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A B S T R A C T

To date, various strategies have been developed to construct biomimetic and functional in vitro cardiac tissue 
models utilizing human induced pluripotent stem cells (hiPSCs). Among these approaches, microfluidic-based 
Heart-on-a-chip (HOC) models are promising, as they enable the engineering of miniaturized, physiologically 
relevant in vitro cardiac tissues with precise control over cellular constituents and tissue architecture. Despite 
significant advancements, previously reported HOC models often lack the electroconductivity features of the 
native human myocardium. In this study, we developed a 3D electroconductive HOC (referred to as eHOC) model 
through the co-culture of isogenic hiPSC-derived cardiomyocytes (hiCMs) and cardiac fibroblasts (hiCFs), 
embedded within an electroconductive hydrogel scaffold in a microfluidic-based chip system. Functional and 
gene expression analyses demonstrated that, compared to non-conductive HOC, the eHOC model exhibited 
enhanced contractile functionality, improved calcium transients, and increased expression of structural and 
calcium handling genes. The eHOC model was further leveraged to investigate the underlying electroconduction- 
induced pathway(s) associated with cardiac tissue development through single-cell RNA sequencing (scRNA- 
seq). Notably, scRNA-seq analyses revealed a significant downregulation of a set of cardiac genes, associated with 
the fetal stage of heart development, as well as upregulation of sarcomere- and conduction-related genes within 
the eHOC model. Additionally, upregulation of the cardiac muscle contraction and motor protein pathways were 
observed in the eHOC model, consistent with enhanced contractile functionality of the engineered cardiac tis
sues. Comparison of scRNA-seq data from the 3D eHOC model with published datasets of adult human hearts 
demonstrated a similar expression pattern of fetal- and adult-like cardiac genes. Overall, this study provides a 
unique eHOC model with improved biomimcry and organotypic features, which could be potentially used for 
drug testing and discovery, as well as disease modeling applications.

1. Introduction

Cardiovascular diseases (CVDs) remain the leading cause of death 
globally [1]. Traditionally, cardiac research has mainly relied on the use 
of in vivo animal models or the use of animal-derived cells, such as 
neonatal rat ventricular cardiomyocytes (NRVMs), cultured on 2D cell 
culture assays which lack native human-like physiological relevance. 

However, due to stark differences in physiology and pharmacokinetics 
across species, the use of animal models or animal-derived cells in car
diac research could potentially lead to inaccurate interpretations of re
sults, ultimately leading to failure in the clinical translation of the tested 
therapeutics [2]. The advent of human induced pluripotent stem cells 
(hiPSCs) [3] has opened enormous opportunities for in vitro drug dis
covery and CVD research, as these cells can be generated from patients 
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with specific disease phenotypes, reducing the reliance on nonhuman 
animal models and cells [4].

Numerous 3D human cardiac culture systems have been so far 
developed, ranging from spheroids and organoids [5–9] to engineered 
heart tissues (EHTs) [10,11] utilizing hiPSCs. These 3D culture plat
forms show great promise for accurate disease modeling, foundational 
biological discoveries, as well as drug testing in a physiologically rele
vant manner [4]. Recently, Organ-on-a-chip systems have also emerged 
as powerful platform technologies for incorporating specific cellular 
constituents within an organotypic 3D native-like tissue architecture (e. 
g., tissue alignment in case of the heart) [12]. Along this line, significant 
advancements have been made in developing scaffold-free or 
scaffold-based humanized Heart-on-a-chip (HOC) models [13–18]. For 
instance, a scaffold-free HOC model was developed by Mathur et al. 
[15], where monoculture of hiPSC-derived cardiomyocytes (hiCMs) was 
suspended in the tissue region of a microfluidic chip, resulting in the 
formation of robust cardiac tissue aligned in a uniaxial manner. In 
another study, cardiac tissues were formed by incorporating a co-culture 
of non-isogenic hiCMs and dermal fibroblasts, within a fibrin hydrogel, 
between two sets of PDMS microposts, resulting in the formation of 
tissues with adult-like gene expression profile and a remarkably orga
nized ultrastructure [16]. Jayne et al. reported the development of 
another HOC platform enabling the formation of cardiac microtissues in 
a controlled microenvironment [17]. In this study, non-isogenic cardiac 
microtissues, generated by a co-culture of hiCMs and human mesen
chymal stem cells (hMSCs), were embedded within a collagen hydrogel 
matrix for measurement of tissue contraction forces. In line with these 
studies, we also recently reported the development of an advanced 
microfluidic HOC model through the incorporation of isogenic hiCMs 
and hiPSC-derived cardiac fibroblasts (hiCFs) within a cocktail of 
hydrogel matrix (Collagen-I and Matrigel®) to form a 3D cardiac tissue 
with native-like tissue organization and cellular constituents [18]. This 
HOC model was precisely designed and optimized to induce cellular 
alignment, mimicking the native human myocardium, through the use 
of elliptical-shaped microposts within the central tissue region of the 
chip, which promoted cardiac tissue function and maturation-specific 
gene markers [18], suitable for cardiac disease modeling [19,20].

