluene/polystyrene mixture was made before adding
PtOEPK (0.5 mg ml−1) to the solution of polystyrene dissolved in
toluene. The mixture was spin-coated on a cured 100-μm PDMS
membrane on a silicon wafer and left to dry overnight. The dried
polystyrene was washed away with isopropanol, leaving behind
the PtOEPK-containing PDMS membrane. Sensors were cut from
the PDMS and placed on the surface of fabricated devices. The fluo-
rescence of the PtOEPK fluorophore was quenched in the presence
of O2. Scans across the sensor while the device was submerged in
4 ml of Dulbecco’s modified Eagle’s medium (DMEM) cell
culture medium were used to determine the surface percent O2
profile. Scans of the O2 gradient were taken over an 8-hour
period after acquiring calibration measurements of the sensor di-
rectly above a microfluidic channel perfused with (i) ambient 20%
O2 and (ii) anoxic 0% O2 for 8 hours. The spatial profile of the
percent O2 was plotted from the scans of the fluorescent intensity
by solving the Stern-Volmer equation. During O2 gradient valida-
tion, the hypoxic channel was perfused with 5% CO2, balanced N2
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and the normoxic channel was perfused with 5% CO2, balanced air.
N2 gas was injected in the headspace surrounding the device sub-
merged in cell culture medium.

Microcontact printing
PDMS stamps for microcontact printing were fabricated using stan-
dard soft lithography techniques. A photolithographic chromium
mask containing an array of 22 mm × 22 mm squares of 15-μm
wide lines separated by 2-μm wide gaps was designed in
AutoCAD (Autodesk, San Rafael, CA). The microfeatures were pat-
terned onto a silicon wafer with SU-8 2005 photoresist (Kayaku Ad-
vanced Materials, Tokyo, Japan). The silicon master was silanized
overnight in a vacuum desiccator with 30 μl of trichlor-
o(1H,1H,2H,2H-perfluorooctyl)silane and was then used as a tem-
plate for the PDMS stamps. PDMS stamps were sonicated in ethanol
for 30 min, dried, and coated with fibronectin (50 μg/ml; BD Bio-
sciences, San Jose, CA) in sterile water for 1 hour. Stamps were dried
with compressed air and inverted onto the fabricated devices after
an 8-min treatment in a UVO cleaner (Jelight Company,
Irvine, CA).

Cell culture
Ventricular tissue was isolated from 2-day-old Sprague-Dawley rats
(mixed-sex litters). The care and use of laboratory animals was in
accordance with the institutional guidelines of the Institutional
Animal Care and Use Committee (IACUC protocol number:
20133). Ventricular tissue was incubated in a trypsin solution (1
mg ml−1) for 12 to 14 hours at 4°C. Four serial solutions of colla-
genase (1 mg ml−1) were triturated to dissociate the ventricular
tissue into a single-cell suspension of NRVMs. The cells were
passed through a 40-μm strainer and preplated two times for 45
min each to primarily deplete fibroblasts and reduce otherwise non-
myocyte cell populations. The cell solution was then seeded onto the
devices at a concentration of 1.5 × 106 cells per device. Cells were
cultured in M199 medium supplemented with 20 mM D-glucose,
10 mM Hepes, 2 mM L-glutamine, 0.1 mM minimum essential
medium (MEM) nonessential amino acids, 1.5 μM vitamin B-12,
penicillin (50 U ml−1), and 10% heat-inactivated fetal bovine
serum (FBS) for 2 days. Then, the medium was changed to supple-
mented M199 with a reduced concentration of 2% FBS and ex-
changed every 24 hours. NRVMs were used for experimental
studies on days 3 and 4 after seeding.

