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ABSTRACT: Electrically conductive biomaterials and nanomaterials have demonstrated great potential in the development of
functional and mature cardiac tissues. In particular, gold nanomaterials have emerged as promising candidates due to their
biocompatibility and ease of fabrication for cardiac tissue engineering utilizing rat- or stem cell-derived cardiomyocytes (CMs).
However, despite significant advancements, it is still not clear whether the enhancement in cardiac tissue function is primarily due to
the electroconductivity features of gold nanoparticles or the structural changes of the scaffold resulting from the addition of these
nanoparticles. To address this question, we developed nanoengineered hydrogel scaffolds comprising gelatin methacrylate (GelMA)
embedded with either electrically conductive gold nanorods (GNRs) or nonconductive silica nanoparticles (SNPs). This enabled us
to simultaneously assess the roles of electrically conductive and nonconductive nanomaterials in the functionality and fate of human-
induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs). Our studies revealed that both GNR- and SNP-incorporated
hydrogel scaffolds exhibited excellent biocompatibility and similar cardiac cell attachment. Although the expression of sarcomere
alpha-actinin did not significantly differ among the conditions, a more organized sarcomere structure was observed within the GNR-
embedded hydrogels compared to the nonconductive nanoengineered scaffolds. Furthermore, electrical coupling was notably
improved in GNR-embedded scaffolds, as evidenced by the synchronous calcium flux and enhanced calcium transient intensity.
While we did not observe a significant difference in the gene expression profile of human cardiac tissues formed on the conductive
GNR- and nonconductive SNP-incorporated hydrogels, we noticed marginal improvements in the expression of some calcium and
structural genes in the nanomaterial-embedded hydrogel groups as compared to the control condition. Given that the cardiac tissues
formed atop the nonconductive SNP-based scaffolds (used as the control for conductivity) also displayed similar levels of gene
expression as compared to the conductive hydrogels, it suggests that the electrical conductivity of nanomaterials (i.e., GNRs) may
not be the sole factor influencing the function and fate of hiPSC-derived cardiac tissues when cells are cultured atop the scaffolds.
Overall, our findings provide additional insights into the role of electrically conductive gold nanoparticles in regulating the
functionalities of hiPSC-CMs.
KEYWORDS: cardiac tissue engineering, hiPSC-CM, electrically conductive hydrogels, gold nanorods (GNRs), cardiac maturation

1. INTRODUCTION

Cardiovascular diseases (CVDs), including myocardial infarc-
tion (MI), are themajor cause of death globally.1 The human left
ventricle (LV) contains approximately 4 billion cardiomyocytes
(CMs), and an incident of MI can kill∼25% of these cells within
a short period of time.2 The adult human heart possesses a
limited regenerative potential, where the CM annual renewal
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rate has been reported to be less than 0.5%,3 which is insufficient
to compensate for the loss of CMs post-MI. Concomitant with
this massive CM necrosis is the generation of a fibrotic scar
within the myocardium upon MI.4 This fibrotic tissue results in
an increased electrical resistance leading to delayed local
electrical signal propagation that could potentially lead to
arrhythmia.5 Therefore, replenishing the lost CMs and restoring
the normal electrical activity feature of an infarcted myocardium
are crucial steps toward MI repair and regeneration.
Tissue engineering and cell-based cardiac therapies have been

offered as promising strategies for the repair of injured
myocardium.6−8 Early efforts for MI repair relied on the delivery
of a class of progenitor or stem cells including bone marrow
mononuclear cells, skeletal myoblasts (SMs), hematopoietic
stem cells (HSCs), endothelial progenitor cells (EPCs), and
mesenchymal stem cells (MSCs) through bolus injection of the
cells into the target infarcted tissue zone via a catheter or
syringe.9 In recent years, human embryonic stem cells (hESCs)
and human-induced pluripotent stem cells (hiPSCs) have been
shown to successfully differentiate into bona fide cardiac cells in
vitro.10 To date, differentiated CMs from hESCs and hiPSCs
have been employed in multiple preclinical studies to generate
cardiac muscle-like tissues as emerging candidates for MI repair
due to their immense potential for patient-specific therapy and
personalized medicine.11,12 Recent studies have demonstrated
that intramyocardially delivered hESC-CMs into the infarcted
heart of a nonhuman primate model of MI resulted in the
engraftment of cells and extensive remuscularization. Despite
these promising findings, ventricular arrhythmias were detected
in some of the treated animals.11 In another study using a
nonhuman MI model, injection of allogenic hiPSC-CMs
enhanced cardiac contractile function with no evidence of
tumor formation and immune rejection.12 However, compared
with the vehicle-treated hearts, ventricular tachycardia was
significantly increased in the hearts transplanted with hiPSC-
CMs. Overall, these studies and so many others have
demonstrated the tremendous promise of stem cell therapy in
enhancing cardiac function and regeneration; however, the
success of these approaches has been limited due to observed
arrhythmias in preclinal studies.13

In order to enhance cardiac function and regeneration post-
MI, several strategies such as acellular and cell-laden injectable
biomaterial scaffolds have been implemented.14 Examples of the
utilized scaffolds include fibrin,15,16 collagen,17,18 alginate,19,20

poly(ethylene glycol) (PEG)-based copolymers,21 and poly(N-
isopropylacrylamide) (PNIPAAm).22 However, the first gen-
eration of biomaterial scaffolds often lacked the electrical
conductivity features required to enhance the dissemination of
electrical signals in the infarcted zone of the myocardium.23

Since delayed conduction velocity could lead to asynchronous
contraction of the heart,23,24 in recent years there have been
tremendous efforts to generate new classes of biomaterial
scaffolds offering electrical conductivity features resembling
healthy cardiac tissues.25

Electrically conductive biomaterial scaffolds have often been
designed through the incorporation of conductive components
such as carbon-based (i.e., reduced carbon nanotubes)26−30 and
gold nanomaterials (i.e., gold nanorods and gold nanowires)25

or alternatively electrically conductive polymers (i.e., polyani-
line).24,31 Among these candidates, gold nanoparticles such as
gold nanowires (GNWs) and gold nanorods (GNRs) have
attracted notable attention due to their ease of fabrication,
biocompatibility, ease of surface functionalization, and stable

electrical conductivity.32,33 In a pioneering study, Dvir et al.34

designed an electrically conductive cardiac tissue by physically
mixing GNWs (∼1 μm long) with nonconductive alginate
hydrogel. The cultured neonatal rat left ventricular myocytes
(NRVMs) on the electrically conductive scaffolds exhibited
improved the expression of connexin-43 (Cx43), sarcomeric
alpha-actinin (SAA), and cardiac troponin I (cTnI). In recent
studies, GNRs incorporated into gelatin methacrylate
(GelMA)35−38 and collagen39 have also been shown to promote
the maturation of NRVMs, as indicated by enhanced expression
of SAA and Cx43. Despite their significance, most previous
studies have mainly utilized nonhuman cells (i.e., primarily
NRVMs) for engineering cardiac tissues. However, hPSC-CMs
offer a promising cell source for developing humanized cardiac
tissues, enabling more in-depth mechanistic studies and
improved clinical translational relevance. Therefore, there is a
need for more comprehensive investigations to better under-
stand the role of electrically conductive gold nanoparticles in
enhancing the functionality of stem cell-derived CMs,
particularly hiPSC-CMs.
In this study, we developed and characterized two classes of

nanoengineered hydrogel scaffolds, namely, electrically con-
ductive ones incorporating GNRs and nonconductive ones
incorporating SNPs within GelMA hydrogels for cardiac tissue
engineering applications. Our specific objective was to assess the
impact of these nanomaterial-embedded hydrogels, whether
conductive or nonconductive, on the function and fate of hiPSC-
CMs when cells are seeded on top of the hydrogel matrices. To
achieve this, we employed a comprehensive array of tissue-level,
cellular-level, and molecular-level assays, including immuno-
fluorescence (IF) staining, Western blot analysis for protein
expression, gene expression profiling, and electrophysiological
assessments, such as calcium transients and contractility
measurements. Overall, our study and its findings provide
valuable insights, suggesting that the electrical conductivity of
nanomaterial-embedded hydrogels may not be the sole factor
governing the functionalities of hiPSC-CMs when cells are
seeded on top of these nanoengineered hydrogels.