Despite the significance and notable findings of the previous works, 
including ours, the 3D cardiac tissue microenvironments formed within 
the reported HOC models often lacked electroconductivity cues, 
resembling the native human myocardium [21]. In prior cardiac tissue 
engineering studies, electrically active hydrogel scaffolds have been 
proposed by embedding electroconductive components, such as 
carbon-based nanomaterials [22–26], electroconductive polymers [27,
28], and gold nanomaterials [29–34] to promote tissue function and 
maturation. These synthesized conductive scaffolds specifically 
improved the contractile function of NRVMs as well as hiCMs by 
enhancing cellular crosstalk and gap junction proteins, thereby facili
tating electrical signal propagation across the tissue [35]. In line with 
this, recently, a HOC model was developed by integrating electro
conductive aligned carbon nanotubes into GelMA hydrogel within a 
PDMS-based microfluidic chip [36]. Specifically, NRVMs were mono
cultured atop the electroconductive substrate inside the HOC tissue 
channel, resulting in enhanced cellular alignment and rhythmic beating 
of the cardiac tissue. However, the development of a humanized 3D 
electrically conductive HOC model, comprising of isogenic 
hiPSC-derived cardiac tissues with native-like cellular composition and 
anisotropic architecture, is still missing in previous studies. Addition
ally, while bulk RNAseq has been utilized to assess the role of tissue 
environment, such as electrical conductivity of the hydrogel matrix on 
phenotype of hiPSC-derived cardiac cells [37], there is still a knowledge 
gap regarding the role of electroconductive nanomaterials, utilizing 
single-cell RNA sequencing (scRNA-seq), in further exploring the mo
lecular mechanisms that govern enhanced functionalities of the engi
neered cardiac tissues.

To address these knowledge gaps, in this work, we developed a 3D 

electroconductive HOC model (referred to as eHOC), which incorporates 
a highly organized tissue architecture derived from the isogenic co- 
culture of hiCMs and hiCFs. We further mechanistically assessed the 
role of electrical conductivity features of the 3D tissue environment, 
induced by the presence of gold nanorods (GNRs), on the functionalities 
and phenotype of the cardiac tissue. Specifically, we utilized GNRs to 
generate electrically active hydrogel scaffolds within the HOC micro
fluidic model, complementing and advancing our previous work as well 
as that of others [29,38,39], due to their biocompatibility, surface 
functionalization capabilities, and stable electroconductivity [40,41]. 
The nanoengineered hydrogel scaffolds, were synthesized by incorpo
rating various concentrations of GNRs (~42 nm in length, ~11 nm in 
diameter, and with an aspect ratio of ~4) within a cocktail of Collagen-I 
and Matrigel® (Col-I:Matrigel®) hydrogel matrix. Upon formation of the 
model, we performed extensive biological characterization including 
immunofluorescence (IF) staining of cardiac-specific markers, beating 
and calcium transient (Ca2+) analyses, as well as gene expression to 
assess the fate and functionality of the cultured hiCMs within the eHOC 
tissue environment. Notably, scRNA-seq was further performed to unveil 
the differentially expressed genes (DEGs) between the control group 
(non-conductive HOC) and the eHOC model, along with the underlying 
pathways that could potentially contribute to the enhanced function
ality of the hiCMs co-cultured with hiCFs. The electroconductive cardiac 
tissue formed within the eHOC model demonstrated enhanced func
tionalities of hiCMs displayed by improved contractility and Ca2+

handling properties. Furthermore, gene expression and scRNA-seq an
alyses showed that the improved functional characteristics of the tissue 
correlated with the increased expression of genes involved in calcium 
handling, conduction, and sarcomere-related processes, such as GJA1, 
TNNI3, and ACTN2. To the best of our knowledge, this study is the first 
to utilize scRNA-seq to mechanistically assess the role of electrically 
conductive nanomaterials on functionalities of isogenic cardiac tissues 
(hiCMs and hiCFs) within an eHOC model. The proposed model system 
could be a valuable tool for representation of a physiologically relevant 
and in vivo like human myocardial tissue microenvironment for 
enhanced drug testing and disease modeling applications.

2. Materials and methods

2.1. Materials

The list of the used materials is summarized in Supplementary 
Table S1.

2.2. Methods

2.2.1. Fabrication of the HOC model
The HOC model was created using the photo and soft lithography 

technique, as previously detailed [18,42]. Briefly, the master silicon 
wafer was fabricated using the photo lithographic technique. The device 
design consists of a central tissue region consisting of staggered elliptical 
micropost spaced evenly at 150 μm. To allow for nutrient and oxygen 
diffusion, the tissue region was surrounded by two flanking media 
channels bordered by trapezoidal microposts spaced at 100 μm, which 
essentially separates the tissue region from the media channel. The 
overall length and height of the device are 200 μm and 100 μm, 
respectively. Upon fabricating the master mold, the microfluidic devices 
are formed using the soft lithographic technique. Specifically, the master 
mold are coated with methyltrichlorosilane (MTCS) to increase the hy
drophilicity of the silicon wafer and reduce attraction between PDMS 
and SU8 features. A mixture of PDMS base and crosslinker, in a 10:1 
ratio, was poured onto the master silicon wafer, followed by a 20 min 
degassing process to eliminate the trapped air. Subsequently, the 
mixture was cured at 80 ◦C for 2 h. The PDMS mold was then separated 
from the master mold, and 1 mm and 1.5 mm holes were created for the 
media channels and tissue channels using biopsy punches. The 
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individual PDMS devices were bonded to 18 × 18 mm coverslips using 
oxygen plasma (PDC-32G, Harrick Plasma), and this was followed by 
overnight baking at 80 ◦C to secure the attachment of PDMS and glass 
substrates. Prior to the injection of cardiac cells and media, the devices 
underwent sterilization through both a liquid and a gravity cycle in an 
autoclave.

