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Human cardiac organoids hold remarkable potential for cardiovascular disease modeling and human pluripo-

tent stem cell-derived cardiomyocyte (hPSC-CM) transplantation. Here, we show cardiac organoids engineered

with electrically conductive silicon nanowires (e-SiNWs) significantly enhance the therapeutic efficacy of hPSC-

CMs to treat infarcted hearts. We first demonstrated the biocompatibility of e-SiNWs and their capacity to

improve cardiac microtissue engraftment in healthy rat myocardium. Nanowired human cardiac organoids

were then engineered with hPSC-CMs, nonmyocyte supporting cells, and e-SiNWs. Nonmyocyte supporting

cells promoted greater ischemia tolerance of cardiac organoids, and e-SiNWs significantly improved electrical

pacing capacity. After transplantation into ischemia/reperfusion-injured rat hearts, nanowired cardiac organo-

ids significantly improved contractile development of engrafted hPSC-CMs, induced potent cardiac functional

recovery, and reduced maladaptive left ventricular remodeling. Compared to contemporary studies with an

identical injury model, greater functional recovery was achieved with a 20-fold lower dose of hPSC-CMs, reveal-

ing therapeutic synergy between conductive nanomaterials and human cardiac organoids for efficient

heart repair.

INTRODUCTION

Heart disease is the leading cause of mortality worldwide (I).
Because of the negligible regenerative capacity of adult human
hearts (2), cell-based therapies have been extensively explored to
promote cardiac repair (3-5). From these efforts, human pluripo-
tent stem cell-derived cardiomyocytes (hPSC-CM:s) have emerged
as an attractive cell source (6-8), as they can remuscularize infarcted
hearts and restore contractile functions in mice (9), rats (10), guinea
pigs (11, 12), pigs (13, 14), and nonhuman primates (15-17).
However, transplantation of hPSC-CMs is conventionally per-
formed with intramyocardial injections of dissociated cells, which
results in low cell survival, moderate functional recovery, arrhyth-
mogenic risk, and poor scalability (18, 19). These fundamental ob-
stacles limit the therapeutic potential of hPSC-CMs for
cardiac repair.

The restorative capacity of hPSC-based organoid transplantation
has been demonstrated in the intestine (20-22), pancreas (23, 24),
liver (24), retina (25), brain (26, 27), and lung (28). Human cardiac
organoids have proven to be an excellent platform for modeling
human cardiac disease and drug cardiotoxicity (29); however,
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their therapeutic potential to treat infarcted hearts requires
further investigation. Cardiac patches have been developed with
success by several groups to treat myocardial infarction in rats
(30-32) and pigs (13, 33), but these often require complex fabrica-
tion methods and invasive surgical procedures. Alternatively, three-
dimensional (3D) aggregates of cardiac cells, or cardiac microtis-
sues, are known to improve cell retention after transplantation com-
pared to dissociated cells (34), are less susceptible to ischemic strain
than cardiac patches (11, 35), and can be delivered through less in-
vasive syringe- or catheter-based methods due to their injectable
size (36, 37). Our group has developed scaffold-free cardiac organo-
ids composed of a defined ratio of hPSC-CMs, human cardiac fibro-
blasts (hcFBs), endothelial cells, and stromal cells. These cells self-
assemble to form organoids that recapitulate fundamental cardiac
tissue—level functions and contain lumenized vascular networks
that reduce apoptosis during oxygen deprivation (38). Thus,
human cardiac organoids may serve as a more robust platform for
hPSC-CM transplantation in ischemic myocardium than conven-
tional approaches.

Electrically conductive nanomaterials have been used in cardiac
tissue engineering to enhance scaffold conductivity and improve the
contractile properties of engineered cardiac tissues (30, 39, 40).
Compared to other electrically conductive nanomaterials (e.g.,
gold nanowires and carbon nanotubes), electrically conductive
silicon nanowires (e-SiNWs) have distinct advantages, including
their biocompatibility and biodegradability (41, 42), controllable
electrical conductivity, tunable dimensions, and convenient
surface tailorability (43). Our laboratory has pioneered the use of
e-SiNWs to facilitate the self-assembly of hPSC-CMs into nano-
wired hPSC-CM spheroids (100% hPSC-CMs) with enhanced con-
tractile function over unwired spheroids (44, 45). Thus, e-SiNWs
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have excellent potential as conductive nanoscaffold materials to
augment human cardiac organoid transplantation.

Here, we show that nanowired hPSC-CM spheroids significantly
improve hPSC-CM retention and engraftment after intramyocar-
dial injection to healthy myocardium when compared to dissociated
hPSC-CMs. We developed nanowired human cardiac organoids
composed of hPSC-CMs, hcFBs, endothelial cells, stromal cells,
and e-SiNWs to enhance the engraftment of nanowired human
cardiac microtissues in ischemic myocardium. Multicellular nano-
wired organoids exhibited greater ischemia tolerance than mono-
cellular hPSC-CM spheroids and e-SiNWs improved electrical
pacing compared to unwired organoids in vitro. After injection
into infarcted rat hearts, nanowired organoids accelerated the con-
tractile development of engrafted hPSC-CMs, promoted graft vas-
cularization, and elicited quicker and more significant recovery of
cardiac function compared to unwired organoids, which correlated
with enhanced mitigation of maladaptive left ventricular (LV) re-
modeling. These findings demonstrate synergy between human
cardiac organoids and electrically conductive nanomaterials to
advance the efficiency and therapeutic efficacy of hPSC-CM trans-
plantation, a leading candidate cell therapy to treat human
heart disease.

RESULTS
e-SiNWs are biocompatible with rat myocardium
We previously demonstrated that n-type doped e-SiNWs (n-type
SiNWs: diameter &~ 100 nm, length &~ 10 um, and silane/phosphine
= 500; Fig. 1A) exhibit minimal toxicity to hPSC-CMs in vitro (44,
46). In this study, in vivo cardiac biocompatibility of e-SINWs was
established by performing intramyocardial injection of 5 million e-
SiNWs in healthy adult rats (Fig. 1B). Histological analysis revealed
a decline in e-SiINW retention in the heart between 1 day and 7 days
after injection, and after 28 days, few e-SiNWs were found (Fig. 1, C,
D, and H). This could be attributed to clearance from the heart by
macrophages, as evidenced by e-SiNW uptake by CD68-positive
macrophages in the heart at day 7 (fig. S1). Neutrophil and macro-
phage infiltration decreased between days 1 and 7 after injection and
was absent from the heart by day 28 (Fig. 1, E, F, I, and J). Fibroblast
infiltration at the injection site also dissipated from days 1, 7, and 28
(Fig. 1, G and K). These results demonstrate that intramyocardial
injection of e-SiNWs induces minimal toxicity to adult myocardi-
um and does not elicit a chronic foreign body response in the heart.
The function of healthy adult rat hearts injected with 5 million e-
SiNWs or phosphate-buffered saline (PBS) (control) was examined
using electrocardiogram (ECG) and echocardiography on days —1,
1, 7, and 28 after injection (fig. S2). ECG results revealed no detect-
able cardiac arrhythmias after e-SINW injection (fig. S2A), indicat-
ing that the injected e-SiNWs did not significantly affect the
electrical conduction system of adult rat myocardium. In addition,
left ventricle ejection fraction and fractional shortening (ES) were
not significantly affected by e-SINW injection and were found to
be similar to that of the PBS-injected control rats (fig. S2, B to D).
Therefore, e-SiNWs did not alter normal cardiac function after a
high-dose injection into adult rat myocardium. Furthermore, total
white blood cell counts were in a normal physiological range in rats
injected with e-SiNWs or PBS (fig. S3 and table S1), and rats fol-
lowed a normal growth curve, heart rate, and body temperature
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(fig. S4). Together, these results indicate that e-SiNW's are biocom-
patible and may be safely used in cardiac cell therapy.

