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The use of biomaterials has been widely studied as a platform to deliver regenerative cells, such as human
induced pluripotent stem cells-derived cardiomyocytes (hiPSC-CMs), into damaged heart tissue. However,
these biomaterials often lack the electroconductivity needed for effective heart function. In this study, we
developed a gold nanorod-embedded gelatin-methacrylate (GelMA-GNR) hydrogel scaffold seeded with
hiPSC-CMs and hiPSC-derived cardiac fibroblasts (hiPSC-CFs). Three experimental groups, pristine
GelMA (GelMA), GelMA embedded with 0.5 mg mL™ of GNRs (GelMA+0.5GNR), and GelMA embedded
with 1.0 mg mL™ of GNRs (GelMA+1.0GNR), were included in this study. hiPSC-CMs at 28 days after
initiation of cardiogenic differentiation were used. The hiPSC-CMs (2.4 million) and hiPSC-CFs (0.4
million) were co-cultured on the GelMA hydrogel scaffold for 14 days before experiments to evaluate
cell maturation. Morphological assessments through immunofluorescence staining showed enhanced
alignment, sarcomere structure, and connexin-43 expression in the two GNR-treatment groups. GNRs
did not affect cell viability or spontaneous beating but promoted the expression of maturation markers
and improved action potential propagation modestly, as evaluated by reverse transcript PCR and optical
mapping. In conclusion, these findings demonstrate that GNR-enhanced scaffolds facilitate hiPSC-CM
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1. Introduction

Myocardial infarction (MI), commonly referred to as a heart
attack, is typically caused by the narrowing of coronary arteries
which reduces blood flow and oxygen supply to the myocar-
dium." Due to the limited regenerative potency of adult car-
diomyocytes, the loss of cardiomyocytes often results in the
formation of fibrotic scar tissue, impairing contractility and
electrical propagation of the heart and ultimately predisposing
the heart to failure and arrhythmias.”? The advent of human-
induced pluripotent stem cells (hiPSCs) and their differentia-
tion into cardiomyocytes (hiPSC-CMs) has brought significant
advancements to cardiac regeneration and disease modeling.
Despite these promising developments, critical challenges
remain, including limited long-term survival, insufficient
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maturation, offering a promising approach to improve the maturation of engineered heart tissue.

maturation, and inadequate coupling and alignment of grafted
CMs with the host myocardium.* To overcome these obstacles,
biomaterials such as polymeric scaffolds and hydrogels have
been extensively explored for their ability to provide structural
support and enhance the therapeutic efficacy of stem cells
within three-dimensional (3D) environments.*’

First-generation biomaterials, such as fibrin,*® collagen,'*"
alginate,'** poly(N-isopropyl acrylamide) (PNIPAAm),** and
poly(ethylene glycol) (PEG)-based copolymers,** have demon-
strated their utility in supporting cellular spreading, viability
and differentiation. However, these biomaterials lack the elec-
troconductive properties necessary to support electrical signal
propagation among cardiomyocytes.'® Consequently, there has
been a growing emphasis on developing electroconductive
biomaterials to emulate the conductive microenvironment of
healthy myocardium.'*® To date, various conductive compo-
nents, such as carbon-based materials (i.e., carbon nanotubes,
ribbons, and reduced graphene oxide),** gold nanomaterials
(i.e., gold nanorods and gold nanowires),'®**** as well as elec-
troconductive polymers (i.e., polyaniline),"”** have been inte-
grated into scaffolding biomaterials to generate a functional
and conductive cardiac tissue resemble native myocardium.
Among these, gold nanomaterials have gained attention due to
their biocompatibility, stability, ease of fabrication, and robust
electroconductive properties.””
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In our recent studies, we demonstrated that embedding gold
nanorods (GNRs) in gelatin methacrylate (GelMA) hydrogels
(i.e., GeIMA-GNR) improved the functionality and maturation of
both rat-derived CMs**2° as well as hiPSC-CMs, as evidenced by
enhanced sarcomere organization, synchronous calcium flux,
and increased calcium transient intensity.*** Additionally, we
have reported that hiPSC-CMs overexpressing cyclin D2 (hiPSC-
CCND2°¥CMs) exhibited significantly increased proliferation
and improved graft integration with the host myocardium after
transplantation into MI-induced mice.** Building on these
findings, in this current study, we combined hiPSC-
CCND2°*CMs with electrically conductive GelMA-GNR hydro-
gels synergistically to enhance the formation, structural orga-
nization and functionalities of engineered heart tissue (EHT).
We seeded GelMA-GNR hydrogels with a co-culture of hiPSC-
CCND2°®*CMs and hiPSCs-cardiac fibroblast cells (hiPSC-CFs)
and comprehensively assessed structural organization, func-
tion and gene expression of the engineered cardiac tissue.
Overall, the current study aimed to bridge critical gaps in
cardiac tissue engineering by integrating innovative biomate-
rials and advanced cell engineering to improve cardiac regen-
eration outcomes.

2. Materials and methods
2.1 GelMA fabrication

GelMA was synthesized following a previously established
protocol.** In short, gelatin (10% w/v) (G1890-500G, Sigma
Aldrich, St. Louis, MO, USA) was dissolved in phosphate buffer
saline (PBS) (P3813, Sigma Aldrich) at 50 °C with vigorous stir-
ring for about 1 hour or until fully dissolved. While stirring,
methacrylate anhydride (MA) (0.8 mL g~ of used gelatin)
(276685-550ML, Sigma Aldrich) was slowly added to the gelatin
mixture and vigorously stirred at 50 °C for an addition 3 hours.
Once the mixture was stirred homogenously, the solution was
aliquoted into 50 mL conical tubes and centrifuged for 3
minutes at 3500 g at room temperature to remove any unreacted
MA. The clear solution was decanted into a glass beaker and
diluted with two volumes of prewarmed PBS (40 °C) and
maintained at 40 °C. While stirring, the solution was trans-
ferred into a dialysis membrane (12 kDa MWCO) and dialyzed
against deionized (DI) water. The water was changed twice a day
for 7 days. The pH of the solution was then adjusted using 1 M
NaHCO;. After adjusting the pH, the solution was filtered
through a 0.2 pm filter and aliquoted into 50 mL conical tubes
and kept at —80 °C overnight. The frozen GelMA solution was
either kept at —80 °C until future use or lyophilized for 7 days
and stored at —20 °C for use.