During all 4-hour O2 modulation experiments, including
uniform normoxia, uniform hypoxia, and the O2 gradient, the
medium was switched to DMEM without glucose (Gibco,
Thermo Fisher Scientific, Waltham, MA) supplemented with D-
glucose (0.1 g liter−1), 10 mM Hepes, 0.1 mM MEM nonessential
amino acids, 1.5 μM vitamin B-12, and penicillin (50 U ml−1).
This low-glucose minus serum condition was used because
NRVMs are more resistant to hypoxia than adult rat CMs (78),
and low glucose can increase sensitivity to hypoxia (79, 80).

Cell staining
NRVMs on the PDMS membrane of the devices were washed three
times with phosphate-buffered saline (PBS) and then fixed with ice-
cold methanol for 10 min. After washing three more times with
PBS, NRVMs were incubated in 4′,6-diamidino-2-phenylindole
(DAPI) and Alexa Fluor 488 phalloidin (Thermo Fisher Scientific,
Waltham, MA) with a 1:200 dilution in PBS for 1 hour at room

temperature. Cells were washed three times with PBS. Following
the final wash, 200 μl of antifade mounting solution (ProLong
Gold Antifade Mountant; Thermo Fisher Scientific, Waltham,
MA) was added directly to the stained cells. A glass coverslip was
laid on top, and the devices were left to cure on a flat surface in
the dark for 24 hours before imaging. Devices were placed upside
down so that the coverslip was in contact with the slide-holding
stage insert and then imaged on a Nikon C2 point-scanning confo-
cal microscope with a 60× oil (n = 1.515) objective.

For Cx43 immunofluorescence staining, NRVMs on the PDMS
membrane of the devices were washed three times with PBS and
then fixed with 4% paraformaldehyde for 10 min. Following fixa-
tion, cells were rinsed twice with PBS and permeabilized with
0.1% Triton X-100 in PBS for 10 min. Cells were kept at room tem-
perature during all incubation steps. Cells were first incubated in 3%
bovine serum albumin (BSA) and 0.1% Triton X-100 in PBS for
1 hour. Primary Cx43 antibody (C6219; Sigma-Aldrich, St. Louis,
MO) was incubated at a dilution of 1:200 in 3% BSA and 0.1%
Triton X-100 in PBS for 1.5 hours. The cells were then washed
three times in PBS, with each wash lasting 5 min. Secondary anti-
body (A-11008 Alexa Fluor 488; Thermo Fisher Scientific,
Waltham, MA) and DAPI were used at a dilution of 1:200 in 3%
BSA, 5% goat serum, and 0.1% Triton X-100 in PBS for
1.5 hours. The cells on the membrane were rinsed three times in
PBS and mounted (ProLong Gold Antifade Mountant; Thermo
Fisher Scientific, Waltham, MA) on a glass slide for 24 hours in
the dark before imaging. Devices mounted on glass slides were
placed in a slide-holding stage insert and imaged with a 40× objec-
tive on a Nikon Eclipse Ti inverted fluorescent microscope with ad-
ditional manual 1.5× magnification and an Andor Zyla Scientific
Complementary Metal Oxide Semiconductor (sCMOS) camera.

Calcium transient analysis
Fluo-4 AM dye (Invitrogen) was loaded into NRVMs for calcium
transient analysis. NRVMs on devices were incubated with 10 μl
of a solution of 50 μg of Fluo-4 AM dissolved in 100 μl of 20% Plur-
onic F-127 in dimethyl sulfoxide (DMSO; Invitrogen) added to 4 ml
of low-glucose Tyrode’s solution [5.0 mM Hepes, 1.0 mM magne-
sium chloride, 5.4 mM potassium chloride, 135.0 mM sodium chlo-
ride, 0.33 mM sodium phosphate, 1.8 mM calcium chloride, and D-
glucose (0.1 g liter−1), pH 7.4] for 15 min at 37°C (for a final con-
centration of approximately 1.14 μM Fluo-4 AM in Tyrode’s solu-
tion). Before recordings were obtained, fresh prewarmed low-
glucose Tyrode’s solution was added, and cells were allowed to sit
for 15 min at 37°C to allow the dye to de-esterify inside the NRVMs.
Before data acquisition, the solution was replaced again with 4 ml of
fresh, prewarmed low-glucose Tyrode’s solution.