2.2.2. Differentiation of human iPSC-derived cardiomyocyte (hiCM)
hiPSCs (IMR90-4, WiCell) were cultured in Matrigel®-coated 6-well 

plates using mTeSR Plus medium. Passaging was performed when the 
cells reached approximately 80 % confluency. The utilized medium was 
aspirated, and the cells were gently washed with PBS. Subsequently, 
dissociation was carried out with 0.5 mM EDTA (1 mL per well) for 
about 6 min. Following the removal of EDTA, 1 mL of mTeSR Plus 
medium was used to mechanically detach and plate the cells onto a 
separate Matrigel®-coated well.

The GiWi differentiation protocol, with slight adjustments, was 
employed to induce the differentiation of hiPSCs into hiPSC-CMs 
(hiCMs) [43]. Initially, hiPSCs were seeded on Matrigel®-coated 
6-well plates with a specific seeding density (~0.1–0.15 M cells per 
well). When cell confluency reached approximately 85–90 %, the 
mTeSR Plus medium was gently aspirated, and the cells were washed 
once with 1 mL of PBS per well. Subsequently, the PBS was removed, 
and RPMI/B27 without insulin (RPMI/B27 (-Ins)) medium (3 mL per 
well) supplemented with 6 μM GSK3-β inhibitor CHIR99021 (CHIR) was 
added and maintained for 24 h. After 24 h (day 1), 2 mL of RPMI/B27 
(-Ins) was added to each well for an additional 24 h (until day 2). On day 
2, another 1 mL of RPMI/B27 (-Ins) was added to each well and main
tained for 24 h (until day 3). On day 3 of differentiation, the used me
dium was discarded, and the cells were gently washed with 1 mL of PBS 
per well. Then, 3 mL of RPMI/B27 (-Ins) supplemented with 3 μM Wnt 
inhibitor IWR1 was added to each well and maintained for another 48 h. 
The medium was changed to RPMI/B27 (-Ins) (3 mL per well) on days 5 
and 7 of differentiation. On day 9, the old medium was removed, and 
RPMI/B27 (with insulin) (3 mL per well) was added and replenished 
every other day until day 15. The spontaneous beating of hiCMs was 
typically observed on days 9–11 of differentiation. Purification of the 
hiCMs was achieved through a glucose-depleted culture medium con
taining lactate [44]. On day 15 post-differentiation, the medium was 
switched to the glucose-depleted RPMI/B27 (with insulin and 5 mM 
sodium L-lactate) medium (4 mL), and this medium was maintained 
until day 19. On day 19, the medium was changed back to RPMI/B27 
(with insulin) medium (3 mL). Before using the differentiated hiCMs to 
form cardiac tissues, hiCMs were maintained in a 2 mL serum- and 
supplement-free medium for an additional 24 h to synchronize their cell 
cycle. 25–28 days old hiCMs were utilized throughout the experiments.

2.2.3. Differentiation of isogenic human iPSC-derived cardiac fibroblast 
(hiCFs)

hiCFs were generated through an established protocol with slight 
modification [45]. Briefly, hiPSCs (IMR90-4) were dissociated using a 
0.5 mM EDTA solution in PBS (1 mL per well) at room temperature for 
approximately 6 min. The dissociated cells were then plated on Matri
gel®-coated 6-well plates at the density of 0.1-0.15 × 106 cells per well 
in mTeSR Plus medium. The cells were maintained in mTeSR Plus me
dium for 3–4 days, with daily medium changes, until reaching 80–90 % 
confluence. On day 0, the medium was replaced with 4 mL of 
insulin-free RPMI/B27 containing 7 μM CHIR99021. After 24h (day 1), 
the medium was switched to 5 mL of insulin-free RPMI/B27 and 
maintained for an additional 24 h (day 2). Then, the media was 
removed, and 2.5 mL of hiCF differentiation medium (hCFBM) con
taining 70 ng/uL bFGF was added per well for another 48 h (day 4). 
Following day 4, cells were provided with 2.5 mL hCFBM supplemented 
with 70 ng/uL bFGF every other day until day 20 when cells were 
passaged and cryopreserved for future use. Beyond day 20, the differ
entiated hiCFs were either cryopreserved or passaged and maintained in 

FGM3 media.

2.2.4. Formation of the electroconductive HOC (eHOC) model
GNRs were first synthesized and characterized following the pro

cedures detailed in our previously published papers [29]. To nano
engineer the electrically active scaffolds, concentrated GNRs were 
incorporated into hydrogels composed of Col-I:Matrigel® (80:20) with 
final concentrations of 0.0 mg/mL, 0.2 mg/mL, and 0.5 mg/mL, and 1.0 
mg/mL. The hydrogel prepolymer solutions were thoroughly mixed and 
maintained on ice until their final use in the HOC devices. Scanning 
electron microscopy (SEM) imaging (Zeiss Auriga) was employed to 
assess the ultrastructure and porosity of the lyophilized hydrogel scaf
folds. The hydrogel scaffolds underwent freezing in liquid nitrogen, 
lyophilization, and carbon coating. They were then imaged at 5 kV. For 
assessing the distribution of the GNRs within the hydrogel scaffold, 80 μl 
of the hydrogel prepolymer were pipetted into 1.7 mL microcentrifuge 
and crosslinked for 25 min at 37 ◦C. Then hydrogel scaffolds were frozen 
in liquid nitrogen, lyophilized, and gold coated. They were then imaged 
at 5 kV.