2.2 Gold nanorod synthesis

Two main components are involved in GNR synthesis: seed
solution and growth solution. The seed-mediated growth
method, as described previously,* was adapted with some
modifications. First, to prepare the seed solution, 2 mL of
cetyltrimethylammonium bromide (CTAB, 0.2 M, 30 °C) was
combined with 2 mL of HAuCl, (0.5 mM, 30 °C) while stirring
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continuously, which resulted in a deep yellow color. While the
combined solution was stirred gently, 240 pL of ice-cold NaBH,
(0.01 M) was added, followed by vigorous vortexing at room
temperature for 2 minutes, which led to a color change to light
brown. To ensure complete reduction of NaBH,, the seed
solution was left undisturbed for 1.5 hours at 30 °C. The second
component, the growth solution, was prepared by adding 1 mL
of AgNO; (0.0045 M, 30 °C) to 20 mL of CTAB solution (0.2 M, 30
°C) and gently inverting the mixture several times. The
concentration of AgNO; in the growth solution has been opti-
mized to aid in achieving a high yield reaction with narrow size
distribution, and to reduce batch-to-batch variation in the
synthesis of the GNRs, as reported previously.
Then, 20 mL of HAuCl, (1 mM, 30 °C) was added to the
existing mixture and inverted gently until the solution became
homogenous, resulting in a deep yellow color. Next, 280 pL of
ascorbic acid (0.0788 M, 30 °C) was added and inverted gently
immediately, turning the solution colorless. Finally, 48 pL of
seed solution (30 °C) was added to the growth solution and kept
for 24 hours at 30 °C. After 24 hours, the GNR solution was
transferred into Eppendorf tubes and centrifuged at 13.8 g for
10 minutes. The supernatant was discarded while leaving the
formed pellet untouched. The pellets from each Eppendorf tube
were combined into a single Eppendorf tube, resuspended in
500 pL of PBS, and centrifuged for 9.6 g for 15 minutes. After
discarding the supernatant, the GNR pellet was resuspended in
150 pL PBS and stored at room temperature for future use.

35-37

2.3 Gold nanorod size measurement

The synthesis of GNRs followed a method similar to the previ-
ously established work, using the same standard curve equation
to calculate the gold content in the GNR solution for this
study.*® The ultraviolet-visible-near-infrared (UV-vis-NIR)
extinction spectra, ranging from 300 to 990 nm in 10 nm
increments, were measured using a spectrophotometer (BioTek
Synergy H1 Plate Reader, BioTek Instruments, Inc., Winooski,
VT, USA) to study the surface plasmon resonance (SPR) of the
synthesized GNRs. Transmission electron microscopy (TEM)
characterization of the GNRs was also performed using a TEM/
Scanning transmission electron microscopy (STEM) (Titan 300/
80, FEI, Hillsboro, OR, USA) at an operating voltage of 200 kV.
TEM images were analyzed with Image] software to measure the
diameter and length of the GNRs.

2.4 3-(Trimethoxysilyl)propyl methacrylate (TMSPMA)
treatment of glass slides

The preparation of TMSPMA-treated glass slides was conducted
over a three-day process. On the first day, 50 g of NaOH pellets
(VWR Inc., Randor, PA, USA) were dissolved in 450 mL of DI
water under a fume hood. Glass slides (16004-308, VWR Inc.)
were then placed in the solution in a staggered arrangement to
ensure full surface contact with the NaOH solution. The slides
were left in the solution overnight. On the second day, the
NaOH was discarded, and the glass slides were thoroughly
rinsed individually with DI water. The rinsed slides were
subsequently immersed in three consecutive 100% ethanol
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baths for 5 minutes each and then air dried. Once dry, the slides
were wrapped in aluminum foil and baked at 80 °C for 1 hour.
After baking, 5 mL of TMSPMA was applied evenly across the
stacked glass slides using a syringe under a fume hood to
ensure uniform coating. The slides were then baked overnight
at 80 °C. On the final day, the coated slides were cleaned in
three consecutive baths of 100% ethanol, air dried, wrapped
with aluminum foil, and baked again for 1 to 2 hours at 80 °C.
The completed TMSPMA-coated glass slides were stored at
room temperature for future use.

2.5 Synthesis of GNR-embedded conductive GeIMA
hydrogels

Three experimental groups were prepared: (1) pristine GelMA
(GelMA), (2) GelMA embedded with 0.5 mg mL ™' of GNRs
(GelMA+0.5GNR), and (3) GelMA embedded with 1.0 mg mL™*
of GNRs (GelMA+1.0GNR). The synthesized GNRs were first
centrifuged at 9.6 g for 15 minutes, and then the pellets were
resuspended in 150 pL of 3% GelMA and sonicated in a 60 °C
water bath for 1 hour. Meanwhile, 2-hydroxy-1-(4-
(hydroxyethoxy)phenyl)-2-methyl-1-propanone (Irgacure 2959,
Sigma Aldrich) as a photoinitiator (1.0% w/v) was dissolved in
PBS and filtered using a 0.2 pum membrane. The appropriate
amounts of GNRs (0.5 and 1.0 mg mL™") were added to the
GelMA prepolymer solution. The final prepolymer solution
contained 0.5% wi/v of Irgacure 2959 and 15% w/v of GelMA
prepolymer solution, and the respective concentrations of
GNRs. The mixtures were then sonicated in a 60 °C water bath
for 1 hour. After sonication, hydrogel scaffolds with a thickness
of 150 um were synthesized.

To fabricate the hydrogel construct, 16 pL of the prepolymer
solution was dropped onto a Claritex Supa Mega Slide (MAC-
1400-02A, CellPath Ltd., Powys, United Kingdom). A TMSPMA-
coated glass slide (1.5 cm x 1.5 cm) equipped with 150 pm
thick spacers at three corners was placed on top of the prepol-
ymer droplet to spread the solution evenly. The films were UV-
crosslinked using a UV source (360-480 nm) positioned 8 cm
above the hydrogel films, providing an intensity of approxi-
mately 7.64 mW cm >, Crosslinking was conducted for 50
seconds for all experimental conditions. The resulting hydrogel
films were then submerged in RPMI 1640 medium with
penicillin/streptomycin overnight.