Devices were imaged on a Nikon Eclipse Ti inverted fluorescent
microscope within a 37°C incubation chamber. A custom field elec-
trode interfaced with a Myopacer (IonOptix, Westwood, MA) to
deliver 10-V electrical pacing at 1 Hz. Image sequences were record-
ed using a 10× objective lens and an Andor Zyla sCMOS camera at
100 frames per second (FPS) for at least 4 s at 4 binning and a gain of
4. Time to peak, the time constant of decay, and FDHMwere quan-
tified using a custom MATLAB code that determined values from
fluorescent intensity traces in selected regions of interest in the field
of view. Each data point from the uniform controls represented the
average of a measured transient parameter from at least four regions
of interest in three fields of view for a duration of at least three beats.
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Each data point from the normoxic and hypoxic channel represent-
ed the average of a measured calcium transient parameter from six
regions of interest in a field of view for a duration of four beats.
Calcium transient data were excluded if the piecewise fit of the
trace, as determined in MATLAB, was <0.95. Calcium transient
data were also excluded from the first or last activation cycle
(beat) if it was less than 80% complete in the captured acquisition.

Calcium wave propagation velocity analysis
Fluo-4 was loaded into NRVMs as outlined in the previous section.
A Nikon Eclipse Ti inverted fluorescent microscope with a 37°C in-
cubation chamber was used for image acquisition. A Myopacer
(IonOptix, Westwood, MA) was used to deliver 10-V electrical
pacing at 1 Hz via a custom platinum point-stimulation electrode.
A micromanipulator (PatchMan NP 2; Eppendorf, Framingham,
MA) positioned the electrode outside the field of view. Both longi-
tudinal velocity and transverse velocity were measured by adjusting
the orientation of the tissue relative to the position of the point elec-
trode. Image sequences were recorded using a 2× objective lens and
an Andor Zyla sCMOS camera at 100 FPS for 4 s at 8 binning and a
gain of 4. Custom MATLAB software was developed to calculate
calcium propagation velocity from image sequences, as previously
described (30, 81). Briefly, we generated activation maps, for which
each color represents an isochrone and delineates the leading edge
of the wavefront and quantified propagation velocity from the linear
regression of plots of the x position of each pixel in cropped activa-
tion maps versus activation time. A single linear regression of the
transverse velocity in an O2 gradient did not result in a close fit.
For this reason, a segmental linear regression model was used in
the O2 gradient condition for transverse velocity measurement, sep-
arating the field into two equal halves deemed the normoxic side
and hypoxic side. Each side was subjected to linear regression,
and the resulting calcium propagation velocity was plotted.

Each calcium propagation velocity data point measurement rep-
resented the average propagation velocity of at least three individual
activation cycles and a MATLAB metric of the closeness of fit
(robust_s) < 7. Calcium propagation velocity data were excluded
from the first or last activation cycle (beat) if it was less than 80%
complete in the captured acquisition.

Cx43 image analysis
Quantitative image analysis of Cx43 immunosignal was performed
using automated processing with an ImageJ/FIJI macro. Each 16-bit
Cx43 image was background-subtracted using a rolling ball radius
of 10 pixels. The default Auto Threshold function was used to quan-
tify the Cx43 area in each 416 μm × 351 μm image. Nuclei were
counted using the Analyze Particles function on a binary mask of
the DAPI image.