For evaluating the electrical conductivity properties, a two-probe 
measurement method using an electrochemical impedance spectros
copy (EIS) potentiostat was employed to assess the impedance of the 
nanoengineered hydrogel scaffolds. Specifically, hydrogel scaffolds 
(HOC-0.0, eHOC-0.2, eHOC-0.5, and eHOC-1.0) were prepared as 
mentioned above and loaded between two glass slides coated with in
dium tin oxide. At a 10-mV applied voltage, the impedance of each 
hydrogel scaffold was examined from 1.0 Hz to 100 kHz. The mechan
ical characterization of hydrogels composed of Col-I: Matrigel® (80:20) 
with final GNR concentrations of 0.0 mg/mL, 0.2 mg/mL, 0.5 mg/mL, 
and 1.0 mg/mL was measured by analyzing their compressive modulus. 
Specifically, 70 μl of the prepolymer solutions were pipetted into cy
lindrical molds and crosslinked for 25 min at 37 ◦C. Then, the 
compressive modulus was measured at a rate of 13 μm/s on an Instron 
(Instron 5943, 50 N load cell). The modulus was calculated by analyzing 
the slope of the linear region corresponding to 1–5 % strain in the stress 
vs. strain curve.

Differentiated hiCMs and hiCFs from hiPSCs were then encapsulated 
within the nanoengineered hydrogel scaffolds, achieving a final seeding 
density of 35 M/mL, with a hiCMs to hiCFs ratio of 4:1. The ratio of 
hiCMs: hiCFs were experimentally determined, based on our previous 
study [18]. The hydrogel-cell mixture was gently pipetted up and down 
to ensure the homogenous distribution of cells within the scaffolds. To 
form the cardiac tissues, approximately 3 μL of each nanoengineered 
hydrogel-cell combination (containing approximately 100K cells/de
vice) was injected into individual devices resulting in HOC-0.0, 
eHOC-0.2, eHOC-0.5, and eHOC-1.0. The hydrogel cell mixture was 
carefully injected into the tissue region, ensuring that the tissue region 
was completely covered. After injection, devices were cross-linked for 
18 min at 37 ◦C with an intermediate flipping step at 9 min. The 
established tissues were cultured for 14 days in RPMI + B27 plus insulin, 
and the media was exchanged every day. The tissue filled the entire 
culture region within the HOC surrounded by two media channels. The 
size of the established tissue was about 200 μm in length and 100 μm in 
height.

2.2.5. Cell viability assay
A Live/Dead kit was employed following the manufacturer’s in

structions. The combination of hiCMs and hiCFs in a 4:1 ratio, encap
sulated within nanoengineered hydrogel scaffolds, was cultured for 2 
days in the HOC model. Subsequently, the samples were then gently 
washed once with 1X PBS. The tissues were immersed in a solution 
containing 4 μM EthD-1 and 2 μM calcein-AM for 20 min at room tem
perature. Following this incubation, the samples were washed with 1X 
PBS before imaging.
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2.2.6. Immunofluorescence (IF) staining
On day 14 of the culture, the spent medium was gently aspirated 

from the medium channels, and the cardiac tissues were washed once 
with 1X PBS before fixation in 4 % paraformaldehyde for 15 min at 
37 ◦C. Following fixation, the samples underwent three washes with 
PBS-glycine, each lasting 10 min at room temperature. Subsequently, 
cell permeabilization was achieved with Triton-X-100 (1 %) for 30 min 
at room temperature. The tissues were then blocked using a solution of 
goat serum in PBS-tween-20 (10 %) for 1 h at room temperature. Next, 
primary antibodies were diluted in the same blocking solution and 
injected into the medium channels followed by overnight incubation at 
4 ◦C. The primary antibodies used in this study included Alexa Fluor 488 
Phalloidin (1:1000), mouse monoclonal anti-sarcomeric alpha-actinin 
(1:100), and rabbit polyclonal anti-connexin 43 (1:100). After the 
overnight incubation, the tissues were washed at room temperature five 
times with PBS-tween-20, each lasting 10 min. Secondary antibodies 
were then diluted in 4’,6-diamidino-1-phenylindole (DAPI) (1:1000) 
and centrifuged at 18.8k g for 10 min to remove aggregates and impu
rities. The tissues were stained with secondary antibodies for 1 h at room 
temperature. In this study, Alexa Fluor 488 goat anti-rabbit (1:400) and 
Alexa Fluor 647 goat anti-mouse (1:400) were used as secondary anti
bodies. Imaging was conducted at 63X and 100X magnifications using 
confocal microscopy for the samples stained with SAA/Cx43. Other 
stained samples were analyzed using a Zeiss microscope (Observer Z1) 
equipped with Apotome2 at 10X and 20X objectives. Finally, the Fiji 
software [46] was used to process the z-stack images.