2.6 hiPSC culture and cardiogenic differentiation

The culture and cardiogenic differentiation of hiPSCs-CMs were
performed following an established protocol.*®* Briefly, hiPSC
line (DF-19-9-7T) was purchased from WiCell Research Institute
Inc. and transfected with the human CCND2 gene under the
control of a-MHC promoter.*® Cells were cultured on Matrigel
(354230, Corning, Corning, NY, USA)-coated 6-well plates with
mTeSR Plus medium (100-0276, Stem Cell Technologies, Van-
couver, Canada) at 37 °C with 5% CO,. Once the hiPSCs reached
70-80% confluency, differentiation into cardiomyocytes was
initiated. On day 1 of differentiation, cells were treated with 6
pm CHIR99021 (4423, BioGems, Westlake village, CA, USA) in
RPMI 1640 medium (11875-085, Gibco, Grand Island, NY, USA)
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with 2% of B27 minus insulin (A1895601, Gibco) with a total
volume of 3 mL per well. On day 2, 2 mL of RPMI 1640 + B27
minus insulin was added to each well. The next day (day 3),
1 mL of RPMI 1640 + B27 minus insulin was added. On day 4,
the old media was removed, and the cells were washed with PBS.
Then, 3 mL of RPMI 1640 + B27 minus insulin medium sup-
plemented with 3 uM of IWR1 (1128234, BioGems) was added to
the wells, and this medium was replaced every 48 hours. On day
9, the medium was switched to RPMI 1640 supplemented with
2% B27 (17504044, Gibco). Once differentiation into car-
diomyocytes was achieved, the purification process was carried
out using glucose-free RPMI 1640 medium (11879020, Gibco)
supplemented with 2% B27 and a 4 mM sodium bpr-lactate
solution (L4263-500ML, MilliporeSigma, Rockville, MD, USA)
for 72 hours.

2.7 Cardiac fibroblasts differentiation

The differentiation of hiPSCs into cardiac fibroblasts (hiPSC-
CFs) was performed according to a previously established
protocol.* hiPSCs (IMR90-4, WiCell Research Institute Inc.)
were treated with 1 mL of 0.5 mM EDTA per well and incubated
for approximately 6 minutes to facilitate cell dissociation. The
dissociated cells were then replated onto Matrigel-coated 6-well
plates at a density of 0.1-0.15 million cells per well in mTeSR1
medium, with the medium replaced daily. Once the cells
reached 80-90% confluency, differentiation into cardiac fibro-
blasts was initiated. On day 1, the existing medium was
removed, and the cells were treated with 4 mL of RPMI 1640
medium supplemented with B27 minus insulin and 7 uM
CHIR99021. After 24 hours (day 2), the medium was replaced
with 5 mL of RPMI 1640 supplemented with B27 minus insulin.
On day 3, the old medium was removed, and 2.5 mL of cardiac
fibroblast differentiation medium (hCFBM) supplemented with
70 ng uL " basic fibroblast growth factor (bFGF) was added to
each well and incubated for 48 hours at 37 °C with 5% CO.,.
After day 5, the hCFBM medium supplemented with 70 ng pL ™"
bFGF was refreshed every other day until day 20. After day 20,
the differentiated hiPSC-CFs were either cryopreserved or
passaged and maintained in fibroblast growth medium 3
(FGM3, C-23025, PromoCell, Heidelberg, Germany).

2.8 Development of engineered cardiac tissue

To form cardiac tissues, 60 uL of a cell suspension containing 0.4
million hiPSC-derived CCND2 overexpressing cardiomyocytes
(hiPSC-CCND2°ECMs) and hiPSC-CFs (6:1 ratio) was carefully
deposited (seeded) onto a thin layer (150 um) of GelMA, GelMA +
0.5GNR, and GelMA + 1.0GNR hydrogel scaffolds. The scaffolds
were incubated at 37 °C for approximately 2.5 hours to facilitate
cell attachment to the hydrogel surface. After incubation, 1.5 mL
of medium supplemented with insulin was gently added to each
well to fully immerse the hydrogel scaffolds. The cultures were
maintained for 14 days, with the medium replaced every other
day to ensure optimal cell growth and scaffold stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ra03024b

Open Access Article. Published on 24 June 2025. Downloaded on 10/29/2025 3:57:00 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

2.9 Cell viability

Cardiac tissues were evaluated for cell viability on 3 post-seeding
using a Live/Dead Assay kit (30002-T, Biotium, Fremont, CA,
USA). The kit consisted of calcein-AM (Cl-AM) and ethidium
homodimer III (EthD-III). A Live/Dead solution was prepared by
diluting 4 mM CI-AM and 2 mM of EthD-III in 3 mL of warm PBS
in a1:4 ratio. Culture medium was removed from the well plates,
followed by two washes with PBS, each with a 5 minutes incu-
bation at room temperature. Subsequently, 1 mL of Live/Dead
solution was added to each well, and the plates were incubated
for 25 minutes at room temperature, protected from light. After
incubation, cardiac tissues were washed three times with PBS for
5 minutes. Z-stack fluorescent images of live (green) and dead
(red) cells were captured at 10x magnification using a modular
inverted light microscope (DMi8, Leica Microsystems, Germany).

2.10 Immunofluorescence staining

On day 14 of culture, cardiac tissues were washed with PBS and
fixed with 4% paraformaldehyde for 15 minutes at room
temperature. After fixation, the samples were washed twice with
PBS containing glycine (0.1 M) for 10 minutes each, followed by
a single wash with PBS containing 0.05% Tween-20 for 10
minutes at room temperature. Permeabilization was performed
by incubating the samples in 1% Triton-X-100 in PBS for 30
minutes at room temperature. For Ki67 staining, antigen
retrieval was carried out by immersing the samples in 10 mM
citrate buffer solution at 94 °C for 10 minutes, followed by
cooling at room temperature for 30 minutes. Samples were then
blocked with 10% goat serum in PBS containing 0.05% Tween-
20 for 1 hour at room temperature. Primary antibodies were
diluted in 10% goat serum, and the samples were incubated
overnight at 4 °C. The primary antibodies used for this study
include Alexa Fluor 488 Phalloidin (1:1000), mouse mono-
clonal anti-integrin 1 (1:100), rabbit monoclonal anti-
vimentin (1:100), mouse monoclonal anti-TroponinT (TnT)
(1:100), mouse monoclonal anti-sarcomeric alpha-actinin (1:
100), rabbit polyclonal anti-connexin43 (1:100), and rabbit
polyclonal ki67 (1:300). After incubation with primary anti-
bodies, the samples were washed five times with PBS containing
0.05% Tween-20 at room temperature. Secondary antibodies
were diluted in 10% goat serum in PBS containing 4’,6-
diamidino-1-phenylindole (DAPI, 1:1000) and incubated for 1
hour at room temperature. The secondary antibodies used
include Alex Fluor 647 goat anti-mouse (1 : 400), Alexa Fluor 488
goat anti-mouse (1:400), Alexa Fluor 647 goat anti-rabbit (1:
400), and Alexa Fluor 488 goat anti-rabbit (1 : 400). The samples
stained for F-actin/Integrin, vimentin/cardiac troponin T
(cTnT), Ki67/cTnT, and connexin-43 (Cx43)/a-actinin were
imaged using a Leica SP8 White Light Laser Confocal micro-
scope with Light Sheet at 20x and 63 x magnifications. Z-stack
images were captured and processed using Image] software.