MTF analysis of contractile stress
A Nikon SMZ 745T stereo microscope (Nikon Instruments, Mel-
ville, NY, USA) with a mounted camera (acA640-120um; Basler
AG, Ahrensburg, Germany) was used for live recording of MTF
contractions. Devices were placed in a 35-mm-diameter polystyrene
petri dish filled with low-glucose Tyrode’s solution [1.8 mM CaCl2,
glucose (0.1 g/liter), 5 mM Hepes, 1 mM MgCl, 5.4 mM KCl, 135
mM NaCl, and 0.33 mM NaH2PO4, pH 7.4]. A custom 3D-printed
(MakerBot, Brooklyn, NY, USA) field electrode with two platinum
wires spaced 1 cm apart was connected to a field stimulator

(Myopacer; IonOptix, Westwood, MA, USA). The petri dish was
placed in a heating plate (Warner Instruments, Hamden, CT,
USA) controlled by the feedback from a thermoprobe, consisting
of a cable with a bead thermistor (Warner Instruments, Hamden,
CT, USA), in the solution connected to a CL-100 Temperature Con-
troller (Warner Instruments, Hamden, CT, USA) and liquid cooling
system (Koolance, Auburn, WA, USA) to maintain the solution at
37°C during the O2 modulation and contractile stress measurement.
The precut bilayer laser-engravedMTFs weremanually peeled using
forceps. Then, deflection of the MTFs was recorded at 2-Hz electri-
cal pacing with an external voltage of 15 V and a collection frame
rate of 100 fps.

RNA sequencing
After 4 hours of O2 modulation, engineered cardiac tissues on the
devices were lysed using 1 ml of TRIzol reagent (Thermo Fisher Sci-
entific, Waltham, MA). Gradient devices were cut in half to make a
separate normoxic side and hypoxic side to be analyzed. The nor-
moxic side and hypoxic side were each lysed using 1 ml of TRIzol
reagent. Lysed samples were stored at −80°C until RNA isolation
was performed. Total RNA was isolated using the miRNeasy Kit
and protocol.

RNA was prepared for sequencing by the Cedars-Sinai Applied
Genomics, Computation, and Translational Core. RNA concentra-
tion was assessed using a Qubit fluorometer (Thermo Fisher Scien-
tific, Waltham, MA), and RNA quality was assessed using 2100
Bioanalyzer (Agilent Technologies, Santa Clara, CA). RNA was en-
riched for mRNA using the NEBNext Poly(A) mRNA Magnetic
IsolationModule (New England Biolabs Inc., Ipswich, MA). Librar-
ies were constructed with the Swift RNA Library Kit (Swift Biosci-
ences, Ann Arbor, MI). Library concentration and size were
measured with a Qubit fluorometer and Agilent 4200 TapeStation
(Agilent Technologies, Santa Clara, CA), respectively. Libraries
were multiplexed and sequenced on NovaSeq 6000 (Illumina, San
Diego, CA) using 75–base pair single-end sequencing.

RNA-seq data were submitted to the National Center for Bio-
technology Information (NCBI) Gene Expression Omnibus
(GEO) data repository (accession number GSE189108; n = 5
uniform normoxia, n = 5 uniform hypoxia, n = 4 normoxic side
of O2 gradient, and n = 4 hypoxic side of O2 gradient). Analyses
were performed using Partek Flow Genomic Analysis software.
Partek Flow workflow tools were used to build the following pipe-
line: (i) prealignment QA/QC, (ii) bases trimmed from both ends
based on a Phred quality score of 20 and a minimum read length
of 25 remaining bases, (iii) STAR to align mRNA-seq reads to the
rn6 rat genome, (iv) post-alignment QA/QC, (v) quantification to
annotation model (Partek E/M), (vi) noise reduction filter where
the maximum ≤ 10, (vii) upper-quartile normalization after
adding 1.0 to correct for any division by 0 errors, (viii) PCA analysis,
and (ix) gene set analysis. Data were assessed via PCA and differen-
tial expression analysis with P < 0.05, |fold change| ≥ 2.0, and FDR
cutoff = 0.05. Fold-change data from Partek Flow were uploaded to
Qiagen IPA software with analysis settings of P < 0.05 and |fold
change| ≥ 2.0 to identify canonical pathways.