2. MATERIALS AND METHODS
2.1. Materials.The list of the usedmaterials is summarized in Table

S1.
2.2. Methods. 2.2.1. Gold Nanorod Synthesis and Character-

ization. The seed-mediated growth method was used to synthesize
GNRs as described previously,40 with a slight modification as depicted
in Figure S1. To prepare the seed solution, 2 mL of CTAB solution (0.2
M, 30 °C) was mixed with 2 mL of HAuCl4 (0.5 mM, 30 °C) under
constant stirring. To the stirred solution, ice-cold NaBH4 (240 μL, 0.01
M) was added at once and vigorously stirred at room temperature for 2
min, which resulted in a brownish-yellow solution. To ensure complete
degradation of NaBH4, the seed solution was further maintained for 2 h
at 30 °Cwithout agitation. To prepare the growth solution, AgNO3 (1.1
mL, 0.0045M, 30 °C) was added to the CTAB solution (20 mL, 0.2 M,
30 °C) and gently mixed. HAuCl4 (20 mL, 1 mM, 30 °C) was added to
this solution followed by gentle mixing, which immediately resulted in a
deep yellow solution. Then, 280 μL ascorbic acid (0.0788 M, 30 °C)
was added and gently mixed which immediately resulted in a colorless
solution. Lastly, the seed solution (48 μL, 30 °C) was added to the
growth solution and kept at 30 °C for 24 h. After 30−60 min, the
solution color changed to maroon. Upon formation, the GNRs were
collected in the Eppendorf tubes and centrifuged at 12,000g for 10 min.
Further removal of CTAB was achieved by resuspending the GNRs in
DI water followed by centrifugation for 10,000g for 15 min. Filter DI
water (0.1 μm) was used throughout the GNR synthesis.
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UV−vis−NIR extinction spectra were recorded by using a
spectrophotometer (BioTek Synergy H1 Plate Reader) to analyze the
surface plasmon resonance (SPR) of the synthesized GNRs. Trans-
mission electron microscopy (TEM) characterization of the GNRs was
recorded on a TEM/STEM(2010F-JEOL) with an operating voltage of
200 kV. The diameter and length of at least 800 GNRs from five TEM
images were calculated via ImageJ software. A batch of synthesized
GNRs was serially diluted, and the optical density for each of the
dilutions was analyzed at 400 nm. Inductively coupled plasma mass
spectrometry (ICP-MS) was conducted on the samples to quantify the
gold content in the unknown samples with a known optical density.
Then, the gold content in each sample was plotted against its optical
density to generate a standard curve for the GNR concentration
measurement.
2.2.2. Gelatin Methacrylate Synthesis and Characterization.

GelMA was synthesized according to a previously established
protocol.41 Briefly, gelatin was dissolved in PBS with a concentration
of 10% (w/v) at 50 °C under vigorous stirring for ∼1 h until fully
dissolved. While stirring vigorously, methacrylate anhydride (MA) (0.8
mL/gram of used gelatin) was slowly added and vigorous stirring was
continued at 50 °C for another 3 h. After the completion of the reaction,
the solution was aliquoted into 50 mL conical tubes followed by
centrifugation at room temperature for 3 min at 3500g to remove the
unreacted MA. The clear solution was decanted and collected into a
glass beaker and kept at 40 °C. Then, two volumes of prewarmed PBS
(40 °C) were used to dilute the solution. While the solution was kept
under stirring, it was transferred into a dialysis membrane (12 kDa
MWCO) and dialyzed against DI water. The DI water was changed
twice a day for 7 days. Then, the pH of the solution was adjusted by
using 1 M NaHCO3. The solution was filtered (0.2 μm) and divided
into 50 mL conical tubes and maintained at −80 °C overnight. Finally,
the frozenGelMA solution was lyophilized for 1 week and stored at−20
°C.
2.2.3. Synthesis of GelMA-GNR and GelMA-SNP Hydrogel

Scaffolds. Three groups of hydrogels, namely, GelMA-pristine
(GelMA), GelMA-GNR (GelMA hydrogel embedded with 1.0 mg/
mL of GNRs) (G-GNR), and GelMA-SNP (GelMA hydrogel
embedded with 1.4 mg/mL of SNPs) (G-SNP) were fabricated to
conduct our experiments as follows. Due to the molecular weight
differences between SNPs and GNRs, 1.4 mg/mL of SNPs was
considered as the nonconductive control group which contains an
approximately similar number of particles in comparison to 1.0 mg/mL
of GNRs. The SNPs (5 mg/mL) were dispersed in PBS with a
sonication probe. The GNRs were first centrifuged at 10,000g for 15
min, and the pellets were dispersed in 7% GelMA hydrogels via 1 h of
sonication in a water bath. Then, the Irgacure 2959 (photoinitiator)
(1.0% w/v) was dissolved in PBS (50 °C) followed by filtration (0.2
μm) to eliminate the impurities. Certain amounts of GNRs (1.0 mg/
mL) and SNPs (1.4 mg/mL) were mixed with the GelMA prepolymer
solutions and balanced with PBS so that the final concentration of
Irgacure 2959 and GelMA in each group was 0.5 and 15% w/v,
respectively. The prepared prepolymer solutions were sonicated in a
water bath for 1 h to further enhance the dispersion of nanoparticles.
Then, these prepolymer solutions were used to fabricate thin (150 μm)
hydrogel scaffolds. The UV source (360−480 nm) was placed at 8 cm
from the hydrogel films, resulting in an intensity of ∼7.64 mW/cm2.
The prepolymer solution (30 μL) was added between two 150 μm
spacers and a TMSPMA-coated round glass slide was placed on top.
The hydrogel films were formed by UV cross-linking for 20, 50, and 35 s
for GelMA, G-GNR, and G-SNP, respectively.
2.2.4. Characterization of GelMA-based Hydrogel Scaffolds. The

mechanical property of the synthesized GelMA-based hydrogel
scaffolds was analyzed through the measurement of compressive
modulus. 100 μL of prepolymer solutions were placed between two 500
μm spacers, covered by a glass slide, and exposed to 7.64 mW/cm2 UV
light (360−480 nm) for various time points. Then, samples were
separated from the slide and incubated in PBS overnight at 37 °C. The 8
mm punched gels were blotted andmeasured at a rate of 13 μm/s on an
Instron machine (Instron 5943, 50 N load cell). The compressive

modulus of the samples was evaluated by the slope of the linear region
corresponding to 0−5% strain.
For electrical conductivity characteristics, 150 μm thick hydrogel

scaffolds were prepared as above, and a two-probe measurement
method with an electrochemical impedance spectroscopy (EIS)
potentiostat was used to evaluate their impedance. Specifically, at a
10 mV applied voltage, the impedance of each biomaterial was analyzed
from 1.0 Hz to 100 kHz.
Scanning electron microscopy (SEM) imaging (Zeiss Auriga) was