2.11 Assessment of sarcomere striation

To evaluate the sarcomere quality (coverage and striation) of the
EHTs formed on the hydrogel scaffolds, a scoring metric based on
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immunofluorescence images of sarcomeric o-actinin was
employed as described in previous studies.** In this method,
immunofluorescence images were divided into nine equal
sections. Each section was assessed for sarcomere quality on
a scale from 0 (lowest) to 10 (highest), with the scores reflecting the
presence, alignment, and organization of sarcomeres within the
tissue. The qualitative scores for all nine sections of each image
were averaged to calculate the sarcomere striation quality for that
specific image. Subsequently, the average values for each biolog-
ical replicate were computed. Finally, the aggregated sarcomere
striation quality across all biological replicates was determined by
averaging the replicate values providing a comprehensive assess-
ment of sarcomere organization within the cardiac tissues.

2.12 Spontaneous beating behavior analysis of cardiac
tissues

The spontaneous beating behavior of the EHTs was evaluated
following established protocols.**™** Briefly, EHTs were imaged
using a fluorescence microscope (DMi8, Leica Microsystems)
equipped with a 20x objective. Time-lapse images were captured
for 20 seconds on days 7 and 14 of culture. Key parameters,
including beating patterns, beats per minutes (BPM), interbeat
interval variability (IIV), contraction amplitude, and relaxation
time, were analyzed using MUSCLEMOTION, an open software
tool specifically designed for quantitative assessment of
contractile behaviors in cardiac tissues.***

2.13 Gene expression analysis

Reverse transcription quantitative polymerase chain reaction (RT-
gPCR) was conducted to quantify the relative expression levels of
cardiac-specific genes. Samples from the experimental groups
(GelMA, GelMA+0.5GNR, and GelMA+1.0GNR) were collected on
day 14 of culture. GelMA group was used for gene expression
normalization. Cells were enzymatically dissociated by adding
prewarmed TrypLE™ Select Enzyme (A1217701, Gibco) for 10-15
minutes at 37 °C, followed by neutralization with RPMI 1640
supplemented with 2% B27 medium. The dissociated cells were
transferred to 15 mL falcon tubes, centrifuged at 300 g for 4
minutes, and resuspended in 1 mL PBS. After a second centri-
fugation (300 g, 3 minutes), the supernatant was discarded, and
the cell pellets were lysed in 350 pL of lysis buffer.

RNA extraction was performed using the Quick-RNA Micro-
Prep Kit (R1050, Zymo Research, Irvine, CA, USA) according to
the manufacturer's protocol. RNA purity and concentration
were evaluated via A260/280 and A260/230 nm absorbance
ratios measured with a Nanodrop One instrument (Thermo
Scientific, Waltham, MA, USA). cDNA synthesis was carried out
using the gScript cDNA Supermix (95048-100, Quantabio, Bev-
erly, MA, USA). RT-qPCR was performed using iTaq Universal
SYBR Green Supermix (1725121, Bio-Rad, Hercules, CA, USA)
with validated primers for ACTNT2, GJA1l, MYH6, MYH?7,
TNNT2, TNNI3, MLC2V, MLC2A, ATP2A2, CASQ2, S100A1, and
18S as described in our previous study (Table S2t).** Gene
expression was normalized to 18S as internal control. Relative
expression levels were calculated using the 2-AACT method.
Relative fold changes in gene expression were analyzed and
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using GraphPad Prism software, including heatmaps generated
from row Z-scores for each gene.

2.14 Optical mapping

For the electrophysiological characterization of the EHTSs
a custom setup was utilized. The imaging system consisted of
a CMOS sensor (sensor size: 17.6 x 10.4 mm MiCAMO3-N256)
controlled by a computer software (BV Workbench 2.7.2), exci-
tation filter (466 nm), dichroic mirror (Edge 500 nm), emission
filter (525 nm), and LED light source with shutter (LEX9, 460
nm). Additionally, the CMOS sensor was coupled with
a combination of an 85 mm lens (Samyang 1.4/85 mm) and
a 1.0x objective lens (LEICA plan APO 1.0x) to form a field of
view of 10.4 x 10.4 mm. To facilitate the recording of the elec-
trophysiological activity of the tissues, the samples were treated
with the FluoVolt Membrane Potential dye (F10488, Thermo-
Fisher Scientific, Waltham, MA, USA). Briefly, the FluoVolt dye
(component A) was dissolved in a Modified Tyrode's solution
(1:1000), the samples were washed twice with the Tyrode's
solution before replacing it with the FluoVolt solution. The
EHTs were incubated for 20 minutes at 37 °C and then washed
twice with the Tyrode's buffer. The tissues were placed in
a 35 mm Petri dish submerged into superficial-perfused
Tyrode's solution at 37 °C with carbogen for signal recording.
The baseline electrophysiological activity of each of the
samples was recorded for 8 seconds. Then, point stimulation
was formed by placing silver leads at the edge of the EHT to
deliver S1-S1 pacing at 1.8, 2.0, 2.5, and 3.0 Hz, from 3 to 5 V in
0.5 Vincrements. The obtained videos were processed using the
BV Workbench software. The signals were filtered using a mean
filter, a drift removal filter, and a low-pass filter (cut-off: 40 Hz).
Finally, the conduction velocity (CV) and action potential
durations at 50% and 80% repolarization (APD50 and APDS80,
respectively) were calculated utilizing built-in features of the
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software. A Z-score heat map for the CV was constructed
observed value — mean of the sample
Z= —
standard deviation of the sample
2.15 Statistical analysis

Unless otherwise specified, all experiments were conducted
with four biological replicates. Quantitative analyses were per-
formed using GraphPad Prism software (GraphPad Prism v.6),
with data presented as means + standard deviation (S.D). To
assess significant differences among experimental conditions,
one-way ANOVA with Tukey's posthoc was used for analyzing
cell viability, optical mapping, and immunofluorescence stain-
ing cell coverage. For spontaneous beating behavior analysis,
two-way ANOVA was performed, p-value of less than 0.05 was
considered statistically significant.