Nanowired human cardiac spheroids augment engraftment
of hPSC-CMs in adult rat myocardium

In our previous work, we demonstrated that e-SiNW incorporation
improves human cardiac spheroid function in vitro (46). Here, we
developed injectable nanowired hPSC-CM spheroids to investigate
the effects of e-SiNW incorporation and 3D microtissue configura-
tion on hPSC-CM transplantation (Fig. 2A). We fabricated nano-
wired hPSC-CM spheroids (100% hPSC-CMs) containing ~1000
hPSC-CMs and ~1000 e-SiNWs per spheroid using our previously
established method (44) (Fig. 2, B and C). Consistent with our pre-
vious work (46), nanowired hPSC-CM spheroids exhibited contrac-
tile development after 7-day culture over the day 0 spheroids, as
evidenced by expression of the contractile proteins sarcomeric a-
actinin (aSA) (Fig. 2D) and troponin I (TnI) (Fig. 2E).

For nanowired hPSC-CM spheroid transplantation, healthy
adult athymic rats were selected to study hPSC-CM engraftment
and integration without confounding factors presented in cardiac
injury models (47). Intramyocardial injection of nanowired
hPSC-CM spheroids (~30 x 10’ hPSC-CMs per rat) was performed
to examine the engraftment of individual hPSC-CM spheroids with
the host myocardium. Intramyocardial injection of dissociated
hPSC-CMs was used as a control. Injecting nanowired hPSC-CM
spheroids did not interfere with the electrical conduction system
or normal function of the rat hearts (fig. S5). Nanowired hPSC-
CM spheroids, identified by human nuclear antigen (HNA), re-
mained aggregated 1 day after injection, resulting in enhanced
cell retention compared to dissociated hPSC-CMs. This correlated
with a significantly greater number of apoptotic [i.e., terminal de-
oxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick end labeling (TUNEL)-positive] cells in the dissociated
hPSC-CM injection as opposed to nanowired hPSC-CM spheroids
(Fig. 2, H and I). Lack of viable dissociated hPSC-CMs after injec-
tion is consistent with the literature and was attributed to injection-
induced and/or anoikis-mediated cell death (48). At 7 days after
transplantation, grafted spheroids began to lose their spherical
shape and show evidence of alignment with the host myocardium
(Fig. 2, J and K). Spheroids with or without nanowires exhibited
contractile development at day 7 as evidenced by TnlI staining
(fig. S6, A and C). However, nanowired spheroids had more distinct
sarcomeric banding compared to unwired spheroids (fig. S6, B and
D), and a significantly greater number of nanowired spheroid grafts
(fig. S6E) with greater average graft size (fig. S6F) were found at day
7 after transplantation.

By day 28 after injection, nanowired hPSC-CM spheroids
showed indications of functional integration with host myocardi-
um. Nanowired hPSC-CM spheroids had shifted from their original
spherical shape at day 1 to an elongated structure on day 28
(Fig. 2L). Nanowired hPSC-CM spheroids formed electrical and
mechanical cellular junctions with host myocardium as evidenced
by graft-host connexin-43 (Cx-43) (Fig. 2M) and N-cadherin
(Fig. 2N) staining, respectively. In addition, isolectin-B4 (IB4) stain-
ing revealed host invasion of capillary-like lumen structures that
contained blood cells within the grafted spheroids at day 28
(Fig. 20). Together, these results provided evidence that e-SINW
incorporation into nanowired hPSC-CM spheroids improves
short-term engraftment, and the nanowired spheroid showed
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Fig. 1. Biocompatibility of e-SiNWs in rat myocardium. (A) Representative transmission electron microscopy image of an n-type e-SiNW used in this study on a carbon
grid. (B) Experimental outline using 8-to-10-week-old male Sprague-Dawley rats for e-SiNW injection and biocompatibility analysis. Maroon arrows indicate days when
analysis was performed. (C) Hematoxylin and eosin (H&E) staining of e-SiNW injection site at 1, 7, and 28 days after injection. (D) Confocal images of light scattering from
injected e-SiNWs in myocardium. (E) Neutrophil infiltration identified by naphthol AS-D chloroacetate staining (NASDCE; dark brown). (F) Macrophage infiltration iden-
tified by CD68 staining. (G) Fibroblast infiltration identified by vimentin staining. (H to K) Quantification of (H) e-SiNWs, (I) neutrophils, (J) macrophages, and (K) fibroblasts
at days 1, 7, and 28 after nanowire injection. Data represents means + SD [n = 3 biologically independent regions from four hearts each, one-way analysis of variance

(ANOVA) versus day 1]. Scale bars, 100 nm (A) and 200 um [(C) to (G)].

long-term electrical, mechanical, and vascular integration with the
host myocardium.

Development of nanowired human cardiac organoids for
heart repair

Given the biocompatibility of e-SiNWs and the functional engraft-
ment of nanowired hPSC-CM spheroids in healthy adult rat myo-
cardium, we sought to develop an hPSC-based cardiac microtissue
platform to treat infarcted hearts. Our laboratory has previously de-
veloped human cardiac organoids containing hPSC-CMs, primary
hcFBs, human umbilical vein endothelial cells (HUVECs), and
human adipose-derived stem cells (hADSCs) as a source of
stromal cells (29, 38). Our robust method of producing human
cardiac organoids with diverse, yet defined, cell types yielded
cardiac microtissues that contained lumenized vascular networks
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that structurally resemble the vasculature within the developing
myocardium. The organoids also supported hPSC-CM contractile
development and had fundamental cardiac tissue—level functions
that enabled accurate modeling of heart disease and drug cardiotox-
icity (29, 38). Motivated by our nanowired hPSC-CM spheroid
results, we adapted our biomimetic cardiac organoid platform for
cardiac cell therapy by integrating e-SiNWs and evaluating their
contractile functions in vitro.

To fabricate nanowired human cardiac organoids, we first con-
structed nanowired cardiac spheroids containing a 1:1 ratio of e-
SiNWs to hPSC-CMs (~1000 hPSC-CMs per spheroid). After 10
days of spheroid culture, supporting cells were seeded onto the pre-
formed nanowired spheroids to form functional nanowired cardiac
organoids (Fig. 3A). This sequential seeding approach was inspired
by epicardial cell infiltration and mesenchymal diversification
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Fig. 2. Nanowired human cardiac spheroid transplantation. (A) Experimental outline for intramyocardial injection of hPSC-CM spheroids or nanowired hPSC-CM
spheroids. Maroon arrows indicate days when analysis was performed. (B) Nanowired hPSC-CM spheroids after 7 days’ culture. (C) Transmission electron micrograph
of e-SiNWs in extracellular space of nanowired spheroids. Asterisk indicates nanowire. (D and E) Contractile proteins (D) aSA and (E) Tnl expressed by nanowired spheroids
at days 0 and 7. (F) H&E staining of single-cell injection sites (asterisk indicates Matrigel) and nanowired spheroids on day 1. (G) Tnl and HNA (arrowhead) expression in
single cells and nanowired spheroid grafts at day 1. (H) TUNEL staining of single-cell injection sites (asterisk indicates Matrigel) and engrafted nanowired spheroids on day
1. (I) Ratio of TUNEL-positive cells from sites of single cell or spheroid injection. Data are presented as means + SD (n = 3 biologically independent grafts, two-tailed
Student's t test). (J to L) Nanowired spheroid grafts in rat myocardium at days 1, 7, and 28. (M to O) Engraftment of nanowired spheroids at day 28 after transplantation. (M)
Connexin-43 (Cx-43) staining of graft-host gap junction formation. (N) N-cadherin staining of mechanical coupling between graft and host myocardium. (O) Isolectin-B4
(IB4) staining of capillary-like structures (arrow) with blood cells within the nanowired spheroid graft. Scale bars, 200 um (B), 500 nm (C), 100 um [(D) and (E)], 50 pm [(F),

top], 100 um [(F), bottom], 50 um (G), 50 pm (H), 100 pm [(J) to (L)], 100 pm [(M) to (O)], and 25 pym (inset).