2.2.7. Analyses of contractility and beating behavior of cardiac tissues
The analysis of cardiac tissue beating behavior followed the meth

odology described in our recent publications [18,20]. Briefly, cardiac 
tissue samples were positioned on the stage of a Zeiss microscope, and 
phase-contrast images were captured on day 14 of the culture using a 
10X objective. Time-lapse images (25 fps) were recorded (10X) for 20s 
on day 14 to observe the spontaneous contractions of the cardiac tissues. 
Information regarding beating patterns, beats per minute (BPM), and 
inter-beat interval variability (IIV) was extracted using a custom-written 
MATLAB code. To assess IIV, the contraction peaks and their corre
sponding times were extracted from the recorded videos using MATLAB 
code. The standard deviation of the contraction peak times was then 
calculated and reported as IIV, serving as a measure of beating regu
larity. Additionally, motion data, including contraction amplitude and 
relaxation time of the spontaneously beating cardiac tissues, was also 
extracted from the recorded videos (35 frames per second (fps)) using 
the open-source macro MUSCLEMOTION for Image J [47].

2.2.8. Electrophysiological analysis of the cardiac tissues
For calcium transient imaging, 14-day-old tissues underwent incu

bation with the calcium indicator (Fluo-4-AM in Pluronic) at 37 ◦C for 
45 min, followed by rinsing in Tyrode’s solution at 37 ◦C for 25 min. 
Videos were recorded with a 60 ms exposure time at 16.3 fps using a 
Zeiss fluorescence microscope at 488 nm wavelength. To generate cal
cium spike traces, the recorded videos were analyzed using the Fiji 
software [46], and the background fluorescence intensity was sub
tracted from the fluorescence intensity of calcium spikes (F), resulting in 
background-corrected changes in fluorescence values for each frame 
(ΔF). The ΔF values were then divided by the minimum fluorescence 
intensity of calcium spikes from the same spot to obtain ΔF/F0 values 
and plotted against time [48].

2.2.9. Gene expression
Reverse-transcription quantitative polymerase chain reaction (RT- 

qPCR) was employed to assess the relative expression levels of a set of 
cardiac-specific genes. After a two-week culture period, the cardiac 
tissues developed on the hydrogel scaffolds underwent incubation with 
prewarmed Collagenase-I (4 mg/mL) at 37 ◦C for 45 min. The digested 
cells were then collected in Eppendorf tubes and centrifuged for 3 min at 

300 g. After discarding the supernatant, the pellets were lysed using a 
lysis buffer (250 μL). Subsequently, RNA extraction from the cell lysates 
was carried out using the Quick-RNA MicroPrep Kit (Zymo Research; 
Cat# R1050) in accordance with the manufacturer’s protocol. The pu
rity and concentration of the extracted RNA were analyzed through 260/ 
280 nm absorbance using the Nanodrop One instrument (Thermo Sci
entific). Following this, iScript Reverse Transcriptase Supermix (Bio
Rad) was used to synthesize cDNA from the extracted RNA. The 
synthesized cDNA was then analyzed through qPCR using the iTaq 
Universal SYBR Green Supermix (Bio-Rad). Melt curve analysis and 
verification of qPCR product size were employed to validate the desig
nated set of primers as shown in Table S2. The qTower 2.0 was then 
utilized for qPCR analysis 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) 
prior to culture on hydrogel scaffolds was utilized for normalizing the 
relative gene expression levels. The row Z-score for each gene was 
calculated based on the fold changes of each experimental group and 
presented in an expression heatmap using GraphPad Prism software.

2.2.10. Single-cell RNA sequencing (scRNA-seq)
On day 14 of culture, cardiac tissues formed within HOC-0.0 and 

eHOC-0.5 were dissociated into single cells using Collagenase-I at 37 ◦C 
for 45 min. The dissociated cells were passed through 70-μm filters to 
generate a homogenous single-cell suspension. Once single-cell sus
pensions were achieved, cardiac cells were fixed following the PARSE 
Biosciences EvercodeTM Fixation manual. scRNA-seq libraries were pre
pared using the PARSE Biosciences kit (WT Mini V2) following the 
manufacturer’s protocol. In brief, 18,000 cells from three groups (two 
biological replicates for each condition resulting in 6 samples) were split 
into 12 wells for the first round of sample barcoding, and the final 
pooled cells were divided into two equal libraries for sequencing. Li
braries were subsequently sequenced on a NovaSEQ6000. Following 
this, the raw sequencing data obtained from the experiments were pre- 
processed using the pipeline supplied by Parse Biosciences (v1.1.1). The 
reference genome and annotation files used in the data processing are 
GRCh38 and Ensemble 110. The function ‵ReadParseBio‵ in Seurat 
(v4.4.0) was used to read the count matrix in the output of Parse Bio
sciences pipeline. As of the count matrix, the genes that are detected in 
at least 12 cells were kept. Also, pseudogenes were excluded from the 
matrix. The following criteria were used for filtering out cells: 1) total 
counts per cell <200,000; 2) number of detected genes per cell <15,000. 
For the remaining 5789 cells after filtering, the cell cycle scores were 
calculated using the function ‘CellCycleScoring’. The filtered count 
matrix was normalized using the function ‘SCTransform’ to mitigate 
technical variability across cells. During normalization, mitochondrial 
mapping percentage and cell cycle scores were considered as con
founding sources of variation and removed. All remaining genes in the 
normalized matrix were used to perform a Principal Component Anal
ysis (PCA). At a resolution of 0.7, cell clustering analysis by the Louvain 
algorithm was performed using the first 50 principal components, 
resulting in a total of 12 clusters. Uniform Manifold Approximation and 
Projection (UMAP) was employed to visualize the high-dimensional data 
in two dimensions. The cell type of each cluster was determined based 
on the average expression levels of marker genes within each cluster.