3. Results

3.1 Fabrication of GNRs-Embedded GelMA hydrogel
scaffolds

GelMA-GNR hydrogel scaffolds were fabricated one day before
culturing the cardiac cells and immersed in RPMI 1640 medium
with 3% penicillin/streptomycin overnight to prevent contami-
nation, and no contamination was observed in any of the cultures
throughout the course of the experiments. The schematic work-
flow is depicted in Fig. 1A. This summarizes the multi-step
process beginning with the synthesis and characterization of
GNRs, followed by the fabrication of GNR-embedded GelMA
hydrogel scaffolds, and culminating in the formation and func-
tional assessment of EHTs wusing gene-edited hiPSC-
CCND2°®CMs and hiPSC-CFs. GNRs were synthesized using
a seed-mediated growth method and characterized by UV-vis
spectroscopy (Fig. 1B), which revealed distinct transverse (520
nm) and longitudinal (730 nm) surface plasmon resonance (SPR)
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peaks (Fig. S1A%), confirming successful formation. TEM imaging
further confirmed the morphology of the GNRs (Fig. S1BT),
revealing elongated rod-like structures with an average length of
50.9 £ 7.7 nm, diameter of 16.7 + 3.7 nm, and an aspect ratio of
2.7 (Fig. S1C and D). Three experimental conditions were used in
this study: (1) GeIMA (control), (2) GelMA with 0.5 mg mL ™" of
GNRs (GelMA+0.5GNR), and (3) GelMA with 1.0 mg mL " of
GNRs (GelMA+1.0GNR). For each sample, 16 uL of GelMA or
GelMA-GNR prepolymer solution was dropped onto 1.5 cm
square TMSPMA glass slides with a spacer thickness of 150 um
and crosslinked under UV light for 50 seconds. A co-culture of
hiPSC-CCND2°*CMs and hiPSC-CFs was seeded onto the surface
of the GeIMA-GNR scaffolds at a 6:1 ratio and cultured for 14
days (Fig. 1C).

3.2 Cardiac tissue viability

To evaluate the effect of co-culturing hiPSC-CCND2°*CMs and
hiPSC-CFs, as well as the incorporation of GNRs, on cell
attachment to GelMA/GelMA-GNR hydrogel scaffolds, hiPSC-

GelMA

Integrin B1 DAPI

F-actin DAPI

Integrin B1 F-actin DAPI

GelMA+0.5GNR

View Article Online
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CCND2°"CMs were cultured both as mono-cultures and co-
cultures with hiPSC-CFs. All EHTs were maintained in culture
for 14 days, and 3 x 3 tile images were captured on day 3, 7, and
14 using a 20 x objective for all experimental conditions. Mono-
cultured EHTs exhibited significant cell detachment, with most
hiPSC-CCND2°*CMs forming isolated aggregates without
interconnectivity (Fig. S2t). Conversely, co-cultured EHTs pre-
sented improved cell attachment and a more uniform distri-
bution of cells across the hydrogel surface. Consequently, all
subsequent experiments were performed using co-cultures of
hiPSC-CCND2°"CMs and hiPSC-CFs.

Cell viability was measured on day 3 after cell seeding using
a Live/Dead assay (Fig. S3t). Cell viability staining showed no
difference among the groups (Fig. S3A%), and the quantification
results indicated no significant differences in cell survival across
the experimental groups: GelMA (96.2 £ 2.1%), GelMA+0.5GNR
(96.6 £ 1.5%), and GeIMA+1.0GNR (96.8 + 1.1%) (n = 4 for each
group) (Fig. S3BT). These findings suggest that GeIMA and varying
GNR concentrations did not adversely affect cellular viability.

GelMA+1.0GNR

Fig. 2 Structural assessment of the of cardiac tissues. Immunofluorescence (IF) staining images of cardiac tissues formed on GelMA, Gel-
MA+0.5GNR, and GelMA+1.0GNR for 14 days stained for Integrin B1 (red), F-actin (green), and nuclei (blue). Scale bar: 100 pm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.3 Assessment of cardiac tissue formation

To examine the formation and phenotype of EHTs on these
nanoengineered electroconductive hydrogels, GelMA and
GelMA-GNR scaffolds were stained with F-actin and integrin B1
(Fig. 2). Immunofluorescence images revealed that cells within
the EHTs exhibited a similar morphology across all experi-
mental groups. However, the incorporation of GNRs appeared
to promote clustering of CMs.

To further investigate the spatial distribution and organiza-
tion of hiPSC-CCND2°®CMs and hiPSC-CFs within the EHTs,
GelMA and GelMA-GNR samples were further stained for
cardiac troponin T (c¢TNT), a marker for CMs, and vimentin,
a marker for CFs (Fig. 3). The results demonstrated that the
addition of GNRs enhanced the local alignment of both hiPSC-
CCND2°FCMs and hiPSC-CFs, specifically on connection areas
between the cellular clusters. Notably, in the GelMA+1.0GNR
group, hiPSC-CFs were evenly distributed throughout the
cardiac tissue, indicating improved overall tissue organization
compared to the Ge]MA and GelMA+0.5GNR groups.

GelMA
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Vimentin cTnT DAPI

GelMA+0.5GNR
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3.4 Evaluation of proliferative potential of hiPSC-
CCND2°*CMs on GelMA/GNR hydrogel scaffolds

The overexpression of the cell cycle activator Cyclin D2 (CCND2)
in hiPSC-CMs has been demonstrated as a potent approach to
enhance the proliferation of these cells.** To that end, we
further assessed the proliferative potential of the hiPSC-
CCND2°*CMs cultured on GelMA-GNR hydrogel scaffolds. The
samples were co-stained with Ki67, a marker for cell prolifera-
tion, and c¢TnT, a marker for cardiomyocytes (Fig. 4). Immu-
nofluorescence staining revealed evidence of hiPSC-CM
proliferation across all experimental groups.