utilized to evaluate the ultrastructure and porosity of the lyophilized
hydrogel scaffolds. The hydrogel scaffolds were frozen in liquid
nitrogen, lyophilized, coated with carbon, and imaged at 5 kV. Energy-
dispersive X-ray spectroscopy (EDS) was also employed to evaluate the
elemental component in the hydrogel scaffolds.
2.2.5. Human iPSC-Cardiomyocyte Differentiation. Human

induced pluripotent stem cells (hiPSCs) (IMR90-4, WiCell) were
cultured on Matrigel-coated six-well plates in the mTeSR1 medium.
The cells were passaged upon reaching ∼80% confluency. The used
medium was aspirated, and the cells were gently washed with PBS
followed by dissociation with 0.5 mM EDTA (1 mL per well) for ∼6
min. Then, after EDTA removal, 1 mL of mTeSR1mediumwas used to
mechanically detach the cells and plate on a separate Matrigel-coated
well.
The GiWi differentiation protocol, with slight modification, was used

to differentiate hiPSCs into hiPSC-CMs (hiCMs).10,42−44 Specifically,
hiPSCs were plated on Matrigel-coated six-well plates with a specific
seeding density (∼0.1 M per well). Upon ∼85% cell confluency, the
mTeSR1 medium was replaced with RPMI/B27 without insulin
medium (4 mL) supplemented with 8 μM GSK3-β inhibitor
CHIR99021 (CHIR) and maintained for 24 h. After 24 h, the CHIR-
containing culture medium was changed with RPMI/B27 without
insulin (5 mL) for 48 h (until day 3). On day 3, the medium was
changed to a 1:1 ratio of RPMI/B27 without insulin (2.5 mL) and the
conditioned medium (2.5 mL) supplemented with 5 μMWnt inhibitor
IWP2 and maintained for another 48 h. On day 5, the medium was
changed to RPMI/B27 without insulin (5 mL) and left for another 48 h
(until day 7). On day 7, the old medium was removed, and RPMI/B27
(with insulin) (5 mL) was added and replenished every other day. The
spontaneous beating of hiCMs was normally observed on day 11 of
differentiation. Purification of the hiCMs was achieved through a
glucose-depleted culture medium containing lactate.45 At day 13
postdifferentiation, the medium was switched to the glucose-depleted
RPMI/B27 (with insulin and 5 mM sodium L-lactate) medium (5 mL),
and the medium was changed every 3 days until day 19. On day 19, the
medium was changed to RPMI/B27 (with insulin) medium (5 mL)
again. Before using the differentiated hiCMs to form the cardiac tissues,
hiCMs were maintained in a 2 mL of serum- and supplement-free
medium for another 24 h to synchronize their cell cycle. 25 to 28 days
old hiCMs were used throughout the experiments.
2.2.6. Human iPSC-Cardiac Fibroblast Differentiation. hiPSC-

derived cardiac fibroblasts (hiPSC-CFs) (hiCFs) were generated using
an established protocol with a slight modification.46 Briefly, hiPSCs
(IMR90-4) were dissociated with 1 mL/well EDTA (0.5 mM in PBS)
solution at room temperature for∼6min and plated onMatrigel-coated
wells at the density of 0.1−0.15 × 106 cells per well of six-well plates in
mTeSR1. Cells were maintained in mTeSR1 for 3 to 4 days, and the
medium was changed daily until reaching 80−90% confluence. On day
0, the medium was changed to 4 mL of insulin-free RPMI/B27
containing 7 μM CHIR99021. After 24 h (day 1), the medium was
replaced by 5mL of insulin-free RPMI/B27 andmaintained for another
24 h (day 2). Then, the media were removed and 2.5 mL of hiCF
differentiation medium (hCFBM) containing 70 ng/uL bFGF was
added per well for another 48 h (day 4). After day 4, cells were supplied
with 2.5 mL hCFBM supplemented with 70 ng/uL bFGF every other
day until day 20 when cells were passaged and cryopreserved for later
uses. After day 20, the differentiated hiCFs were either cryopreserved or
passaged and maintained in FGM3 media.
2.2.7. Formation of Cardiac Tissues. To form the cardiac tissues, a

100 μL suspension of isogenic hiCMs and hiCFs (7:1) containing 0.4M
cells was dropped on a thin layer (150 μm) of hydrogel scaffolds and
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incubated at 37 °C for ∼2.5 h. Then, the rest of the medium was gently
added to the wells ensuring the coverage of the hydrogel scaffolds and
maintained for 2 weeks in culture. The medium was replenished every
other day.
2.2.8. Cell Viability Assay. A Live/Dead kit (Life Technology, USA)

was used according to the kit instructions. hiCMs and hiCFs. 0.4 M
hiCF and hiCM (7:1) hiCFs were seeded on hydrogel scaffolds for 3
days and gently washed once with 1× PBS. The tissues were kept in a
solution of 4 μM EthD-1 and 2 μM calcein-AM for 20 min at room
temperature. Then, the samples were washed with 1X PBS before
imaging.
2.2.9. Immunofluorescence Staining. On day 14 of the culture,

cardiac tissues were washed once with 1× PBS followed by fixing in
paraformaldehyde (4%) for 15 min at room temperature. Then, the
samples were washed three times with PBS-glycine for 10 min of
incubation at room temperature. The cells were then permeabilized
with Triton-X-100 (1%) for half an hour at room temperature. Next, the
tissues were blocked with a solution of goat serum in PBS-tween-20
(10%) at room temperature for 1 h. Next, the primary antibodies were
diluted in the same blocking solution and added to the cardiac tissues
followed by overnight incubation at 4 °C. The primary antibodies used
in this study were as follows: rabbit monoclonal anti-vimentin (1:100),
mouse monoclonal anti-Troponin T (TnT) (1:100), Alexa Fluor 488
Phalloidin (1:40), mouse monoclonal anti-integrin β1 (1:250), mouse
monoclonal anti-sarcomeric alpha-actinin (1:100), and rabbit poly-
clonal anti-connexin 43 (1:100). After overnight incubation, the tissues
were washed at room temperature five times with PBS-tween-20 (10
min of incubation). The secondary antibodies were diluted in the 4′,6-
diamidino-1-phenylindole (DAPI) (1:1000) followed by centrifugation
at 18,800g for 10min to pellet the aggregates and impurities. The tissues
were then stained with secondary antibodies for 1 h at room
temperature. In this study, Alexa Fluor 647 goat anti-rabbits (1:500),
Alexa Fluor 488 goat anti-rabbits (1:500), Alexa Fluor 647 goat anti-
mouse (1:500), and Alexa Fluor 488 goat anti-mouse (1:500) were
used as secondary antibodies. 40× and 63×magnification imaging were
performed with confocal imaging for the samples stained with SAA/
Cx43 and F-actin/Integrin, respectively. Other stained samples were
analyzed via a Zeiss microscope (Observer Z1) equipped with
Apotome2 at 10× and 20× objectives. Finally, ImageJ software was
used to process the z-stack images.
Similar to a recent publication,47 to assess the sarcomere quality

(coverage and striation) of the cardiac tissues formed on the hydrogel
scaffolds, we defined a metric where IF images stained with sarcomeric
alpha-actinin were divided into nine sections and the sarcomere quality
of each square was scored from 0 for the lowest quality to 10 for the
highest quality region. Then, the total value for each image was divided
by 9 to get the average qualitative score for each image. The average
values for each biological replicate were then averaged to get the
aggregated qualitative score for all of the biological replicates.
2.2.10. Western Blot for Protein Expression. Fourteen days old

cardiac tissues were washed once with 1× PBS and complete RIPA
buffer containing protease and phosphatase inhibitors, and dithio-
threitol (DTT) (Millipore SIGMA) was used to prepare cell lysates.
Proteins from the whole lysates were quantified with Bradford Reagent
(SIGMA). Analysis of protein content was performed on a PECTRA
MAX 190 spectrophotometer (Molecular Devices). Samples (30−40
μg/well) were separated by electrophoresis in precast 4−20% Novex
Wedge Well Tris-Glycine Gel (Invitrogen).
The Immune-Blot LF PVDF membrane with a 0.45 μm pore size