during postepicardium formation, which produces most of the non-
cardiomyocyte lineages of the mature heart (fig. S7) (49). The orga-
noids self-assembled into compact microtissues approximately 250
pm in diameter (Fig. 3B) and exhibited peripheral organization of
hPSC-CMs colocalized with e-SiNWs (Fig. 3, C and D). Vimentin-
positive hcFBs and hADSCs located in the interior region of the or-
ganoids, with some distributed among hPSC-CMs (Fig. 3, Cand E).
HUVECs formed capillary-scale lumenized vasculature within the
organoids (Fig. 3F and fig. S8). Similar morphological development
was observed in unwired cardiac organoids, with hPSC-CM:s lining
the periphery of the organoid and HUVECs forming lumenized
networks (fig. S9).

Since nanowired hPSC-CM spheroids functionally engrafted in
healthy myocardium, we next compared the fitness of nanowired
cardiac spheroids (100% hPSC-CMs) and organoids (hPSC-CMs
+ supporting cells) for transplantation into an ischemic environ-
ment. We performed an in vitro ischemia challenge on hPSC-CM
spheroids and human cardiac organoids (Fig. 3G). We found that
nanowired cardiac organoids exhibited significantly less apoptosis
than spheroids, as evidenced by a significantly lower presence of
TUNEL-positive cells within the cardiac organoids (Fig. 3, H and
I). This could be attributed to the nonmyocyte cell population
and vascular network within the cardiac organoids providing a
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more cardioprotective microenvironment to support the survival
of hPSC-CMs (50). Next, we investigated the effects of e-SiNWs
on cardiac organoid synchronization and contractility upon exoge-
nous electrical stimulation (Fig. 3]). When paced at varying fre-
quencies, a greater number of nanowired organoids were able to
synchronize consecutively with electrical stimulation compared to
unwired organoids (Fig. 3K). Furthermore, nanowired organoids
exhibited greater contractility when paced up to 1.5 Hz as evidenced
by higher fractional area change during electrical stimulation
(Fig. 3L). Therefore, nanowired cardiac organoids are more
capable of synchronizing with exogenous electrical pacing and
have enhanced contractility compared to unwired cardiac organo-
ids. Only doped e-SiNWs (conductivity, 150 to 500 uS/pm) induced
significant improvements in contractility, with undoped SiNWs
(conductivity, 0.001 to 0.1 uS/pm) having insignificant effects on
contractility across culture (fig. S10), demonstrating that positive
nanowire effects are primarily due to conductivity.

Nanowired human cardiac organoids functionally engraft
in infarcted myocardium

We used a rat model of myocardial ischemia/reperfusion (I/R)
injury to study the effects of unwired and nanowired organoid treat-
ment, as they have been shown to be an effective preclinical animal
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Fig. 3. Nanowired human cardiac organoid development. (A) Organoids are prepared by sequential seeding of nonmyocyte supporting cells onto nanowired human
cardiac spheroids. (B) Representative phase contrast image of nanowired cardiac organoids. (C) hPSC-CMs (green) organize on the peripheral region of cardiac organoids.
(D) Nanowires (NWs) (arrows) are located largely in cardiomyocyte regions. (E) Stromal cells are distributed across cardiomyocyte regions and endothelial cells (F) form
lumen-like structures (¥*). (G) Experimental outline of microtissue survival in simulated ischemia in vitro. (H) TUNEL-positive cells with hPSC-CM spheroids and cardiac
organoids after 72 hours of simulated ischemia. (I) Quantification of the ratio of TUNEL-positive nuclei within spheroids or organoids. Data are presented as means + SD (n
=5 to 7 biologically independent samples). A two-tailed Student's t test was used for comparing cardiac spheroids and organoids. (J) Experimental outline of electrical
stimulation of unwired and nanowired organoids at various frequencies. (K) Percentage of unwired and nanowired organoids keeping pace with electrical stimulation at
various frequencies. Data are presented as means + SD (n = 4 biologically independent samples). A two-tailed Student’s t test was used for comparing cardiac spheroids
and organoids at each frequency. (L) Fractional area changes of unwired and nanowired organoids at various frequencies. Data are presented as means + SD (n = 10
biologically independent samples). Two-tailed Student's t test was used for comparing cardiac spheroids and organoids at each frequency. Scale bars, 100 um [(B) and
(Q)], 25 pm [(D) and (E)], 10 um (F), and 100 um (H).

model for hPSC-CM-mediated heart repair (fig. S11) (47, 51). Two
days after cardiac organoid transplantation, we routinely identified
grafts in the infarct region, adjacent to necrotic tissue (Fig. 4A). At
day 7 after transplantation, both unwired and nanowired organoid
grafts were perfused with red blood cell-containing host vasculature
(Fig. 4, B and C). Accordingly, we observed a comparable retention
rate for both unwired and nanowired organoids (~30%) after nor-
malizing the number of retained grafts at 7 days after

Tan et al., Sci. Adv. 9, eadf2898 (2023) 4 August 2023

transplantation to the number of grafts at 1 day after transplantation
(Fig. 4D). This is a higher retention rate compared to other studies
using intramyocardial injection of dissociated hPSC-CMs into in-
farcted rat hearts, which observed <1 to 10% retention by day 7 (52).

At 28 days after transplantation, grafted organoids were found
mainly within fibrotic regions of the infarct zone (Fig. 4E). Both
unwired and nanowired grafts were found to be surrounded by
scar tissue (Fig. 4, F and G). Notably, we found nanowired organoid
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Fig. 4. Nanowired human cardiac organoid transplantation in in-
farcted rat hearts. (A) Organoids grafts near necrotic tissue at day 2. (B
and C) Perfused vasculature within organoid grafts at day 7. (D) Ratio of
grafts in injured hearts at day 7 normalized to grafts in healthy hearts 1
day after transplantation. n = 3 to 4 rats, two-tailed Student's t test. n.s.,
not significant. (E) Grafted organoids (arrows) within fibrotic scar tissue of
the left ventricle. yellow, muscle fibers/cytoplasm; red, collagen. (F) H&E
stain of a graft bordered by fibrotic tissue in unwired organoid-treated
rats. (G) H&E stain of graft bordered by fibrotic tissue in nanowired or-
ganoid-treated rats. (H and I) Tnl expression in unwired (H) and nano-
wired (1) organoid grafts identified by HNA. (J and K) Cx-43 in day 28
grafts. (L and M) IB4-positive vascularization in day 28 grafts. n = average
of three biologically independent grafts from three to four rats. (N and O)
Tnl expression in (N) unwired and (O) nanowired grafts at day 7. (P and Q)
Tnl expression in (P) unwired and (Q) nanowired grafts at day 28. (R)
Sarcomere length of grafts at day 7. (S) Z-line width of grafts at day 7. (T)
Sarcomere length of grafts at day 28. (U) Z-line width of grafts at day 28.n
> 40 biologically independent measurements across three to four grafts
from at three to four rats, two-tailed Student's t test. All data represents
means £ SD [(R) to (U)]. Scale bars, 100 pm (A), 100 pm (B), 20 um (C), 1
mm (E), 100 um [(F) and (G)], 50 um [(N) to (Q)], and 10 pm (inset).
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grafts directly adjacent to necrotic tissue at day 28, indicating their
capacity to survive in the most hostile regions of the infarcted myo-
cardium (fig. S12). Unwired and nanowired grafts expressed con-
tractile protein Tnl, as shown in HNA-positive regions (Fig. 4, H
and I). Compared to in vitro, hPSC-CMs were significantly more
aligned in both unwired and nanowired organoid grafts in vivo
(fig. S13), confirming progression of their contractile development
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after transplantation. Nanowired organoid grafts expressed signifi-
cantly more Cx-43 at day 28 than unwired organoid grafts (Fig. 4,
and K), indicating enhanced long-term retention of electrical cou-
pling within grafts mediated by e-SiNWs. However, we did not
observe Cx-43 coupling between the graft and host cardiomyocytes,
likely due to the location of grafts within fibrotic tissue in the in-
farcted hearts. The lack of contacts between engrafted hPSC-CMs
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and host myocardium has been a common observation in previous
studies (10, 53). Functional electrical coupling between engrafted
hPSC-CMs and injured host myocardium has been demonstrated
without host-graft Cx-43 junction (12). Supporting their long-
term engraftment, nanowired grafts had significantly greater abun-
dance of IB4-positive host vessels at day 28 (Fig. 4, L and M), al-
though graft-host anastomosis was not observed within unwired
or nanowired organoid grafts at day 7 or 28.