To identify differentially expressed genes (DEGs) in cardiomyocytes 
across different treatment groups, the average expression levels for 
cardiomyocytes in each sample were calculated using the Aver
ageExpression function in Seurat. An ANOVA was then performed to 
compare the expression levels across the three treatment groups. Genes 
with a p-value less than 0.05 were considered significantly differentially 
expressed in at least one treatment group. These genes were used to 
generate the heatmap, where the average expression levels were stan
dardized using Z-score transformation. For group-wise analysis, the two 
replicates for each treatment group were combined, and differential 
expression analysis was performed on cardiomyocytes using the 
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FindMarkers function in Seurat. A volcano plot was generated to visu
alize the results, with genes having an adjusted p-value less than 1e-10 
considered significantly differentially expressed. Mitochondrial genes 
were excluded from the analysis.

To compare the expression levels of cardiomyocytes between 3D and 
2D cultures, the FindMarkers function was used to perform differential 
expression analysis for each cardiomyocyte cluster. The results were 
visualized using a volcano plot. The FindAllMarkers function was used 
to identify the top upregulated genes in each cluster. For the top two 
upregulated genes in each cluster, the VlnPlot function was used to 
generate violin plots to visualize their expression differences across 
clusters.

The raw counts of cardiomyocytes in the scRNA-seq data were 
aggregated based on conditions. The expression levels of genes related to 
structural, conduction, and calcium handling were CPM-normalized and 
then log-transformed. The transformed data was visualized using a 
heatmap.

For pathway enrichment analysis, identified DEGs were filtered 
based on an adjusted p-value cutoff of less than 0.01 to generate upre
gulated and downregulated gene lists. Mitochondrial and ribosomal 
protein genes were excluded from these lists. Pathway enrichment 
analysis was performed using the enrichKEGG function from the clus
terProfiler package. Pathways with a p-value less than 0.01 were visu
alized using a bar plot. From the enriched pathways, selected pathways 
of interest were further visualized using the cnetplot function to create 
gene-concept networks.

For comparison with human in vivo samples, Raw FASTQ data were 
downloaded from public repository NCBI GEO/SRA, with Fetal_120 
(SRR643778), Fetal_91 (SRR643779), and four LV samples 
(SRR577587, SRR577588, SRR577589, SRR577590). These data were 
aligned to the reference genome using STAR, and gene counts were 
obtained for each sample. For the LV samples, gene counts from the four 
runs were averaged and rounded to produce a composite LV_avg dataset. 
An expression matrix was constructed using Fetal_120, Fetal_91, and 
LV_avg. Lowly expressed genes and mitochondrial genes were filtered 
out, and the matrix was normalized using the TMM method. Pairwise 
differential expression analysis between the three samples was con
ducted using the exactTest function in edgeR, with the biological coef
ficient of variation (bcv) set to 0.4. Genes with an FDR <0.05 were 
considered differentially expressed. The union of differentially 
expressed genes (DEGs) from all pairwise comparisons was taken as the 
DEG list for bulk data, which was then intersected with the DEG list from 
3D model to obtain the final DEG list. For single-cell RNA sequencing 
data from 3D model, only cardiomyocytes were kept. Raw counts were 
extracted for each cell and normalized using counts per million (CPM) 
normalization. For comparison with human in vivo samples, Raw FASTQ 
data were downloaded from public repository NCBI GEO/SRA, with 
Fetal_120 (SRR643778), Fetal_91 (SRR643779), and four LV samples 
(SRR577587, SRR577588, SRR577589, SRR577590). These data were 
aligned to the reference genome using STAR, and gene counts were 
obtained for each sample. For the LV samples, gene counts from the four 
runs were averaged and rounded to produce a composite LV-avg dataset. 
An expression matrix was constructed using 91-day fetus heart sample, 
120-day fetus heart sample, and adult LV sample. Lowly expressed genes 
and mitochondrial genes were filtered out, and the matrix was 
normalized using the TMM method. Differential expression analysis 
between fetus heart samples and adult LV sample was conducted using 
the exactTest function in edgeR, with the biological coefficient of vari
ation (bcv) set to 0.4. Genes with an FDR <0.01 were considered 
differentially expressed. The DEGs from bulk data were then intersected 
with the DEGs from the 3D model (Supplementary table 3) to obtain 
the final DEG list. For single-cell RNA sequencing data from the 3D 
model, only cardiomyocytes were kept. Raw counts were extracted for 
each cell and normalized using Counts per million (CPM) normalization. 
The mean expression for each treatment group was calculated to 
generate the single-cell expression matrix. The CPM normalized bulk 

expression matrix and single-cell expression matrix were then trans
formed to log2 scale and followed by Z-score standardization separately. 
Heatmaps were generated to visualize the results.