(BIO-RAD) was used for the protein blotting. The blot was washed in
2× PBS with 0.1% Tween-20 (PBS-T) (SIGMA) followed by
incubation for 1.5 h in blocking buffer (4% BSA in 1× PBS-T, pH
7.4) at room temperature with gentle shaking and then probed with
primary antibodies overnight at 4 °C with gentle shaking. Rabbit
polyclonal anti-connexin 43 (1:5000) and β-Actin (13E5) rabbit IgG
(1:1000, Cell Signaling) were used as the antibodies. β-Actin was used
as a “housekeeping” protein marker. The next day after the primary
antibody application, the blot was washed with 3× TBS-T and probed
with the secondary antibody (LI-COR IRDye). LI-COR Odyssey CLX
Imaging System was used to visualize proteins and then stripped with

NewBlot PVDF Stripping Buffer (LI-COR), washed, and reprobed.
Analysis was performed in LI-COR Image Studio, version 4 0, and then
exported to Microsoft Excel.
2.2.11. Analyses of Beating Behavior of Cardiac Tissues. Beating

behavior of the cardiac tissues were analyzed as described in our recent
publications.48−50 Briefly, cardiac tissue samples were placed on the
stage of a Zeiss microscope, and phase contrast images of the cardiac
tissues were obtained at days 3, 7, and 14 of culture using a 10×
objective. Time-lapse images were acquired (10×) for 20 s on day 14 to
examine spontaneous or stimulated contraction of the cardiac tissues.
The beating behavior information including beating patterns, beats per
minute (BPM), and interbeat interval variability (IIV) were all
extracted using a custom-written MATLAB code. To evaluate IIV,
the contraction peaks and the correlated times to each peak were
extracted from the recorded videos by using the MATLAB code. Then,
the standard deviation of the contraction peak times was computed and
reported as IIV as a measure of beating regularity.
2.2.12. Gene Expression Analysis. Reverse-transcription quantita-

tive polymerase chain reaction (RT-qPCR) was used to quantify the
relative expression levels of a group of cardiac-specific genes. After 2
weeks of culture, the cardiac tissues formed on the hydrogel scaffolds
were incubated with prewarmed TrypLE (37 °C) for 10−15 min at 37
°C. RPMI/B27 (with insulin) medium was added to neutralize the
TrypLE, and the cells were collected in Eppendorf tubes and
centrifuged for 3 min at 300g. After removing the supernatant, the
pellets were lysed with lysis buffer (350 μL). RNA extraction from the
cell lysates was then performed using Quick-RNA MicroPrep Kit
(Zymo Research; Cat #R1050) based on the manufacturer’s protocol.
The RNA purity and concentration were then analyzed by 260/280 nm
absorbance usingNanodrop one instrument (Thermo Scientific). Next,
iScript Reverse Transcriptase Supermix (BioRad) was used to
synthesize cDNA from the extracted RNA. Then, qPCR using the
iTaq Universal SYBR Green Supermix (Bio-Rad) was used to analyze
the synthesized cDNA. Melt curve analysis and qPCR product size
verification were used to validate the designated set of primers, as
shown in Table S2. The qTower 2.0 was then used to analyze the qPCR,
and the delta−delta Ct method (2−ΔΔCt) with 18S as the housekeeping
gene was utilized to quantify the relative gene expression fold change. A
suspension of hiCMs and hiCFs at day 0 (D0) before culture on
hydrogel scaffolds was used to normalize the relative gene expression
levels. The row Z-score for each gene was calculated from the fold
changes of each experimental group and plotted in an expression
heatmap with GraphPad Prism software.
2.2.13. Electrophysiological Analysis of the Cardiac Tissues.

External electrical stimulation of the cardiac tissues was performed via a
custom-made chamber as described previously.51 First, two carbon
electrodes (3.5 × 0.3 cm) were mounted into a 6 cm Petri dish in a
parallel fashion with 1 cm apart. The wires were then attached to the
opposite sides of the carbon electrodes, and the connections were
sealed with silicon paste. Then, the cardiac tissues were placed between
the carbon electrodes and rinsed with RPMI/B27 with insulin. The
chamber was then mounted on the microscope stage, and live videos
were recorded with external electrical stimulation. Electrical pulse
stimulation was performed at 1.0, 1.5, and 2.0 Hz with 2 ms durations
using a pulse generator (BK PRECISION 4052).
For calcium transient imaging, 14-day-old tissues were incubated

with calcium indicator (Fluo-4-AM in Pluronic) at 37 °C for 45min and
rinsed in Tyrode’s solution at 37 °C (25 min). Calcium transient was
performed under electrical stimulation with the same setup described
for external electrical stimulation. Videos were obtained using a 60 ms
exposure time at 16.3 frames per second (fps) using a Zeiss fluorescence
microscope at a 488 nm wavelength. To generate calcium spike traces,
videos were analyzed using the Fiji software52 and the background
fluorescence intensity was subtracted from the fluorescence intensity of
calcium spikes (F) resulting in background-corrected changes in
fluorescence values for each frame (ΔF). The ΔF values were divided
by the minimum fluorescence intensity of calcium spikes of the same
spot to acquire ΔF/F0 values and plotted against time.

53

2.2.14. Statistical Analysis. Unless otherwise stated, all quantitative
data were presented as means ± standard deviations (S.D.) with three
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biological replicates. One-way ANOVA with Tukey’s posthoc was

performed when the data sets had more than two experimental groups.

Student’s t-test was used for the analysis of data sets with two

experimental groups. GraphPad Prism software version 6 was used to

evaluate the statistical analyses with P-values < 0.05 considered

significant.

3. RESULTS AND DISCUSSION
3.1. Fabrication and Characterization of the Nano-

engineered Hydrogel Scaffolds. The UV−vis spectra
analysis of the synthesized gold nanorods (GNRs) demon-
strated the presence of transverse SPR (TSPR) and longitudinal
SPR (LSPR) at approximately 520 and 780 nm, respectively
(Figure S2A). These resonances correspond to the short and

Figure 1. Schematic illustration of fabrication of nanoengineered hydrogel scaffolds and the overall experimental procedure for downstream
mechanistic biological studies. (A) Preparation of the prepolymer solutions of G-GNR and G-SNP. TEM images show the dispersed silica
nanoparticles (SNPs) and GNRs in PBS. The scale bar in the TEM pictures is 50 nm. The SEM images show the presence and distribution of
nanoparticles within the hydrogel scaffolds. (B) Fabrication and characterization of thin (150 μm) hydrogel scaffolds (1 cm diameter) formed with
GelMA, G-GNR, and G-SNP prepolymer solutions. Compressive modulus testing, impedance measurement, and SEM imaging were performed to
characterize the hydrogel scaffolds. (C) Schematic illustration of hiCFs and hiCMs differentiation from hiPSCs. (D) Formation of isogenic cardiac
tissues by culturing a 7:1 ratio of hiCMs to hiCFs on GelMA, G-GNR, and G-SNP hydrogel scaffolds. The cardiac tissues were grown for 14 days,
followed by downstream biological and electrophysiological assays.
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long axes of the GNRs. The TEM images confirmed the
successful formation of GNRs with the desired geometries
(Figure S2B). The synthesized GNRs had an average length and
diameter of 42.8± 4.8 and 11± 1.7 nm, respectively, resulting in
an aspect ratio of 3.9± 0.6 determined by dividing the length by
the diameter (Figure S2D,E). For this study, GNRs with an
aspect ratio of approximately 4.0 were specifically chosen,
consistent with previously published works.35,38,39 The standard

curve generated from ICP-MS data demonstrates a linear
relationship between the optical density and the gold content in
the GNR solution, as depicted in Figure S2F. Since this curve
was established based on the gold content in the GNR solution
at 400 nm, the equation derived from it can be used to quantify
the gold content of any GNR solution with an unknown
concentration by inserting the optical density of the solution
into the equation. Furthermore, the homogeneous dispersion of