Nanowired human cardiac organoids accelerate in vivo
contractile development of transplanted hPSC-CMs

Given the capacity of e-SiNWs to improve the electrical pacing and
contractility of cardiac organoids in vitro, we assessed the effects of
e-SiNWs on in vivo hPSC-CM contractile development in cardiac
organoids. To accomplish this, we compared sarcomere length and
z-band width between unwired and nanowired cardiac organoids
after 7 and 28 days after transplantation (Fig. 4, N to U). Grafted
hPSC-CMs from nanowired organoids had significantly greater sar-
comere length at day 7 (~1.3 um) compared to unwired organoids
(~1.2 um) (Fig. 4R). We identified a trend with an increased z-line
width (~4 um) in nanowired organoid grafts compared to unwired
organoid grafts (~3 pm), although not statistically significant
(Fig. 4S). By day 28, sarcomere length was comparable between
grafted hPSC-CMs from unwired (~1.3 pm) and nanowired organo-
ids (~1.5 um) (Fig. 4T). However, z-line width was significantly
greater at day 28 in nanowired organoids (~5 pm) compared to
unwired organoids (~3.5 pm) (Fig. 4U). These results indicate
that incorporating e-SiNWs in cardiac organoids accelerates in
vivo hPSC-CM sarcomere development in the short term (7 days)
and continues to improve contractile structure organization in long-
term engraftment (28 days).

Nanowired human cardiac organoid transplantation
augments functional recovery from I/R injury in adult rats
To determine the effects of e-SiNW incorporation on cardiac orga-
noid—-mediated functional recovery in the host heart, an investigator
to whom rat treatment was not disclosed performed and interpreted
cardiac echocardiography on all animals before I/R injury (pre-I/R),
24 hours after I/R injury (post-I/R), and 7 and 28 days after injection
(Fig. 5A). We established an inclusion criteria of <30% FS post-I/R
to ensure consistency among groups. After 4 days of recovery,
animals received either no additional surgical procedure (control,
n = 5), intramyocardial injection of unwired cardiac organoids
(unwired, n = 5, 500 organoids per rat), or nanowired cardiac orga-
noids (nanowired, n = 6, 500 organoids per rat). All groups experi-
enced a severe decline in LV function post-I/R and had comparable
post-I/R ES values, indicating effective randomization and similar
functional impairment among groups before treatment (Fig. 5, B
and C, and table S2). Compared to post-I/R values, control and
unwired organoid—treated animals exhibited insignificant recovery
of FS at day 7 (Fig. 5B and table S2). Meanwhile, rats treated with
nanowired organoids had significantly higher FS at day 7 than post-
I/R (Fig. 5B). Accordingly, only rats treated with nanowired organo-
ids had significantly higher FS (Fig. 5C and table S2), FS increase
over the post-I/R value (Fig. 5D and table S2), and FS recovery
from I/R injury compared to control at day 7 (Fig. 5E and table
§2). The ~60% FS recovery at 7 days after transplantation from
nanowired organoid treatment (Fig. 5E) demonstrated rapid and ef-
fective functional recovery, consistent with our findings of
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accelerated contractile development in nanowired organoids at
day 7 (Fig. 4, Q and R).

On day 28, control rats exhibited insignificant recovery of FS
compared to post-I/R, while FS in both unwired and nanowired or-
ganoid—treated rats significantly improved (Fig. 5B and table S2).
The nanowired organoids significantly improved functional recov-
ery compared to unwired organoids at day 28, as evidenced by sig-
nificantly higher average FS (Fig. 5C and table S2), FS increase over
the post-I/R value (Fig. 5D and table S2), and FS recovery from I/R
injury (Fig. 5E and table S2). These results showed that cardiac or-
ganoid transplantation is therapeutically efficacious in treating I/R
injury in adult hearts and that the incorporation of e-SiNWs pro-
vides a synergistic therapeutic benefit to enable superior short-term
and long-term improvements in cardiac function.

We used echocardiography to quantify changes in LV dimen-
sions after cardiac organoid transplantation, using pre-I/R values
as a benchmark. We observed an increase in LV end-diastolic diam-
eter (LVEDD) when compared to pre-I/R values for control,
unwired, and nanowired organoid treated rats at days 7 and 28
(Fig. 5F and table S2). There was no significant difference in
average LVEDD values among the groups at any time point
(Fig. 5G and table S2). When comparing LVEDD values at day 28
with pre-I/R values, nanowired organoid—treated rats exhibited a
significantly lower change compared to control (Fig. 5H and table
S2). This showed that 28 days after injury, nanowired organoid
treatment promoted the closest return to normal LVEDD relative
to unwired organoid treatment and control. For LV end-systolic di-
ameter (LVESD), unwired and nanowired organoid—treated rats
had lower LVESD on average at days 7 and 28 compared to
control; however, only the nanowired group reached statistical sig-
nificance (Fig. 5, I and J, and table S2). Similar to the LVEDD
results, the change in LVESD at day 28 compared to pre-I/R
values was significantly lower only in nanowired organoid—treated
rats, indicating the closest return to near-normal LVESD relative to
unwired organoid treatment and no treatment (Fig. 5K and table
S2). Accordingly, LV wall motion was severely reduced in control
rats at day 28 after transplantation (Fig. 5L) but retained greater
motion in unwired groups (Fig. 5M) and even greater motion in
nanowired groups (Fig. 5N). Together, e-SiNW incorporation sig-
nificantly augments the therapeutic efficacy of human cardiac mi-
crotissue transplantation, primarily by enhancing systolic function
and LV remodeling.