2.2.11. Statistical analysis
Unless otherwise stated, all quantitative data were presented as 

means ± standard deviation (SD) with three biological replicates. One- 
way ANOVA with Tukey’s post-hoc analysis 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. For differential 
expression and pathway analysis for scRNA-seq data, p-values were 
adjusted for multiple testing by the Benjamini-Hochberg’s False Dis
covery Rate (FDR) method.

3. Results

3.1. Development of electroconductive heart-on-a-chip (eHOC) model

The development of biomimetic HOC models utilizing human 
induced pluripotent stem cells (hiPSCs) has been a promising approach 
for cardiac research [13–18]. Despite significant advancements, elec
troconductivity features, which are an inherent characteristic of native 
human myocardial tissue, are often neglected when developing the 
biomimetic microenvironment within the HOC models. To address this, 
we aimed to incorporate electrically active (i.e., conductive) hydrogel 
scaffolding biomaterial within an HOC model to replicate the electro
conductive microenvironment of the native heart tissues. The schematic 
overview of the development of the electroconductive HOC (referred to 
as eHOC) model is depicted in Fig. 1A. Similar to our recently published 
studies [18–20], elliptical-shaped microposts were integrated into the 
tissue channel of the HOC model for anisotropic alignment of cardiac 
tissues, mimicking the natural alignment found in native human 
myocardium. To form the tissue within the HOC model, we primarily 
nanoengineered electrically active hydrogel scaffolds, utilizing electro
conductive gold nanorods (GNRs) embedded within a cocktail of Col-I: 
Matrigel® hydrogel scaffolds for cellular encapsulation and injection 
into the tissue region of the microfluidic HOC model (Fig. 1A). The 
GNRs, synthesized based on established protocols of ours and others [29,
49], and characterized using UV–Vis spectra analysis, revealed the 
presence of transverse surface plasmon resonance (TSPR) and longitu
dinal surface plasmon resonance (LSPR) around 510 nm and 790 nm, 
respectively (Fig. S1A). The TSPR and LSPR correspond to the formation 
of rod-shaped gold nanoparticles associated with the short and long axis, 
respectively. Further analysis of GNRs using transmission electron mi
croscopy (TEM) imaging confirmed the synthesis of a pure population of 
these nanoparticles (Fig. S1B). Consistent with our recent studies [29,
39], GNRs with an aspect ratio of approximately 4.0 (length/diameter) 
and approximate dimensions of 43 nm in length and 12 nm in diameter 
were used in this study.

The concentrations of GNRs in the hydrogel solutions were measured 
using a standard curve, as described in our recent publication [39]. 
Various studies, including ours, have explored different concentrations 
of GNRs ranging from 0.1 to 1.0 mg/mL within hydrogel scaffolds to 
generate an electroconductive microenvironment for cardiac tissue en
gineering [29,50,51]. To identify the optimal concentration of GNRs 
within the 3D HOC model, we developed four experimental groups by 
incorporating 0.0 mg/mL (HOC, as Control), 0.2 mg/mL (eHOC-0.2), 
0.5 mg/mL (eHOC-0.5), and 1.0 mg/mL (eHOC-1.0) of GNRs into the 
Col-I: Matrigel® hydrogel matrix (Fig. S1C). To form the cardiac tissues, 
a co-culture of isogenic hiCMs and hiCFs with a 4:1 ratio and a final 
seeding density of 35 M/mL was encapsulated within the nano
engineered electrically conductive hydrogel prepolymer solutions, 
within the designated experimental condition, followed by gentle 
pipetting to ensure the homogenous distribution of cardiac cells within 
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Fig. 1. Development of electroconductive Heart-on-a-chip (eHOC) model. A) A schematic illustration of the components of the eHOC model. Isogenic hiCMs and 
hiCFs encapsulated within nanoengineered electrically active hydrogel scaffolds. Representative image of the actual HOC placed on a microscope stage (bottom left), 
bright field image of the tissue within the eHOC model captured on day 14 (bottom middle), and IF image of the 14 days cardiac tissue stained for SAA and DAPI 
showing the alignment of the sarcomere structures (bottom right). B) Characterization of the nanoengineered hydrogel scaffolds used in HOC-0.0, eHOC-0.2, eHOC- 
0.5, and eHOC-1.0, using SEM imaging (cross-sectional view). No apparent differences were observed in the morphology of hydrogel scaffolds with various con
centrations of GNRs (i), and closer examination of the scaffold demonstrated distribution of GNRs in the matrix across various experimental conditions (ii). The scale 
bar is 50 μm (top panel) and scale bar 2 μm (bottom panel). C) Conductivity analysis of the nanoengineered hydrogel scaffolds measured by two-point probe analyses. 
Bode diagram of the nanoengineered hydrogel scaffolds at various frequencies (i) and impedance of these hydrogel scaffolds at 1.0 Hz measured by EIS Potentiostat 
(ii). Data were expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, ***p < 0.001, and ns (not significant) (one-way ANOVA with a Tukey’s post-hoc test, 
n = 3).
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the scaffolds. Then, approximately 3 μL of each cell-hydrogel mixture 
(containing approximately 100K cells/device) was injected into the 
cardiac tissue channel of the HOC model, followed by incubation at 
37 ◦C for the gelation of the hydrogel scaffolds. Similar to our previous 
studies on the development of cardiac tissues in the 3D HOC model [18], 
the tissues in this study were also cultured for 14 days before conducting 
downstream biological assessments. A representative photo of the 
microfluidic HOC along with the formed cardiac tissue within the chip, 
exhibiting a highly organized structure, has been shown in Fig. 1A.