3.5 Expression of cardiac-specific proteins

To further characterize the phenotype of EHTs, immunofluo-
rescence staining was performed using cardiac-specific
markers, specifically Cx43 and sarcomeric a-actinin across all
samples (Fig. 5). Cx43 is a gap-junction protein essential for
mediating electrical coupling between cardiac cells, while o-

GelMA+1.0GNR

Fig. 3 Distribution of cardiac cells. IF staining images of cardiac tissues formed on GelMA, GelMA+0.5GNR, and GelMA+1.0GNR for 14 days
stained for Vimentin (red), cTnT (green), and nuclei (blue). Scale bar: 100 pm.
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GelMA+1.0GNR

Fig. 4 Proliferative potency of hiPSC-CCND2°ECMs. Immunofluorescence (IF) staining images of cardiac tissues formed on GelMA, Gel-
MA+0.5GNR, and GelMA+1.0GNR for 14 days stained for ki67 (red), cTnT (green), and nuclei (blue). Scale bar: 100 um.

actinin is a sarcomeric protein localized at the Z-disks, crucial
for structural organization. Immunofluorescent analysis
demonstrated increased expression and organization of striated
sarcomeric a-actinin and Cx43 in hiPSC-CCND2°*CMs cultured
on GelMA-GNR hydrogel scaffolds as compared to GelMA alone
(Fig. 5A). Quantitative analysis revealed a significant increase in
Cx43 area coverage in the GelMA+0.5GNR (0.11423821 =+
0.0319044 Pix?) and GelMA+1.0 GNR groups (0.05470512 +
0.00997791 Pix?) compared to the GelMA alone group
(0.02420539 + 0.00675354 Pix*) (Fig. 5B). Furthermore, sarco-
mere quality was assessed via qualitative scoring, showing
enhanced sarcomere striation in GelMA-GNR groups, particu-
larly in the GeIMA+0.5GNR condition (Fig. 5C). These findings
are consistent with our prior research, where the incorporation
of electroconductive components into hydrogel scaffolds
promoted the development of organized, striated cardiac
tissues.**

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.6 Gene expression analysis

As there were changes in structural organization of the EHTSs
with the incorporation of the GNRs, observed through immu-
nofluorescence staining, RT-qPCR was performed to assess
changes induced at gene expression level. Specifically, we
assessed and quantified the expression of genes related to the
cellular and tissue ultrastructure (MYH7, MYH6, TNNT2,
TNNI3, MLC2V, MLC2A, GJA1, and ACTN2) as well as calcium
handling genes (CASQ2, S100A1, and ATP2A2). On the day of the
experiment (day 0), 6: 1 ratio of CMs and CFs were cultured on
GelMA, GelMA+0.5GNR, and GelMA+1.0GNR hydrogels and all
the conditions were cultured for 14 days (Fig. 6A). While no
significant differences were observed in the gene expression
levels (Fig. S4t), based on the Z-score heatmap (Fig. 6B),
compared to the GelMA group, there was a trend towards an
overall increased expression of the assessed genes in the EHTSs
formed on the Ge]MA-GNR hydrogel scaffolds, specifically Gel-
MA+1.0GNR condition.
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Fig. 5 Contractile integration of EHTs via cardiac-specific markers. (A) IF staining images of cardiac tissues formed on GelMA, GelMA+0.5GNR,
and GelMA+1.0GNR for 14 days stained for Cx43 (red), a.-actinin (green), and nuclei (blue). Scale bar: 50 um. (B) Cell coverage analysis of the EHTs
measured by Cx43 (one-way ANOVA with a Tukey's posthoc test, n = 4). Data was expressed as mean =+ standard deviation. *p < 0.05, ***p <
0.001, ****p < 0.0001, and ns (not significant). (C) Qualitative scoring of sarcomere quality.
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Fig. 6 Gene expression analysis. (A) Schematic workflow of gene expression analysis. The cardiac cells were exposed to a supplement free
medium for 24 h before culturing the cells on the GelMA-GNR hydrogel. A mixture of CMs and CFs (6 : 1 ratio) was cultured on GelMA-GNR for 14
days. The GelMA group was used as a control for gene expression normalization. On day 14 of culture, cardiac cells were collected and lysed for
gene expression analysis (created with BioRender). (B) Heatmap of RT-gPCR.

3.7 Spontaneous beating behavior analysis

To explore the impact of ETHs on cardiac tissue-level function,
electrophysiological behavior of the cardiac tissues, such as
interbeat interval variability (IIV), beats per minute (BPM),
relaxation time, and contraction amplitude were assessed.
Initially, the spontaneous beating signals of the tissues from
real-time videos on days 7 and 14 of culture were taken for
analysis (Supplementary Video 1-67). All the real-time videos
were processed via MUSCLEMOTION for quantification anal-
ysis.*»** Consistent signals in repetitive beating were observed
across all samples (Fig. 7A). While there were no statistically
significant differences, there was an overall increase in BPM on
day 14 in all samples (Fig. 7B). Relaxation time refers to the
period during which the myocardium relaxes after contraction.
The quantified data of relaxation time indicated a general
decrease on all experimental samples on day 14 (Fig. 7C).
Contraction amplitude measured the magnitude or strength of
the heart's muscle contraction, which demonstrated a slight
decrease in magnitude for all conditions (Fig. 7D). Additionally,
quantified data of IIV which evaluates the synchronicity of
beating tissues on each scaffold had no significant differences
among all experimental conditions (Fig. 7E). Given the absence
of significant differences in spontaneous beating characteristics
of the tissues, further analyses were performed to determine
whether cardiac tissues formed on GelMA-GNR hydrogels,
differentially responded to external electrical stimulation
through optical mapping.

© 2025 The Author(s). Published by the Royal Society of Chemistry

3.8 Electrophysiological analysis of EHTs through optical
mapping

With our custom-made optical mapping system, we were able to
acquire the membrane potential signals from the EHTs. The
acquired signals were then represented in the form of activation
maps to facilitate the visualization, evaluation, and analysis of
the electrophysiological properties of the EHTs. In order to
evaluate only samples that were physiologically relevant for
future in vivo applications, a discrimination criterion for
samples with low CV was stablished. The CV cutoff was deter-
mined at 8 cm s, based on the lowest CV values for human
heart found in recently published data.*” Therefore, the samples
that presented CV < 8 cm s, and their corresponding APD50
and APD80, were not included in the statistical analysis.