RNA-seq comparative analysis of in vivo and in vitro
MI models
Publicly available RNA-seq datasets of the affected myocardium of
rats 24 hours after a surgical ligationMI and control myocardium of
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rats (n = 3 MI and n = 3 control; GSE201888) were analyzed with
Partek Flow Genomic Analysis software. Data were assessed via
PCA and differential expression analysis with P < 0.05. PC gene
loadings were used as rankings for genes in IPA to interpret the
visual separation between samples in the PCA.

The list of up-regulated genes that have similar expression pro-
files in the in vitro gradient condition and in vivo infarction was
compiled with the following requirements: (i) P < 0.05 and the
fold change ≥ 2 for gradient normoxia versus normoxia, gradient
hypoxia versus normoxia, and MI versus control comparisons
and (ii) fold change < 1 for hypoxia versus normoxia. The cutoff
for hypoxia versus normoxia ensured that the up-regulated DEGs
in the list specifically did not have a similar expression profile in
the uniform hypoxia condition and were distinct to the gradient
condition (data S3). Similarly, a list of down-regulated genes re-
quired the following: (i) P < 0.05 and the fold change ≤ −2 for gra-
dient normoxia versus normoxia, gradient hypoxia versus
normoxia, and MI versus control comparisons and (ii) fold
change > 1 for hypoxia versus normoxia. Again, the cutoff for
hypoxia versus normoxia ensured that the down-regulated DEGs
specifically did not have a similar expression profile in the
uniform hypoxia condition (data S3).

Statistical analysis
Analyses were performed using Prism 8 by GraphPad (GraphPad
Software Inc., San Diego, CA). Calcium transient, calcium propaga-
tion velocity, and Cx43 data were determined to be normally dis-
tributed by the Shapiro-Wilk test for normality. Statistical
significance of time to peak, tau of decay, and FDHM between
the different conditions (n = 5 independent experiments for each
condition) was assessed by analysis of variance (ANOVA), compar-
ing the mean of each group with the mean of every other group,
followed by Tukey’s multiple comparison post hoc test. Data are ex-
pressed as means ± SEM. Statistical significance of longitudinal
(n = 7 independent experiments) and transverse calcium propaga-
tion velocity (n = 7 independent experiments for uniform normoxia
and uniform hypoxia and n = 6 independent experiments for the
gradient condition) was assessed by ANOVA, comparing the
mean of each group with the mean of the uniform normoxia
group, followed by Sidak’s multiple comparison post hoc test. Stat-
istical significance of the Cx43 immunosignal (n = 5 for each con-
dition) was assessed by ANOVA, comparing the mean of each
group with the mean of every other group, followed by Tukey’s mul-
tiple comparison post hoc test. Each data point represents the
average area of Cx43 coverage from five different 416 μm × 351
μm size images from a device. Data are expressed as means ± SEM.

For MTF experiments, data were determined to be not normally
distributed. Data were analyzed with the nonparametric Kruskal-
Wallis test, comparing the mean rank of each group with the
mean rank of the uniform normoxia group, followed by Dunn’s
multiple comparison post hoc test. Each MTF was treated as an in-
dependent sample, consistent with previous literature (39, 82–85).
MTF-generated systolic and twitch stress were measured from a
sample size of n = 96, n = 85, n = 16, and n = 15 films for
uniform normoxia, uniform hypoxia, normoxic channel, and
hypoxic channel, respectively. Diastolic stress was measured from
a sample size of n = 99, n = 85, n = 16, and n = 15 films for
uniform normoxia, uniform hypoxia, normoxic channel, and
hypoxic channel, respectively. Film data were collected from

eight, seven, eight, and eight independent chips for the different
conditions, respectively. For all data, P < 0.05 was considered signif-
icant. Data are expressed as means ± SEM.
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