Figure 2. Material characterization of the synthesized nanoengineered hydrogel scaffolds. (A) Representative compressive modulus curves of pure
(i.e., pristine) GelMA, G-GNR, andG-SNPmeasured by an Instronmachine (i) and compressivemodulus of the hydrogel scaffolds (one-way ANOVA
with a Tukey’s posthoc test, n = 4) (ii). (B) Bode diagram of the hydrogels at various frequencies (i) and impedance of GelMA, G-GNR, and G-SNP
hydrogel scaffolds at 1.0 Hz measured by EIS Potentiostat (one-way ANOVA with a Tukey’s posthoc test, n = 6) (ii). (C) SEM images of GelMA, G-
GNR, and G-SNP hydrogel scaffolds. Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ****p < 0.0001, and ns (not
significant).
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the ∼40 nm silica nanoparticles (SNPs) in DI water was
confirmed through TEM images, as shown in Figure S2C. The
SNPs were specifically selected as the nonconductive counter-
part due to their biocompatibility, similarity in diameter and size
to GNRs, and ease of dispersion within the hydrogel scaffolds,37

providing a suitable nonconductive nanomaterial to conduct our
studies. UV−vis spectra analysis performed on the prepolymer
solutions confirmed that the sonication step used to enhance the
homogeneous GNR dispersion in the hydrogel scaffolds did not
result in the fragmentation of GNRs into smaller particles. This
was indicated by the TSPR and LSPR of the G-GNR prepolymer
solution being consistent with those of the intact synthesized
GNRs (Figure S2A). Figure 1 illustrates the schematic depicting
the formation of 150 μm thick hydrogel scaffolds (Figure 1A,B),
the differentiation protocol for generating isogenic cardiac cells
from hiPSCs (Figure 1C), and the subsequent biological studies
conducted after the formation of the nanoengineered tissues
(Figure 1D).
Compressive testing was conducted to analyze the bulk

mechanical properties of the synthesized nanoengineered
hydrogel scaffolds. Previous studies have demonstrated that
hiPSC-CMs (hiCMs) exhibit enhanced beating and contractility
on scaffolds with stiffnesses closer to the physiological range of
∼10−20 kPa.54 To achieve this desired stiffness range for all
hydrogel scaffolds, a series of optimization experiments was
conducted. These experiments determined the appropriate UV
exposure times for GelMA, G-GNR, and G-SNP hydrogel
scaffolds to be 20, 50, and 35 s, respectively (Figure 2A), to
match this physiological stiffness. As illustrated in Figure 2A(i),
the stress−strain curves for all hydrogel groups overlapped when
photopolymerization was performed based on the above-
mentioned exposure times, indicating that the hydrogels
exhibited similar compressive modulus values. Statistical
analyses presented in Figure 2A(ii) further confirm that there
were no significant differences in the bulk stiffness values among
the hydrogel groups. While the bulk stiffness of the hydrogel
substrates was maintained within the same range based on our
experimental design, the presence of nanoparticles could have
led to localized changes in substrate stiffness, which cardiac cells
can sense, as also demonstrated by the previous studies.39,55

However, in this study, our focus was to assess and dissect the
impact of the electroconductivity of GNRs on cardiac cell
function while maintaining the hydrogel bulk stiffness the same
across the experimental groups.
The Bode diagram illustrates that the impedance magnitude

of G-GNR was consistently lower than those of GelMA and G-
SNP across the frequency range (Figure 2B(i)). Furthermore, it
was observed that at 1.0 Hz, the impedance of G-GNR hydrogel
scaffolds was significantly lower compared to the other
hydrogels, indicating enhanced conductivity resulting from the
incorporation of GNRs (Figure 2B(ii)). Overall, across all
samples, the G-GNR scaffolds exhibited the highest electrical
conductivity, evident by the lowest impedance values, while the
addition of SNPs led to a more insulating hydrogel. In
consideration of the experimental design and the selection of
scaffold compositions, our three hydrogel candidates (GelMA,
G-GNR, and G-SNP), demonstrated well-controlled and similar
mechanical stiffness, alongside tuned electrical conductivity,
ranging from less to more conductive. These conditions enabled
us to conduct well-tuned biological studies aimed at under-
standing how electrically conductive nanomaterials within
hydrogel scaffolds (G-GNR) impact the functionalities and
fate of cardiac tissues.

SEM images revealed the porous structure of the photo-
polymerized nanoengineered scaffolds (Figure 2C). A closer
examination of the pore walls of G-GNR and G-SNP hydrogels
confirmed the successful dispersion of GNRs and SNPs within
the pores of the hydrogel matrix, creating a conducive
microenvironment for cell interaction with the nanoparticles
(Figure 2C). This homogeneous distribution of nanoparticles
within the hydrogel scaffolds was consistent with our previous
studies with the use of GNRs dispersed within the GelMA
hydrogel for studies involving NRVMs.35,37 Energy-dispersive
X-ray spectroscopy (EDS) was employed to further corroborate
the presence of nanoparticles within the hydrogel scaffolds. As
expected, the presence of gold (Au) and silicon (Si) was
detected within the nanoengineered hydrogel scaffolds (Figure
S3). Incorporating nanoparticles within the hydrogel scaffolds
may result in structural changes, as well. While there was no
difference in the porosity between GelMA (pristine) and G-
GNR hydrogel scaffolds, the porosity of G-SNP was lower
compared to that of G-GNR hydrogels (Figure S4C). This
observation aligns with the previous reports, where the porosity
of hydrogel nanocomposites decreased upon the addition of
silica nanoparticles.56 It is also speculated that the physical
reinforcement of the hydrogel network by silica nanoparticles
resulted in lower porosity compared to the GelMA and G-GNR
scaffolds.56 Additionally, potential differences in the surface
charges of GNRs and SNPs could have led to varied electrostatic
attraction forces, resulting in reduced porosity in the G-SNP
group compared to the G-GNR group. We also tested if the
changes in porosity could potentially impact other surface
characteristics, such as surface roughness. However, the surface
morphology of the hydrogel scaffolds did not appear to vary
significantly across different hydrogels, as assessed by optical
coherence tomography (OCT) imaging (Figure S4A,B).
3.2. Assessment of Cardiac Tissue Formation on the

Nanoengineered Hydrogel Scaffolds. Initially, hiCMs and
hiCFs were cocultured on the hydrogel scaffolds to assess the
biocompatibility of the substrates. The live/dead assay
confirmed no significant cell death across the hydrogel groups
(Figure S5A,B), consistent with the previous reports.35,38,55

Additionally, higher doses of the nanoparticles were tested to
assess the viability of the cardiac cells. While there were no
significant differences among the GelMA, G-GNR (1.0 mg/
mL), and G-SNP (1.4 mg/mL) groups, higher concentration of
GNRs and SNPs led to significantly lower viability compared to
the GelMA group (control) as demonstrated in Figure S6. Upon
formation, cardiac tissues were cultured for 14 days, and phase
contrast images were captured on days 1, 3, 7, and 14 (Figure
S7). On days 1 and 3, the phase contrast images demonstrated
uniform cell attachment on the hydrogel surfaces. Notably,
spontaneous beating of cardiac tissues was observed around day
3 of the culture across all experimental groups.
Given the surface chemical differences between GNRs and