The analyzed groups showed CVs values ranging from 10.31
to 17.11 cm s~ ' (Table S31). We did not find any significant
difference between the control group (GelMA) and the EHTs
that contain GNRs (GelMA+0.5GNR and GelMA+1.0GNR)
(Fig. 8A). However, row Z-scores showed a trend for higher CV in
the GelMA+0.5GNR at lower stimulation frequencies (Fig. 8B).
We also found that only APD50 at 2.5 Hz of external electrical
stimulation was significantly higher (p-value = 0.0067) for the
GelMA+0.5GNR group (Fig. 9A). For the rest of the comparisons
for APD50 and APDS80 values, we did not find any significant
differences (Fig. 9A and B, respectively, and Tables S4 and S57).
Additionally, row Z-scores heatmaps show a trend for higher
APD50 and APDSO for the groups containing GNRs (Fig. 9C and
D).
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Fig. 7 Spontaneous beating behavior analysis. (A) Representative spontaneous contractility signal graphs of cardiac tissues formed on GelMA (i
and iv), GelMA+0.5GNR (ii and v), and GelMA+1.0GNR (iii and vi) on day 7 and 14. Spontaneous (B) beats per minute, (C) relaxation time, (D)
contraction amplitude, and (E) interbeat interval variability for all experimental conditions at day 7 and 14 (two-way ANOVA with a Tukey's
posthoc test, n = 4). Data was expressed as mean + standard deviation. Ns (not significant).

4. Discussion

In this study, we developed EHTs developed by co-culturing
gene-edited cardiomyocytes (hiPSC-CCND2°"CMs) and hiPSC-
CFs in a 6:1 ratio on electrically conductive GNR-embedded
GelMA hydrogels (i.e. GeIMA-GNR). It has been shown that the

21418 | RSC Adv, 2025, 15, 21408-21423

presence of GNRs in GelMA hydrogels enhances cell retention,
cell-to-cell signaling, and tissue organization.”®**° Additionally,
the maturation of the sarcomeric structure of wild-type hiSPC-
CMs has been attributed to the inclusion of GNRs in GelMA
hydrogels.*® Thus, Ge]MA-GNRs hydrogels are a suitable plat-
form for the fabrication of EHTs, showing improved

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Conduction velocity of EHTs. (A) Conduction velocity of the EHTSs for each specific electrical stimulation frequency, calculated from EHTs
activation maps. Each datapoint represents an analyzed sample (One-way ANOVA with Tukey's post hoc test, ns: p-value>0.05). (B) Heatmap for
conduction velocity Z-scores. A trend for higher CV of the EHTs containing GNRs is shown.

functionality when compared with pristine or
electroconductive GelMA EHTs. Thus, this model was
designed to evaluate the synergistic potential of electrically
conductive biomaterials and gene-edited CMs in promoting
functional development of the EHTs. GelMA has been widely
explored in regenerative medicine due to its biocompatibility,
low immunogenicity, tunable mechanical properties, and
ability to support cellular proliferation.*>*® Furthermore, the
incorporation of GNRs enhances the structural integrity of the
GelMA matrix through electrostatic interactions, reinforcing the
scaffold's stability and potentially improving its biomechanical
and electrical properties.”®** Notably, previous studies have
demonstrated that incorporating nanomaterials such as GNRs
into GelMA matrices significantly enhances their mechanical
resilience of hydrogel.***** The electrostatic interactions
between GelMA and GNRs reinforce the polymer network,
improving its stiffness and resistance to deformation under
stress. In addition to their mechanical role, GNRs contribute
electrical conductivity values in the range of the native
myocardial tissue. This has motivated their use in the devel-
opment of electrically conductive, bioactive hydrogels for MI
therapy.”®*** In our work, the absence of hydrogel structural
collapse, along with the observed positive cellular outcomes
suggests that the mechanical stability of the GelMA-GNR
hydrogel was sufficient to support hiPSC-CCND2°*CMs over

non-

© 2025 The Author(s). Published by the Royal Society of Chemistry

the experimental timeframe. These combined properties high-
light GelMA-GNR as a promising scaffold for cardiac tissue
engineering.

A fundamental requirement for biomaterials in cardiac
tissue engineering is cell survival.®® Our results demonstrated
that incorporating GNRs at concentrations of 0.5 and 1.0 mg
mL ™" into GeIMA hydrogels did not compromise cell viability,
supporting the feasibility of GeIMA-GNR as a suitable bioma-
terial for EHTs. Additionally, spontaneous beating behavior
remained unchanged with GNR incorporation, indicating that
GNRs did not interfere with the intrinsic excitability and pace-
maker activity of cardiomyocytes. This suggests that the GeIMA-
GNR scaffold provided a supportive microenvironment without
disrupting ion channel function, electrical excitability, or
contraction dynamics, all of which are crucial for cardiac tissue
functionality.

To further characterize the morphological and phenotypic
changes in EHTs, immunostaining for F-actin and integrin B1
was performed. Notably, hiPSC-CCND2°*CMs seeded on
GelMA-GNR hydrogels exhibited a more clustered morphology
compared to those cultured on GelMA alone. This increased
clustering suggests that GNRs influence cell adhesion
dynamics, potentially enhancing intercellular interactions and
promoting tissue organization and structural formation. This
effect may arise from modifications in electroconductivity,
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Fig. 9 Action potential duration of EHTs. EHTs action potential duration at (A) 50% repolarization (APD50) and (B) 80% repolarization (APD80).
APD50 and APD8O calculated from the activation maps. Each datapoint represents an analyzed sample (One-way ANOVA with Tukey's post hoc
test, ns: p-value > 0.05). Heatmaps for (C) APD50 Z-scores and (D) APD80 Z-scores.

biochemical signaling, or potentially biophysical cues within
the substrate due to presence of GNRs, all of which could favor
cell-cell adhesion over cell-substrate adhesion. Importantly, the
enhanced CMs clustering in GelMA-GNR was accompanied by
a significant increase in Cx43 expression, suggesting improved
intercellular electrical coupling. Cx43 is a crucial gap junction
protein responsible for rapid electrical signal propagation and
synchronized contraction in cardiac tissue.”® The upregulation
of Cx43 suggests that GNRs not only promote cell aggregation

21420 | RSC Adv, 2025, 15, 21408-21423

but also facilitate syncytium formation, which is essential for
effective myocardial regeneration.>”*® It has been demonstrated
that GNRs also contribute to tissue engineering by introducing
nanoscale topographical features.**** While this does not
directly affect the electrical propagation, it can help with
enhanced cell attachment and cell-to-cell coupling. This inter-
pretation aligns with our findings of higher Cx43 expression in
the Ge]MA+GNR groups.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Previously, hiPSC-CCND2°CMs were shown to exhibit
enhanced proliferation in infarcted mouse hearts.*® To assess
whether hiPSC-CCND2°®CMs maintain their proliferative
capacity when cultured on GelMA-GNR hydrogels, EHTs were
stained for ki67, a marker of active proliferation. Ki67 staining
revelaed evidence of CMs proliferation, indicating that the
incorporation of GNRs did not hinder the proliferative potential
of hiPSC-CCND2°"CMs.