Nanowired human cardiac organoid transplantation
mitigates maladaptive remodeling post-I/R

Pathological ventricular remodeling after myocardial infarction, in-
cluding cardiac fibrosis, LV wall thinning, and cardiomyocyte hy-
pertrophy, is associated with a significantly increased risk of heart
failure (54). Therefore, we assessed the effects of nanowired cardiac
organoid transplantation on LV remodeling by evaluating cardiac
fibrosis and LV infarct wall thickness at day 28 after treatment.
Using picrosirius red staining, we observed I/R injury—induced col-
lagenous scar tissue in the LV wall of all experimental groups
(Fig. 6A). However, we found that the global ratio of fibrotic
tissue occupying the LV wall was significantly reduced in both
unwired and nanowired organoid-treated hearts compared to
control (Fig. 6B) and local fibrosis in the infarct zone (Fig. 6C). Fi-
brosis results were confirmed using a quantitative assay of hydro-
lyzed sections of infarcted myocardium (Fig. 6D). Both unwired
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Fig. 5. Functional recovery after nanowired human cardiac organoid transplantation. (A) Experimental outline of cardiac organoid transplantation in I/R-injured rat
hearts. (B) FS of each rat at pre-I/R, post-I/R, and 7 and 28 days after transplantation. (n = 5, 5, and 6 rats for control, unwired, and nanowired treatment groups, respec-
tively). Paired two-tailed Student'’s t test. (C) Average FS values at each time point. (D) Average percent change in FS at days 7 and 28 compared to post-I/R. (E) Average
percent recovery of FS lost to I/R injury at days 7 and 28. One-tailed Student’s t test. (F and G) LVEDD of each rat at pre-I/R, post-I/R, and 7 and 28 days after transplantation.
Paired two-tailed Student's t test. (G) Average LVEDD values at each time point for each treatment group. (H) Average change in LVEDD at days 7 and 28 compared to pre-I/
R. One-tailed Student'’s t test. (1) LVESD of each rat at pre-I/R, post-I/R, and 7 and 28 days after transplantation. Paired two-tailed Student's t test. (J) Average LVESD values at
each time point. (K) Average change in LVESD at days 7 and 28 compared to pre-I/R. One-tailed Student'’s t test. (L to N) Representative M-mode echocardiographs at day
28 for control (L), unwired (M), and nanowired (N) groups. [(B) to (K)] Data represents means + SD. A Bonferroni-corrected P < 0.025 was used to determine statistical

significance.

and nanowired organoids significantly reduced total collagen
content in infarcted hearts at day 28, with nanowired organoids
having the greatest reduction of collagen content (Fig. 6D). Further-
more, we found that unwired and nanowired organoid-treated
hearts had significantly less LV wall thinning at the infarct site
than control (Fig. 6E), which agreed with our findings of improved
systolic function. Nanowired organoids elicited significantly greater
arteriole density at the infarct site (Fig. 6, F and G). Thus, nanowired
cardiac organoid transplantation significantly reduced cardiac fi-
brosis and LV wall thinning and promoted therapeutic angiogenesis
post-I/R.

To further assess the effects of nanowired organoid transplanta-
tion on LV remodeling, we investigated the extent of cardiac hyper-
trophy in border and remote zones from base to apex of the host LV
after 28 days after transplantation (Fig. 6H and fig. S14A). Wheat
germ agglutinin (WGA) staining enabled visualization of host car-
diomyocyte size in remote and border zones of rat hearts (Fig. 61
and fig. S14B). Compared to control, the cross-sectional area of
host cardiomyocytes in the border zone was significantly lower in
nanowired organoid-treated hearts (Fig. 6]). In the remote zone,
cardiomyocytes in both the unwired and nanowired organoid—
treated hearts were significantly smaller than control hearts
(Fig. 6]). These results indicate that cardiac organoid transplanta-
tion mitigated compensatory hypertrophy in I/R-injured
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myocardium. This observation supports the improvement of sys-
tolic function and preservation of LVEDD and LVESD observed
via echocardiography in nanowired organoid—treated rat hearts
(Fig. 5). Therefore, the incorporation of e-SiNWs in cardiac organo-
ids provided synergistic therapeutic benefits in preventing maladap-
tive ventricular remodeling, which agrees with the additive effect
observed in functional recovery.

Nanowired cardiac organoids promote regenerative
macrophage polarization in the graft and border zone
following I/R injury

We have demonstrated that intramyocardial injection of bare e-
SiNWs does not elicit chronic inflammation in healthy myocardi-
um (Fig. 1). After myocardial infarction, inflammation plays a
central role in the adaptive remodeling process to prevent early
mortality. Macrophages, especially, are involved in every stage of
the inflammatory process after myocardial infarction (55). There-
fore, we investigated the effects of nanowired organoid transplanta-
tion on macrophage infiltration in grafted organoids and the border
zone in the host heart. We did not observe chronic inflammation
associated with organoid grafts and found no significant difference
between the percent area coverage by CD68-positive cells in
unwired and nanowired grafts at days 7 and 28 after transplantation
(fig. S15, A and B). Macrophage infiltration in the grafts decreased
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Fig. 6. Attenuation of maladaptive LV remodeling after nanowired human cardiac organoid transplantation. (A) Representative picrosirius red stains of infarcted
rat hearts (red, collagen I/1ll; yellow, myofibers). Scale bars, 3 mm (top) and 200 um (bottom inset). (B) Average percent global fibrosis of left ventricle at day 28. (C) Average
percent local fibrosis of infarct at day 28. n = average of three sections base to apex from four to five hearts each group, two-tailed Student's t test. (D) Total collagen
(hydroxyproline) quantification in infarcted myocardium. n = 3 to 4 rats, one-way ANOVA. (E) Average LV wall thickness at day 28. (F) Arterioles (10 to 100 pm in diameter)
in the infarct zone at day 28. (G) Average infarct arteriole density in hearts treated with unwired or nanowired organoids. (n = average of three sections base to apex from
four to five hearts each group, two-tailed Student's t test). (H) Representative Masson's trichrome staining of the fibrotic infarct zone, adjacent border zone, and remote
regions the host heart. (I) Representative images of wheat germ agglutinin (WGA)—stained host cardiomyocytes in the border and remote zones of the heart at day 28 with
magnified images of cell borders (top right corner). Scale bars, 100 um. (J) Average cross-sectional area of host cardiomyocytes in the border and remote regions of the
host heart. (n = average of three regions each from base to apex in each of five hearts per condition, two-tailed Student’s t test). All data represent means + SD.

substantially from days 7 to 28 (fig. S15B). In addition, organoids
with or without nanowires did not exacerbate macrophage presence
in the border zone of the host heart (fig. S15, C and D). We further
analyzed macrophage phenotype in organoid grafts and the host
heart border zone to determine proinflammatory and proregener-
ative macrophage responses to cardiac organoids (55). Nanowired
grafts had a significantly greater ratio of proregenerative (CD206-
positive) macrophages at day 7 compared to unwired grafts (fig.
§16, A and B). However, the difference was not significant at day
28 (fig. S16B). Nanowired cardiac organoid treatment resulted in
significantly less proinflammatory CD86-positive macrophages in
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the border zone of the infarcted heart at day 28 compared to
control (fig. S16, C and D). Furthermore, there was a significantly
greater ratio of proregenerative CD206-positive to CD86-positive
macrophages in the border zone in the nanowired organoid treat-
ment compared to both control and unwired (fig. SI6E). Together,
these results support the high cardiac biocompatibility of the e-
SiNWs. Further, they indicate that nanowired cardiac organoids
induce a more proregenerative macrophage phenotype in the graft
and the border zone, supporting the improved functional recovery
at days 7 and 28 (Fig. 5).
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DISCUSSION

While hPSC-CMs have been shown to restore the contractile func-
tions of infarcted hearts in various animal models, the conventional
strategy has primarily involved intramyocardial injection of a large
quantity of dissociated hPSC-CMs (e.g., 10 x 10° hPSC-CMs per
rat) to replace cardiomyocytes lost after injury. These approaches
have been limited by low cell retention and survival, moderate func-
tional improvement, arrhythmogenic risk, and poor scalability (10,
15-18, 53, 56-58). To address these limitations, we developed a
powerful human cardiac cell therapy platform by incorporating bio-
degradable and biocompatible e-SiNWs into human cardiac micro-
tissues to augment their therapeutic efficacy, resulting in the first
demonstration of heart repair by human cardiac organoids syner-
gized with conductive nanomaterials.