SNPs, which might lead to varying structural changes in GelMA
hydrogels, we investigated whether this resulted in any
disparities in terms of cell attachment and cardiac tissue
formation when cells are cultured atop hydrogel scaffolds. First,
cardiac tissues were stained with F-actin and integrin β-1 to
assess the phenotype of cardiac tissues formed on the
nanoengineered hydrogel scaffolds. The IF-stained samples
captured using a 20× objective displayed the robust formation of
cardiac tissues across all the hydrogel groups (Figure S8).
Additionally, the cardiac tissues formed on 2D Matrigel-coated
standard well plates were also stained for F-actin and Integrin as
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a control to assess the overall morphology of the cardiac tissues
formed on the nanoengineered hydrogel scaffolds. The IF
images showed that cardiac tissues formed on hydrogel scaffolds
had a similar morphology compared with those cultured on 2D
Matrigel-coated well plates (Figure S9A). For a more detailed
examination of the cardiac tissues, samples were also imaged at
40×magnification (Figure 3A). A prior study involving NRVMs
reported enhanced cell attachment and coverage on hydrogel
scaffolds incorporated with GNRs.35 However, the cell coverage
measured by F-actin expression and the cell−matrix interaction

quantified by integrin β-1 expression were not significantly
different within the nanoengineered hydrogel scaffolds when
compared to the pristine GelMA group (Figure 3B,C). This
finding suggests that the addition of nanoparticles (GNRs and
SNPs) did not adversely impact cardiac cell attachment.
Next, we investigated the distribution and organization of

hiCMs and hiCFs within cardiac tissues. To achieve this, we
performed IF staining for cTnT and vimentinmarkers, which are
specific to hiCMs and hiCFs, respectively (Figure 3D).
Quantification analysis of the vimentin and cTnT positive

Figure 3. Phenotype of cardiac tissues grown on nanoengineered hydrogel scaffolds. (A) Immunofluorescence (IF) images of cardiac tissues formed
on GelMA, G-GNR, and G-SNP hydrogel scaffolds for 14 days stained for integrin (red), F-actin (green), and nuclei (blue). Scale bar: 50 μm. Cell
coverage analysis of the cardiac tissues formed on the nanoengineered hydrogel scaffolds measured by F-actin (B) and Integrin β1 (C) (one-way
ANOVAwith a Tukey’s posthoc test, n = 3). (D) IF images of cardiac tissues stained for vimentin (red), cardiac troponin T (cTnT) (green), and nuclei
(blue). Scale bar: 100 μm. (E) The level of vimentin expression and (F) cTnT expression of the cardiac tissues formed on the nanoengineered hydrogel
scaffolds measured by ImageJ (one-way ANOVA with a Tukey’s posthoc test, n = 3). Data were expressed as mean ± standard deviation. ns (not
significant).
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areas confirmed no significant difference among the conditions,
particularly between the conductive and nonconductive groups
(Figure 3E,F). This finding and confirmation was particularly
important as disparities in cell number and type between the G-
GNR and G-SNP groups after the 14 day culture period could
potentially impact further downstream assay analysis. Overall,
the IF imaging of the cardiac tissues formed on the nano-
engineered hydrogel scaffolds led to the conclusion that SNP
serves as a suitable nonconductive control group for GNRs.
3.3. Expression of Cardiac-Specific Proteins on the

Nanoengineered Hydrogel Scaffolds. The cardiac tissue
phenotype was further analyzed through IF staining of the
samples using cardiac-specific markers, namely, Cx43, a gap-
junction protein mediating the electrical coupling of cardiac
cells,57 and SAA, a sarcomeric protein localized at the Z-disks.58

As exhibited in the IF-stained images of Cx43 (Figure 4A, top
row), Western blot analysis also demonstrated a significant
reduction in Cx43 expression in the G-SNP group compared to
that in the G-GNR group (Figure 4B). We speculate that the
nonconductive substrate (G-SNP) led to nanoscale insulating
regions within the matrix, contributing to reduced crosstalk
among cardiac cells and subsequently decreasing the expression

of the gap junction protein Cx43 expression. This finding
corresponds with a previous study where conductive hydrogel
scaffolds, created by incorporating gold nanospheres, resulted in
enhanced Cx43 expression in cultured rat-derived cardiac cells
compared to nonconductive scaffolds (control group).59

Furthermore, IF images confirmed the expression and
organization of striated SAA and Cx43 proteins in hiCMs
cultured on G-GNR hydrogel as well as on pristine GelMA and
nonconductive G-SNP hydrogels. While the SAA protein
expression did not exhibit a significant difference among the
experimental conditions (Figure 4C), higher magnification
confocal images, along with qualitative scoring, revealed a more
organized and directional striation of sarcomeres (indicated by
white arrows) on the electrically conductive G-GNR hydrogels
(Figures 4A,D and S10). This observation aligns with previous
studies where the incorporation of reduced graphene oxide60

and gold nanoparticles55,61 into hydrogel scaffolds promoted the
formation of striated cardiac tissues.
3.4. Gene Expression Analysis. To delve deeper into the

molecular-level interaction of hiPSCs-CMs with nanoengi-
neered hydrogels, gene expression analysis was conducted on a
panel of cardiac-specific genes. Specifically, we assessed the

Figure 4. Phenotype evaluation of cardiac tissues formed on the nanoengineered scaffolds using the expression of cardiac-specific markers. (A) IF
images of cardiac tissues formed on GelMA, G-GNR, and G-SNP hydrogel scaffolds for 14 days stained for alpha-actinin (green), Cx43 (red), and
nuclei (blue). Scale bar: 50 μm. Magnified images are shown at the bottom with white arrows indicating the organized and striated patterns of the
sarcomere structure. (B) Relative expression of Cx43 in the cardiac tissues formed on GelMA, G-GNR, and G-SNP measured by Western blot (one-
way ANOVA with a Tukey’s posthoc test, n = 2). Data were expressed as mean ± standard deviation. *p < 0.05, and ns (not significant). (C) Relative
expression of alpha-actinin in the cardiac tissues formed onGelMA, G-GNR, and G-SNPmeasured by ImageJ using alpha-actinin stained images (one-
way ANOVAwith a Tukey’s posthoc test, n = 3). (D)Qualitative scoring of sarcomere quality showing the highest quality of the sarcomere structure of
the cardiac tissues formed on the G-GNR scaffolds.
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expression of genes related to the ultrastructure (ACTN2, GJA1,
MLC2A, MLC2 V, TNNI3, TNNT2, MYH6, and MYH7) and
calcium handling (ATP2A2, S100A1, RYR2, and CASQ2).62

Prior to cell culture on the hydrogel scaffolds, the cell cycle of
differentiated hiCMs was synchronized by maintaining them in
the supplement/serum-free medium for 24 h.63 The 14-day-old
cardiac tissues formed on the hydrogel scaffolds (GelMA, G-
GNR, and G-SNP) and an age-matched 2D monolayer control
(2D-D14) were compared to a mixture of cells containing the
same 7:1 ratio of hiCMs and hiCFs prior to seeding atop the
hydrogel matrices (termed D0; Figure 5A). The expression of
each gene was compared across the experimental groups,
specifically between electrically conductive and nonconductive
nanoengineered hydrogels. The z-score derived from the
average fold changes of the tissues extracted from the hydrogels,
2D-D14, and day 0 groups were plotted in a heatmap (Figure
5B). Based on the heatmap (where red color indicates
upregulation and green color indicates downregulation), while
not significantly different, compared to the cell population at day
0 and the 2D-D14 condition, the expression level of cardiac
genes such as MYH7, TNNT2, TNNI3, and ATP2A2 was
enhanced in the cardiac tissues formed on the hydrogel scaffold
groups. Specifically, the expression of calcium handling genes,
including ATP2A2 (ATPase Sarcoplasmic Reticulum Ca2+

Transporting 2), which encodes SERCA2 to maintain the
cytosolic calcium homeostasis62 and RYR2 (ryanodine
receptor), which is involved in hiCM contractility, showed
increased expression in G-GNR and G-SNP conditions.
Additionally, MLC2 V, a sarcomere-related gene, had enhanced
expression in the G-GNR and G-SNP conditions. Compara-
tively, ACTNT2, a sarcomere-related gene in the adult heart,64

exhibited a less pronounced expression in the nonconductive G-
SNP group as compared to the GelMA and G-GNR groups.