To further explore the effects of the GelMA-GNR hydrogels
on gene expression profiles of hiPSC-CCND2°*CMs, we per-
formed qPCR of cells cultured on GelMA, GelMA+0.5GNR, and
GelMA+1.0GNR for 14 days. These gene expression trends
provide further insight into how the structural and material
properties of the GelMA-GNR hydrogels may influence car-
diomyocyte behavior at the molecular level. Although RT-qPCR
did not reveal statistically significant differences, the row
heatmap analysis demonstrates a clear pattern of upregulation
in genes associated with cardiac structure and calcium
handling, particularly in the GelMA+1.0GNR condition. This
suggests that increased GNR concentration may promote
a more mature or activated transcriptional profile in engineered
cardiac tissues. The observed gene expression shifts may reflect
enhanced structural organization and electromechanical
coupling, aligning with prior immunofluorescence findings.
Collectively, these data support the potential of GNR-integrated
GelMA hydrogels to modulate the transcriptional landscape of
hiPSC-CCND2°*CMs and improve EHT maturation moderately.

Optical mapping has been used as a powerful tool for rep-
resenting the electrical activity of cardiac tissues.*>* They allow
for high spatiotemporal resolution analysis and help with the
detection of wave propagation patterns and the calculation of
CV, APD, among other electrophysiological parameters. While
we did not find any significant differences among experimental
groups, there is a trend that suggests that the GNRs may have
a positive effect on higher CV. One of the primary motivations
for incorporating GNRs into the GelMA scaffold was to improve
electrical conductivity. APD50 and APD80 are within range of
what other authors have reported for stem cell-derived EHTs.**
The trend for increased APD50 and APD80 needs to be further
investigated by analyzing not only the APDs, but also the action
potentials signal geometry (i.e., phase 0 to phase 4 separately),
the expression of the specific ion channels related to each
action potential phase,” and the cellular contraction force for
each of the experimental groups.

Ultimately, the goal of developing EHTs is their successful
integration with native myocardium. While we understand that
CV is a complex parameter for anisotropic tissues, we believe
that our initial discrimination criterium of CV <8 cm s~ will
allow to have EHTs that better mimic the electrophysiological
features of the native myocardium and therefore, will facilitate
their integration with the native myocardium. This criterium
was based in recently published data that reports CV measured
with modern acquisition methods,*” similar to our optical
mapping protocol. In our future studies in this regard, we aim
to further optimize hydrogel materials, GNRs concentration and
cell culture (i.e., 3D encapsulation instead of 2d seeding) to

© 2025 The Author(s). Published by the Royal Society of Chemistry
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further enhance the functionality and electrophysiological
response of the EHTSs.

While Ge]MA-GNR patches demonstrated biocompatibility
and enhanced cellular organization, no statistically significant
differences were observed in CV, APD, or the expression of
calcium-handling and ultrastructural genes compared to the
GelMA-only group. One potential explanation is overexpression
of Cyclin D2 in CMs. Cyclin D2 is a key regulator of cell cycle
progression, and its overexpression may force CMs into
a proliferative state, counteracting the natural maturation
process.*® Mature CMs exit the cell cycle to prioritize structural,
metabolic, and electrophysiological specialization, which is
essential for functional myocardium.*® However, CCND2 over-
expression reactivates the cell cycle, potentially preventing the
complete development of mature sarcomere organization,
hypertrophic growth, and the metabolic shift from glycolysis to
oxidative  phosphorylation—hallmarks of cardiomyocyte
maturation.***® Additionally, proliferative CMs may retain an
immature ion channel profile, potentially affecting electrical
stability and contractile function. The competition between
proliferation-associated pathways (e.g., CDK4/6 activation, Rb
phosphorylation) and differentiation signals (e.g., MEF2, SRF,
and PGC-1o. signaling) reinforces a fetal-like, immature
phenotype.®~** While CCND2 overexpression is advantageous
for enhancing CMs regeneration, strategies to transiently
regulate its expression may be necessary to balance prolifera-
tion with functional maturation, ensuring the development of
fully integrated, contractile myocardial tissue.

Taken together, our findings in this initial stage study
suggest that GeIMA-GNR hydrogels provide a promising scaf-
fold for the formation EHTs, demonstrating biocompatibility,
enhanced cellular organization, improved intercellular
coupling and enhanced function. However, the lack of statisti-
cally significant differences in ultrastructural gene expression
as well as electrophysiological response of the tissue compared
to GelMA alone (without GNRs) highlights the complex inter-
play between biomaterial properties and cellular behavior. In
addition, our results underscore the need for further optimi-
zation of hiPSC-CCND2°FCM maturation strategies to ensure
that engineered tissues achieve both regenerative capacity and
functional integration with the native myocardium.

5. Conclusion

This study presents the development of a novel EHT platform by
integrating gene-edited hiPSC-CCND2°*CM and cardiac fibro-
blasts within a GelMA-GNR hydrogel scaffold. Our data
demonstrate that the GelMA-GNR hydrogels are biocompatible,
structurally stable, and supportive of cardiomyocyte viability,
and proliferation. The inclusion of GNRs enhanced cell-cell
coupling, as evidenced by increased Cx43 expression, and
modestly influenced the electrophysiological and gene expres-
sion profiles associated with cardiomyocyte maturation.
Although the improvements in conduction velocity, action
potential duration, and structural gene expression did not reach
statistical significance, observed trends and enhanced tissue
organization suggest that GNRs may positively modulate the
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electrophysiological microenvironment and cellular architec-
ture. These findings also reveal that the persistent proliferative
phenotype induced by CCND2 overexpression may limit full
maturation of hiPSC-CMs, underscoring the need for tempo-
rally regulated gene expression strategies in regenerative
applications. Together, these results highlight the potential of
GelMA-GNR scaffolds to support the development of functional
and regenerative EHTs. Future optimization of biomaterial
properties, and cell-intrinsic maturation pathways will be crit-
ical to achieve robust functional integration with host myocar-
dium and improve the clinical potential of engineered cardiac
tissues.
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