We found that e-SiNWs are biocompatible, in agreement with
previous reports (42, 59), and they did not exacerbate the inflamma-
tory response in healthy or disease settings. Nanowired hPSC-CM
spheroids improved hPSC-CM survival and contractile develop-
ment after intramyocardial injection compared to dissociated
hPSC-CMs. We further developed injectable nanowired cardiac or-
ganoids by combining e-SiNWs, hPSC-CMs, and supporting cells
in a bioinspired fabrication method, which improved ischemia tol-
erance of cardiac microtissues compared to hPSC-CM spheroids.
Compared to unwired cardiac organoids, nanowired organoids sig-
nificantly improved electrical pacing and contractility of cardiac mi-
crotissues in vitro. Correspondingly, nanowired cardiac organoids
significantly improved cardiac function, mitigated maladaptive LV
remodeling, and accelerated contractile development of grafted
hPSC-CMs in infarcted rat hearts compared to unwired organoids
after intramyocardial injection. While unwired cardiac organoids
are therapeutically efficacious, e-SINW incorporation provides a
distinct synergistic therapeutic benefit to augment hPSC-CM-me-
diated heart repair, including greater graft vascularization and
infarct arteriole density one month after transplantation.

Compared to recent studies that injected 10 x 10° dissociated
hPSC-CMs per rat using the same injury model (51, 60), nanowired
human cardiac organoids achieved superior functional recovery
with more than an order of magnitude fewer cells (~0.5 x 10°
hPSC-CMs per rat). Specifically, the previous studies reported
~8% FS improvement 1 month after transplantation of 10 x 10° dis-
sociated hPSC-CMs per rat (51, 60), yet we achieved ~9% improve-
ment in FS using unwired organoids and ~16% FS improvement
with nanowired organoids. When normalized to the FS loss
(~23%) caused by the I/R injury, we achieved ~39% FS recovery
with unwired organoids and ~ 69% FS recovery with the nanowired
organoids at day 28. While our observed engraftment size was
smaller than some previous reports, there is no clear relationship
between graft size and cardiac repair, as previous studies have re-
ported insignificant contractile functional recovery even with >1
mm?*hPSC-CM engraftments (56). Further studies into the gene ex-
pression of infarcted host myocardium and engrafted organoids will
be important for mechanistic insight on the nanowired cardiac or-
ganoid mediated cardiac repair.

One limitation of our study is the sample size (n =5 to 6). A
greater sample size would increase the confidence of multiple com-
parisons in future studies. While significant differences in scale and
electrophysiology between human and rodent hearts (high resting
heart rates, different ion channel expression, and current densities)
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limits the study of graft-associated arrhythmic events in rats in our
present study (61, 62), experimental and computational evidence
shows that arrhythmogenic risks of cell therapy are dependent on
the number of engrafted cells (63—-65). Therefore, achieving
maximal therapeutic efficacy with a minimized dose of hPSC-
CMs enabled by conductive nanomaterials and human cardiac or-
ganoids represents a transformative strategy for clinical translation
of hPSC-CM therapy. Future work will investigate the arrhythmo-
genicity of nanowired human cardiac organoids with optical
mapping in a large animal porcine model. While nanowires have
been explored for various translational applications (e.g., wound
healing) (66), conductive nanowires have been demonstrated with
remarkable capacity to improve therapeutic efficacy of implanted
hPSC-CMs.

In summary, nanowired human cardiac organoids significantly
augment the therapeutic potential of hPSC-CMs for heart repair.
While cardiac organoids have been used for cardiac tissue engineer-
ing applications, this study reveals e-SiNWs as a class of biocompat-
ible, conductive nanomaterials that facilitate contractile and
noncontractile benefits in hPSC-CM transplantation. Given the
emerging clinical applications of hPSC-CMs to treat infarcted
hearts, these results have direct translational impacts for conductive
nanomaterials in cardiac cell therapy and implications in other con-
ductive tissues (e.g., skeletal muscle and neuronal tissues).

MATERIALS AND METHODS

Cell culture

Following procedures previously described in (67), hPSC-CMs
(iCell Cardiomyocytes, FUJIFILM Cellular Dynamics Inc.,
Madison, W1, USA) were cultured according to the manufacturer’s
protocol. Briefly, hPSC-CMs were plated on 0.1% gelatin-coated
six-well plates in iCell Cardiomyocyte plating medium (FUJIFILM
Cellular Dynamics Inc.) at a density of about 3 x 10° to 4 x 10° cells
per well and incubated at 37°C in 5% CO, for 4 days. Two days after
plating, the plating medium was removed and replaced with 4 ml of
iCell Cardiomyocytes maintenance medium (FUJIFILM Cellular
Dynamics Inc.). After 4 days of monolayer preculture, cells were de-
tached using trypLE Express (Gibco Life Technologies, Grand
Island, NY) and prepared for organoid fabrication. hcFBs (Lonza,
Basel, Switzerland) were cultured in fibroblast growth medium 3
medium (PromoCell, Heidelberg, Germany) and used at passages
3 to 4 for organoid fabrication. HUVECs (Lonza) were cultured
in endothelial growth medium 2 medium (PromoCell) and used
at passages 2 to 3 for organoid fabrication. hADSCs (Lonza) were
cultured in ADSC growth medium (Lonza) and used at passages 3
to 4 for organoid fabrication. Cells tested negative for mycoplasma
contamination according to the vendor. Culture medium for
cardiac organoids was composed of a ratiometric combination of
cell-specific medium reflecting the cell ratio of the organoid. In or-
ganoid medium, hPSC-CM maintenance medium (supplied
without glucose) was substituted with glucose-containing F12/Dul-
becco's modified Eagle's medium (DMEM) with 10% fetal bovine
serum, 1% glutamine, and 1% non—essential amino acids (Gibco).

Fabrication of nanowired hPSC-CM spheroids

Cardiac spheroids were fabricated according to our previously pub-
lished methods (44, 67). Briefly, agarose hydrogel micromolds were
prepared using 2% agarose (Sigma-Aldrich, St. Louis, MO) with
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master micromolds from Microtissues Inc. (Providence, RI). The
agarose molds contained 35 microwells with hemispheric bottoms
(800 pm in diameter and 800 um in depth) to facilitate the forma-
tion of spherical microtissues. A solution containing a 1:1 ratio of e-
SiNWs to hPSC-CMs was dispensed into each mold to fabricate
nanowired spheroids containing around 1000 hPSC-CMs and
1000 n-type e-SiNWs (diameter ~ 100 nm, length ~ 10 um, and
Si/P = 500) per spheroid. The doping ratio was chosen to obtain a
high conductivity (150 to 500 uS/pm) compared to cell culture
medium (~1.75 pS/pm) and myocardium (~0.1 uS/um) to create
highly electrically conductive microenvironments within the spher-
oids. The unwired hPSC cardiac spheroids were fabricated using the
same method without adding e-SiNWs.

Fabrication of nanowired human cardiac organoids

Details of human cardiac organoid fabrication were described in
our previous publications (38, 68). To fabricate sequentially
seeded cardiac organoids, we first fabricated nanowired cardiac
spheroids as described in the previous section. After 10 days of
nanowired spheroid culture, the supporting cell mixture was
seeded onto the molds after careful aspiration of the spheroid
medium, with a targeted ratio of 55% hPSC-CMs, 24% hcFBs,
14% HUVECs, and 7% hADSCs. After an additional 4 days of orga-
noid culture, cardiac organoids were prepared for injection.