The TNNI3 gene (encodes for cardiac troponin I), an
essential component of the contractile machinery in adult
CMs,62 exhibited an increased expression trend in the G-GNR
and G-SNP conditions. Thus, the increased expression of this
gene in theG-GNR andG-SNP conditions further sheds light on
potential improvement in the differentiation of cardiac tissues.
Considering the Western blot data discussed earlier, the

significantly lower expression of the Cx43 protein in the G-SNP
group compared to the G-GNR group aligned with the
expression trend of the encoding gene for Cx43 (GJA1). This
provides further support for the influence of conductivity on gap
junction formation within cardiac tissues and its potential role in
promoting cardiac tissue function and structure. A similar trend
was observed in a recent study where genes associated with
calcium handling (ATP2A2) and sarcomere (MYH7) genes
were upregulated in cardiac tissues cultured on electrically
conductive hydrogels generated by embedding reduced
graphene oxide in decellularized porcine myocardial extrac-
ellular matrix.60

Interestingly, the GJA1 expression level in 2D-D14 condition
exhibited a slight enhancement and was comparable to that of
the cardiac tissues in the G-GNR (conductive) scaffolds. The
GJA1 gene, which encodes the structural protein Cx43, has been
demonstrated to be expressed between hiCF:hiCF in addition to
hiCF:hiCM junctions.65 Therefore, in addition to the
interactions of hiCMs with each other, the interaction of
hiCFs with hiCFs and hiCMs could also impact the expression
level of this gene. Furthermore, in our study, while the culture
conditions were similar among the hydrogel scaffolds, within the
Matrigel-coated 2D culture system, the stiffness of plastic culture
substrate could have influenced the cellular interactions and
subsequently GJA1 gene expression. The enhanced expression
level of GJA1 in the 2D monolayer system has also been

Figure 5. Gene expression analysis of the cardiac tissues formed on the nanoengineered scaffolds. (A) Schematic outline of the gene expression study
workflow. hiCMs were exposed to a supplement-free medium for 24 h before culture on the condition groups. hiCMs and hiCFs with the 7:1 ratio was
cocultured on hydrogel scaffolds for 14 days before sample collection and lysing for gene expression analysis. As a control for gene expression
normalization, a portion of hiCMs and hiCFs with the same 7:1 ratio was lysed at day 0 before culturing on the scaffolds. (B) The heatmap showing the
expression fold changes of structural and calcium handling genes across the culture conditions with z-score displayed (n = 3). The heatmap represents
the expression of the cardiac structural genes (ACTN2, GJA1, MLC2A, MLC2 V, TNNI3, TNNT2, MYH6, and MYH7) and calcium handling genes
(ATP2A2, S100A1, RYR2, and CASQ2) in cardiac tissues formed on GelMA, G-GNR, and G-SNP for 14 days compared to aged-matched 2D
monolayer condition (2D-D14) and the day 0 cardiac cell population (n = 3).
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previously reported by Veldhuizen et al.,42 as compared to the
hydrogel groups.
MYH6 and MYH7 are both sarcomeric-related genes that are

expressed during heart development with varying expression
levels. MYH6 associated with early fetal stage, while MYH7
becomes more pronounced during the late stage of heart
development.66 In our study, while both genes showed
enhanced expression, MYH6 was upregulated to a higher extent
compared to MYH7 in the G- GNR group. Overall, despite
improved gene expression in the cardiac tissues formed in
hydrogel scaffolds compared to day 0 and 2D-D14 culture
conditions, cardiac tissues may have still remained in a
developmentally immature state as compared to the adult
stage. This observation aligns with previous reports where the

most differentiated in vitro hiPSC-derived cardiac population
remained more developmentally immature than even the first
trimester human hearts.67

3.5. Electrophysiological Analysis. To explore the impact
of hydrogel scaffolds, specifically nanoengineered ones, on
cardiac tissue-level function, we assessed the electrophysio-
logical behavior of the cardiac tissues, such as interbeat interval
variability (IIV), beats per minute (BPM), and beating patterns
under different conditions. Initially, we analyzed the sponta-
neous beating signals of the tissues from real-time videos on days
3, 7, and 14 of culture (Figure S11). The beating signals
exhibited a consistent pattern across all hydrogel conditions at
all time points with similar contraction and relaxation patterns
(Figure S11A). While the BPM generally increased to around 80

Figure 6. Beating behavior of stimulated cardiac tissues formed on the nanoengineered hydrogel scaffolds. (A) Representative beating signal graphs of
cardiac tissues formed on GelMA, G-GNR, and G-SNP stimulated at various frequencies and 3.0 V. (B) Beating frequencies at 1.5 (i) and 2.0 Hz (ii),
and interbeat interval variability (IIV) (iii) data extracted from beating signals of cardiac tissues formed on the nanoengineered hydrogel scaffolds at
day 14 under various frequencies and amplitudes (one-way ANOVA with a Tukey’s posthoc test, n = 3). Data were expressed as mean ± standard
deviation. *p < 0.05.
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at D14 compared to approximately 55 at days 3 and 7, there were
no significant differences in BPM values among the conditions at
each time point (Figure S11B). Additionally, we quantified IIV
to evaluate the synchronicity of beating tissues on each scaffold,
yet no significant differences were observed among the
conditions (Figure S11C).
Given the absence of significant differences in spontaneous

beating characteristics, we aimed to determine if cardiac tissues
formed on conductive and nonconductive scaffolds respond
differently to external electrical stimulation. For this purpose, a
custom-made electrical stimulation platform was developed,51

and the 14-day-old cardiac tissues were placed between carbon
electrodes in the presence of the cell culture medium (RPMI/
B27 with insulin). The cardiac tissues were paced at frequencies
of 1.0, 1.5, and 2.0 Hz, with amplitudes ranging from 1.0 to a
maximum of 10.0 V in a 1.0 V increment. Due to the
spontaneous beating of the cardiac tissues around 1.0 Hz (60
BPM), it was not possible to discern changes in beating rate at
various amplitudes. Therefore, data acquired from the
stimulations at 1.5 and 2.0 Hz were used for further analysis
and comparison among experimental groups. The cardiac tissues
formed on G-GNR hydrogel scaffolds exhibited a different
beating pattern as they adapted their beating to the applied
frequencies (1.5 and 2.0 Hz) (Figure 6A). Quantitative analysis
of the cardiac tissues (Figure 6B(i,ii)) demonstrated that, at the

higher external applied voltage (i.e., 5 V), electrically conductive
G-GNR tissues better synchronized with the pacing (Videos S1
and S2). This adaptation could result from the enhanced
functionality of cardiac tissues developed on the G-GNR
substrate, attributed to improved cell−cell communication and
the facilitation of electrical signal propagation across the cardiac
tissue. To further assess tissue synchronicity using IIV, cardiac
tissues paced at 3.0, 4.0, and 5.0 V and 1.5 Hz were analyzed, as
this was the range at which the tissues began responding to the
stimulation regime. IIV was found to be significantly reduced in
the G-GNR condition at 3.0 V compared to the pure GelMA
group (Figure 6B(iii)), while the IIV was not significantly
different compared to the other conditions at 4.0 and 5.0 V.
To further assess the functionality of the cardiac tissues, we

recorded calcium transient videos and quantitatively analyzed
them for the cardiac tissues formed over 14 days on the hydrogel
scaffolds. To ensure consistency among the conditions, the
cardiac tissues were paced at 1.0 Hz and calcium transients from
at least three regions of interest (ROI) were recorded for each
group. The cardiac tissues formed on GelMA, and G-SNP
exhibited asynchronous calcium flux peaks at different
subregions (Figure 7A,C,D and Video S3). In contrast,
synchronous calcium flux patterns were observed in the
subregions of cardiac tissues formed on G-GNR (Figure 7B,D
and Video S3). Furthermore, the calcium transient intensity was