Simulated ischemia and assessment of apoptosis

Ischemic conditions were simulated as previously described (69).
Briefly, ischemic medium, which was produced via 10-fold dilution
of organoid maintenance medium with glucose-free/serum-free
medium (glucose-free DMEM, Gibco), was added to hPSC-CM
spheroid or cardiac organoid cultures before they were placed in a
hypoxia chamber (ProOx Model 110, BioSpherix, Parish, NY) set at
1% O, for 24 hours. The ischemia-challenged microtissues were
flash-frozen in Tissue-Tek OCT compound (Sakura, Torrance,
CA) and cryosectioned, fixed in 4% paraformaldehyde solution
for 10 min, then washed in PBS for 30 min. After PBS washes, sec-
tions were incubated in permeabilization solution (0.1% Triton X-
100 and 0.1% sodium citrate in PBS) for 2 min on ice. Then, 50 ul of
TUNEL reaction mixture (Sigma-Aldrich) was added to the samples
and incubated in 37°C for 1 hour. After washing in phosphate-buff-
ered saline with 0.1% Triton X-100 (PBST) (three times at 5 min),
nuclei were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI) (Molecular Probes/Invitrogen, Eugene, OR) for 15 min at
ambient temperature. Following the final wash procedure (PBS,
three times at 5 min), glass coverslips were added to the slides
using Fluoro-Gel (Electron Microscopy Sciences, Hatfield, PA). A
TCS SP5 AOBS laser scanning confocal microscope (Leica Micro-
systems) was used for imaging the stained microtissue sections.

Electrical stimulation of cardiac organoids

Following previously published methods (67), microtissue pacing
was conducted via electrical stimulation (C-Pace unit, Ion Optix,
Milton, MA, USA) of organoids in the agarose molds suspended
in culture medium. Organoids were stimulated (12 V/cm, 5 ms)
over a range of frequencies (0.5 to 2.5 Hz), and they were observed
under bright-field microscopy and video-recorded with a Carl Zeiss
Axiovert Al Inverted Microscope (Zeiss, Gottingen, Germany). The
percentage of organoids keeping pace with exogenous stimulation
was calculated. In addition, thresholding in Image] was used on
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high-contrast image series from recorded videos and graphed to
generate beating profiles and quantify fractional area change. Frac-
tional area change was calculated as the percent change in organoid
area between contraction and relaxation.

Video and image analysis of beating microtissues

As we have described previously (67), videos of spheroids and orga-
noids were recorded with a Carl Zeiss Axiovert Al Inverted Micro-
scope using Zen 2011 software (Zeiss, Gottingen, Germany) with
capture rate of 14 frames/s. Then, the videos were converted to a
sequence of TIFF format pictures by Image] [National Institutes
of Health (NIH)] (70). Threshold edge-detecting in Image] was
used on high-contrast microtissue pictures and graphed to realize
contraction profiles, from which the fractional area change was
calculated.

Transmission electron microscopy

As we have described previously (67), e-SiNWs were gently sonicat-
ed in isopropyl alcohol and dispersed onto lacey carbon grids (Ted
Pella Inc.). Transmission electron microscopy imaging was con-
ducted using a 300-kV FEI Tecnai G2 F30 Super Twin transmission
electron microscope. Spheroids were fixed with 2.5% glutaralde-
hyde, postfixed in PBS-buffered 1% osmium tetroxide with 1.5%
K+ ferricyanide, dehydrated in graded ethanol and acetonitrile,
and embedded in PolyBed 812 (Polysciences). Seventy-nanome-
ter-thick spheroid sections were prepared using a Leica UltraCut
R and a diamond knife, stained with Hanaichi Pb citrate and
uranyl acetate, and imagined using a JOEL 200 CX transmission
electron microscope.

Injection of e-SiNWs and hPSC cardiac spheroids into
healthy rat hearts

Following our published methods (67), to evaluate the cardiac bio-
compatibility of e-SiNWs, male Sprague-Dawley rats (8 to 10 weeks
old, Charles River) were anesthetized with 3% isoflurane in induc-
tion chamber, endotracheally intubated, and mechanically ventilat-
ed. A left thoracotomy was performed to expose the heart. The
pericardium was opened and 5 million silicon nanowires in 50 pl
of PBS were injected into threqe different sites of LV anterior wall
using syringes with 31-gauge needles. For hPSC cardiac spheroid
injection, male athymic rats (8 to 10 weeks old, RNU Nude rats,
Charles River) were anesthetized, intubated, ventilated, and pre-
pared for surgery. A left thoracotomy was performed to expose
the heart. The pericardium was opened, and a total of ~30 hPSC
cardiac spheroids per rat (i.e., 30 x 10° hPSC-CMs per rat) or 30
x 10° single hPSC-CMs per rat were injected into three different
sites (50 pl at each site) of LV anterior wall using 29-gauge
needles. Equivalent volumes of Matrigel (20 pl) were used in all
transplantation experiments throughout this study as a thermores-
ponsive biomaterial to occupy the dead volume of the syringe and
seal the injection site. The hPSC-CM:s and organoids were not sus-
pended in Matrigel but were loaded in the syringe in front of the
Matrigel “plug.” After injection, the thoracotomy incision was
sutured and the animal was recovered for 1 day, 7 days, and 28
days before heart harvest for histological analysis. The influences
of the injected e-SiNWs and hPSC cardiac spheroids on the rat
cardiac function were examined on days —1, 1, 7, and 28 after injec-
tion by ECG and echocardiography as described below. All the sur-
gical procedures and pre-/postoperative care were performed
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following NIH guidelines for the care and use of laboratory animal
(NIH publication No. 86-23, revised 1996), and they were under the
supervision of the Institutional Animal Care and Use Committee of
the Medical University of South Carolina (MUSC).

Rat model of I/R injury

Following procedures we have described previously (67), male
athymic rats (8 to 10 weeks old, RNU Nude rats, Charles River)
were anesthetized with isoflurane, intubated, and mechanically ven-
tilated (SomnoSuite Low-Flow Anesthesia System, Kent Scientific).
Rodent Surgical Monitor (INDUS instruments) was used to
monitor animal’s condition throughout the surgery, including
heart rate, body temperature, and heart function through ECG. A
left thoracotomy was performed to expose the heart. The pericardi-
um was opened, and the left anterior descending coronary artery
was ligated below the left atrial appendage level using a 7-0
Prolene suture (Ethicon). Occlusion was confirmed by LV blanch-
ing and ST elevation on ECG after ligation. After 1 hour, the ligation
was released, the chest cavity was aseptically closed, and the rat was
allowed to recover for 1 day for echocardiographic measurement.
For short-term histological analysis (time points up to and includ-
ing day 7), rats with I/R injuries that caused a measurable decrease
in FS were deemed sufficient for injection. For long-term histolog-
ical analysis (day 28) and functional recovery studies, the rats that
met the echocardiographic inclusion criterion (FS < 30%) were se-
lected for experiments and randomly assigned into experimen-
tal groups.

Human cardiac organoid injection protocol

We injected organoids 4 days after I/R induction to allow angiogen-
esis-associated wound healing processes to reach their peak (10).
The rats that met our inclusion criterion were anesthetized with iso-
flurane, intubated, and mechanically ventilated. A second thoracot-
omy was performed to expose the heart. In preparation for
injection, one-third of the total number of cardiac organoids was
manually loaded into each of the three syringes with a Matrigel
plug, which was used to occupy the dead space in the syringe for
organoid injection and plug the injection path to prevent washout
of organoids. Then, the nanowired or unwired cardiac organoids
containing a total of either ~250 x 10> hPSC-CMs per rat (short-
term analysis; <day 7) or ~500 x 10> hPSC-CMs per rat (long-
term analysis; day 28) were injected with a modified 29-gauge
needle into the region surrounding the injured area at three sites
(50 ul per site). I/R rats without the cell injection were used as con-
trols and did not receive a second surgery. Once the injections were
completed, the chest was closed in three layers, and the animal was
recovered with buprenorphine administered intraperitoneally to
provide pain relief.

Echocardiography

Following procedures we have described previously (67), transtho-
racic echocardiography was performed using Vevo2100 ultrasound
imaging system (VisualSonics, Toronto, Canada) with a 13 to 24
MH?z linear array transducer (MS250). Rats were placed in supine
position on a warming platform at 37°C under light (1 to 2%) iso-
flurane anesthesia to maintain the heart rate between 350 and 450
beats/min during imaging procedure. Cardiac function was exam-
ined using parasternal long-axis and short-axis 2D B-mode images
and M-mode images at parasternal short-axis mid-papillary level.
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Offline image analyses were performed by an experienced investiga-
tor blind to the experimental groups using the dedicated Vevo LAB
software. FS was calculated by the equation: FS = (LV end-diastolic
dimension — LV end-systolic dimension)/LV end-diastolic
dimension.

Histological analysis of in vitro cultured microtissues
Following procedures we have described previously (67), microtis-
sues (~30 to 35) were flash-frozen in Tissue-Tek OCT compound
(Sakura, Torrance, CA) and cryosectioned into 7-pum thickness
layers onto glass slides for immunohistochemistry. The frozen sec-
tions were fixed with precooled acetone (—20°C) for 10 min. The
fixative was poured off and the acetone was left to evaporate from
the sections for 5 min at room temperature before immunostaining
as described below.

Histological analysis of harvested cardiac tissue

Following procedures we have described previously (67), excised rat
hearts were fixed overnight in 4% paraformaldehyde solution
(Sigma-Aldrich) and then 70% ethanol before paraffin embedding.
Using an automated microtome (LeicaRM2255, Leica, Exton, PA),
paraffin-embedded hearts were sectioned into 8 um in thickness.
Slides were deparaffinized in xylene for 5 min and rehydrated
using an ethanol gradient. Slides were stained with hematoxylin
and eosin (H&E), picrosirius red stain kit (Abcam), and Masson's
trichrome stain kit (Sigma-Aldrich) or processed with heat-activat-
ed antigen retrieval solution (Vector Laboratories, Burlingame, CA)
for immunostaining as detailed below.

Immunostaining

Following our procedures described previously (67), fixed microtis-
sues or rat heart sections were washed with PBS, permeabilized with
0.1% Triton X-100 (Sigma-Aldrich) and blocked with 10% bovine
serum albumin (Sigma-Aldrich) for 2 hours at room temperature.
Primary antibodies were applied overnight, and secondary antibod-
ies were applied for 2 hours at room temperature, with 3x 10-min
PBST washes between. All antibody details can be found in table S3,
and the antibodies used in this study are as follows: rabbit anti—pan-
Tnl (Invitrogen, 710580, lot# 1997919), rabbit anti-vimentin
(Abcam, ab92547, lot# GR3258719-11), rabbit anti—von Willebrand
factor (VWF) (Abcam, ab6994, lot# GR3180938-1), mouse anti-aSA
(Abcam, ab52917, lot# GR3174517-4), rabbit anti-Cx-43 (Sigma-
Aldrich, C6219), mouse anti-CD31 (BD Biosciences, 550274, lot#
5170510), mouse anti—-N-cadherin (BD Biosciences, 610920, lot#
4357631), mouse anti-CD68 (Bio-Rad, MCA1957, lot# 0515),
mouse anti-B7-2/CD86 (Novus Biologicals, NBP225208, lot#
942-1P221206), rabbit anti-CD206 (Proteintech, 50-173-2199,
lot# 50-173-2199), mouse anti-HNA (Abcam, ab191181, lot#
GR3192103-3), goat anti-mouse Alexa Fluor 546 (Invitrogen, A-
11030, lot# 2026145), goat anti-rabbit Alexa Fluor 647 (Invitrogen,
A32733, lot# 2047630), and isolectin Alexa Fluor 488 conjugate
(IB4) (Vector Laboratories, FL-1201-.5, Lot# ZB0406). Nuclei
were counterstained with DAPI (Molecular Probes/Invitrogen,
Eugene, OR) diluted in PBST for 30 min at ambient temperature.
Following the final wash procedure (PBST, three times at 5 min),
glass coverslips were added to the slides using Fluoro-Gel (Electron
Microscopy Sciences, Hatfield, PA). Last, a TCS SP5 AOBS laser
scanning confocal microscope (Leica Microsystems Inc., Exton,
PA) was used to acquire fluorescent images. HNA staining was
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performed from base to apex every 100 pum to identify grafts in
hearts. Sections in the grafts were then stained with specific
antibodies.

Total collagen content quantification

Hydroxyproline content from formalin-fixed paraffin-embedded
tissue sections was carried out using a colorimetric total collagen
assay (BioVendor LLC, QZBTOTCOLL1) according to the manufac-
turer’s instructions. Briefly, ten 8 pum tissue sections from infarcted
regions were transferred into a tube of 6 M hydrochloric acid and
incubated overnight at 95°C to hydrolyze the samples. A portion of
the hydrolysate was used to quantify total protein content with a
BCA assay (Thermo Fisher Scientific, 23227), while another
portion was used in the total collagen assay to quantify hydroxypro-
line content. Hydroxyproline content was then normalized to total
protein content to yield total relative collagen quantification.

Graft contractile development analysis

Single-cell cardiomyocyte analysis was performed as described in
our previous work (44, 67). Briefly, the average sarcomere length
was defined as spacing between Tnl striations from black and
white renderings of x60 magnification confocal graft images.
Using Image], fluorescence profiles along lines passing perpendic-
ular through three different striated regions containing at least six
consecutive sarcomere structures were measured and divided by the
total number of sarcomeres. Z-line width was measured on TnlI-
stained graft images by measuring the width of striations from the
same regions described above.

Cardiomyocyte alignment

hPSC-CMs were identified in vitro and in vivo via the presence of
aSA or Tnl, respectively. To quantify cardiomyocyte alignment, the
2D orientation order parameter (OOP) was determined as done by
others (71, 72), calculated via the equation below

OOP = 2({cos*(8 — o)) — 1/2

where 0 is the cardiomyocyte orientation angle and y, is the mean
orientation angle of the cardiomyocytes considered. In this system,
OOP ranges from 0 to 1, indicating random orientation or perfect
orientation, respectively. Cardiomyocyte orientation angles used in
2D OOP calculations were determined in Image] with standard
plugins. The individual angle measurements corresponded to adja-
cent cardiomyocytes in 75 pm by 75 pm regions of in vitro cardiac
organoids or in vivo engraftments of cardiac organoids.

Assessment of cardiac hypertrophy

Cardiomyocyte cross-sectional area was determined via staining of
cell boundaries with Alexa Fluor 488—conjugated WGA (Invitro-
gen). Slides were incubated with WGA (10 pug/ml) for 20 min at
room temperature and washed with PBS three times before cover-
slipping. To quantify the cell size, three independent samples per
group with three different regions of interest from the border and
remote zones in the left ventricle were captured at x40 magnifica-
tion with a TCS SP5 AOBS laser scanning confocal microscope
(Leica Microsystems). Images were binarized in ImageJ and the
Analyze Particles function was used to quantify individual cardio-
myocyte area.
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Statistical analysis

Statistical testing was performed using one- or two-tailed ¢ tests
where applicable, as stated in figure legends. Paired ¢ tests were
used when applicable for paired groups. Normal distribution of
values was confirmed using the Shapiro-Wilk normality test
where appropriate. The variance between samples was tested with
an F test for equal variance. The Student's ¢ test was used if the
group variance was equal, and a Mann-Whitney nonparametric
test was applied for groups with unequal variance. Bonferroni cor-
rection was used to adjust for multiple corrections. Statistical signif-
icance was determined by P < 0.05 unless otherwise stated.

Supplementary Materials
This PDF file includes:

Figs. S1 to S16

Tables S1 to S3
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