Figure 7. Ca transient analysis of the cardiac tissues formed on the nanoengineered scaffolds. Calcium transient signals for the cardiac tissues formed
onGelMA (A), G-GNR (B), and G-SNP (C) were measured under 1.0 Hz stimulation. Five regions were selected per image and the correlated signals
of each region were shown on the graphs. Scale bar: 200 μm. (D) Interbeat interval variability (IIV) data extracted from calcium spikes of cardiac
tissues formed on the nanoengineered hydrogel scaffolds at day 14 of culture (one-way ANOVA with a Tukey’s posthoc test, n = 3). (E) Calcium
transient intensity data extracted from calcium spikes of cardiac tissues formed on the nanoengineered hydrogel scaffolds at day 14 of culture (one-way
ANOVA with a Tukey’s posthoc test, n = 3). Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, and ns (not significant).
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significantly higher in cardiac tissues formed on the G-GNR
substrates than that in the GelMA and G-SNP groups (Figure
7E). This indicates that the hiCMs cultured and grown on theG-
GNR scaffolds were successfully coupled resulting in improved
calcium handling properties. Furthermore, the embedded GNR
within the GelMA hydrogel scaffolds bridged nonconductive
regions of the scaffold, leading to synchronous calcium release
within the regions of interest, which is consistent with previously
reported studies.35 In addition, among the hydrogel scaffold
groups, gene expression analysis (Figure 5B) indicated that
GJA1 expression was increased only in the G-GNR group. This
increase might have facilitated the signal propagation within the
cardiac tissues formed in the G-GNR condition, aligning with
tissue-level enhanced function indicated by the calcium
transients.
In this study, the impact of nanoengineered electrically

conductive and nonconductive hydrogels on the functionality of
cardiac tissues, seeded with hiCMs in coculture with hiCFs, was
assessed simultaneously. Compared to the nonconductive
hydrogel scaffold (G-SNP), enhancements in SAA striation,
Cx43 expression, and calcium transients were observed in
cardiac tissues formed on electrically conductive G-GNR
hydrogels. This suggests a positive influence of the electro-
conductivity features of GNRs on the functionalities and cross-
talk among cardiac cells. However, the gene expression profile
was not statistically different in cardiac tissues grown on both
electrically conductive G-GNR and nonconductive G-SNP
groups.
Although we primarily focused on the contribution of

conductive features of GNRs on cardiac tissue function,
structure, and morphology (i.e., Sarcomere organization,
calcium transients), GNRs can also introduce other features to
the hydrogel scaffolds used for cardiac tissue engineering. For
instance, the increased localized stiffness of collagen-based
hydrogels imparted by GNRs was previously shown39 to
advance the differentiation of neonatal rat derived cardiac
tissues toward the adult-stage via β1 integrin-mediated integrin-
linked kinase (ILK)/phosphorylated serine−threonine kinase
(p-AKT)/GATA4 signaling pathway. In our study, while the
bulk stiffness was maintained the same across the hydrogel
scaffolds, the addition of GNRs and SNPs could have modulated
the nanoscale localized stiffness of the hydrogel scaffolds. The
assessment of the effect of the localized stiffnesses of these GNR-
based electroconductive and nonconductive hydrogel scaffolds
will be the focus of our future studies, potentially unveiling the
underlying synergistic mechanisms that enhance the function-
ality of cardiac tissues formed atop nanoengineered hydrogel
matrices.
It is worth noting that 2D cell-seeded hydrogel systems, as

employed in our study, are crucial and informative for assessing
the overall influence of nanoparticles on cardiac tissues for
applications in drug screening, regenerative medicine, and
mechanistic studies. However, it is acknowledged that 2D
hydrogel-based culture systems may not fully replicate the
complexity of the in vivo cardiac tissue microenvironment.
Recently, the 3D encapsulation of hiPSC-CMs in hydrogel
scaffolds embedded with gold nanospheres has been shown to
enhance the functionality of cardiac tissues.61 Further 3D studies
with various types of gold nanoparticles, such as GNRs and gold
nanowires, are imperative to fully assess the cardiac cell function
in response to nanoparticles within a more in vivo like
microenvironment, which is the subject of our current ongoing
studies.

Overall, we demonstrated the successful integration of gold
and silica nanoparticles into hydrogel scaffolds, supporting the
formation and function of human cardiac tissues in a 2D cell-
seeded hydrogel-based culture system. The emergence of more
sophisticated fabrication strategies such as 3D bioprinting may
also present a promising approach for the development of
biomimetic cardiac tissue constructs, resembling in vivo
condition. To that end, gold nanoparticles have been
successfully incorporated into gelatin-based bioinks for 3D
bioprinting of cardiac tissues derived from rat cardiac cells.38

Due to the biocompatibility of gold and silica nanoparticles and,
importantly, their ease of functionalization, these nanomaterials
could further be explored for the development of hybrid and
advanced nanoengineered bioinks with specific chemical and
physical features tailored for innovative approaches in cardiac
tissue engineering.

4. CONCLUSIONS
In this study, we developed and characterized two classes of
nanoengineered hydrogel scaffolds, namely, electrically con-
ductive and nonconductive GelMA hydrogels, to comprehen-
sively assess the functionality of engineered cardiac tissues
formed through the coculture of hiCMs and hiCFs. Specifically,
we utilized gold nanorods (GNRs) and nonconductive silica
nanoparticles (SNPs) embedded within photo-cross-linkable
GelMA hydrogel for our investigations. Our findings revealed
that the sarcomere structure of the cardiac tissues formed atop of
the G-GNR hydrogel was more organized and striated,
indicating a positive influence of electrical conductivity features
on the cardiac tissue phenotype. Interestingly, Western blot data
indicated that Cx43 expression in the cardiac tissues grown on
the hydrogel scaffold with the lowest conductivity (G-SNP,most
insulating) was significantly lower than that under the G-GNR
condition possessing the highest conductivity. However, the
gene expression profile of cell seeded on the conductive (G-
GNR) and nonconductive (G-SNP) nanoengineered hydrogels
was similar. On the other hand, the calcium transient analysis
demonstrated the significant influence of electrical conductivity
of the hydrogel scaffolds on the tissue signal propagation, as
calcium spikes of the cells seeded on the G-GNR group were
more synchronized compared to other groups. While the
electrically conductive GNRs led to enhanced functionalities
and structure of the cardiac tissue to some degree, our findings
based on gene expression analyses demonstrated that the
electrical conductivity of nanomaterials may not be the sole
factor influencing the function, fate, and the phenotype of
hiPSC-derived cardiac tissues when the cells are seeded atop
hydrogel matrices.
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