Despite using various concentrations of GNRs embedded within the 
hydrogel scaffolds, no apparent differences were observed in the struc
ture of the nanoengineered hydrogel scaffolds revealed by SEM 
(Fig. 1B). SEM images revealed a porous structure in the hydrogel 
mixture (Fig. 1B(i)), while higher magnification analysis showed the 
distribution of the GNRs within the matrix (Fig. 1B(ii)). Specifically, we 
noted differences in GNR distribution within the hydrogel matrix, with 
more GNR present throughout the scaffold in the case of eHOC-1.0 
(highest concentration of GNRs) and the absence of GNR in HOC-0.0 
(Control) as expected. On the other hand, eHOC-0.5 and eHOC-0.2 
exhibited lower GNRs as compared to eHOC-1.0, confirming the dif
ferences across experimental conditions. No significant differences in 
the GNRs distribution were observed between eHOC-0.5 and eHOC-0.2 
groups (Fig. 1B(ii)). Additionally, we also measured the mechanical 
property of the nanoengineered hydrogel scaffolds through compressive 
testing, to ensure the physiological stiffness of the synthesized material 
before encapsulation of the cells [52]. Quantification of the compressive 
modulus revealed the stiffness across various groups remained the same 
irrespective of the addition of the GNRs (Fig. S1D). Impedance analysis 
was then conducted to assess the effect of GNRs on the conductivity of 
the nanoengineered hydrogel scaffolds. Previous studies have reported 
that increasing GNR content within hydrogel scaffolds resulted in 
enhanced conductivity, as indicated by reduced impedance of the tested 
scaffolds [29]. The Bode diagram extracted from the two-point mea
surement setup illustrated that the impedance of hydrogel matrices 
formed within eHOC-0.2, eHOC-0.5, and eHOC-1.0 was lower than that 
of eHOC-0.0 across the entire frequency range (Fig. 1C(i)). Additionally, 
the impedance of the hydrogel matrices was quantitatively measured at 
1.0 Hz. It was observed that the impedance of the GNR-embedded 
hydrogel matrices, within the eHOC models, was significantly reduced 
— approximately 0.6-fold for eHOC-0.2 and 2-fold for eHOC-0.5 and 
eHOC-1.0 conditions as compared to control HOC (0.0 GNRs) (Fig. 1C 
(ii)). Interestingly, while there was a reduction in the impedance of 
eHOC-1.0 compared to eHOC-0.5, the two-fold increase in GNR con
centration did not lead to a significant increase in the electrical con
ductivity of this group. In summary, eHOC models with varying levels of 
electroconductivity were developed by incorporating various concen
trations of GNRs within the hydrogel scaffolds.

3.2. Viability and cytoskeleton analysis of the cardiac tissues formed in 
eHOC model

For biological studies, initially, a live and dead assay was performed 
to evaluate the cytocompatibility of the HOC models on day 3 of culture. 
It was revealed that eHOC models had no negative impact on the 
viability of the cardiac cells, with viability reaching approximately 95 
%, similar to the control group (Fig. 2A and Fig. S2). Since no significant 
differences in cytotoxicity were observed among the HOC models, we 
continued our biological analysis with all the designated experimental 
groups (HOC, eHOC-0.2, eHOC-0.5, and eHOC-1.0).

Next, we evaluated the morphology of the cardiac tissues within the 
3D eHOC models. Phase-contrast images from day 3 of culture demon
strated that cardiac cells were homogenously distributed within the 
cardiac tissue channels of the HOC models, with no apparent difference 
among the conditions (Fig. S3A). Phase-contrast images from day 14 of 
culture (Fig. S3B) revealed that cardiac cells formed tissue bundles be
tween the microposts of the HOCs, resulting in narrower tissue 

morphology, possibly due to contraction of the encapsulated hiCMs, as 
observed in our previous studies [18–20]. To further evaluate the 
cytoskeleton and ultrastructure of cardiac tissues within the HOC model, 
the tissues were stained against F-actin fibers. While no apparent dif
ferences were observed among the cardiac tissues formed within the 
eHOCs with lower concentrations of GNRs (i.e., eHOC-0.2 and 
eHOC-0.5), in contrast cardiac cells within the eHOC-1.0 did not form a 
robust tissue structure bundle (Fig. 2B and Figs. S4–S5A). In our recent 
publication, the integrated microposts within the HOC model were 
found to enhance tissue alignment and the directionality of cardiac tis
sues over time [18]. Similarly, in this work, our quantitative analysis of 
cardiac tissue fibers showed that the presence of GNRs within the tissue 
microenvironment did not significantly impact fiber directionality, 
where majority of tissue fibers were oriented around −20 and −30◦ due 
to the presence of the microposts within the tissue region of the chip. 
(Fig. 2C). However, with higher concentrations of GNRs, namely 
eHOC-1.0, there was a significant reduction in coherency values, an 
index of the directionality of the tissue (Fig. 2D), indicating less aligned 
cardiac tissues in this culture condition. Based on these assessments, we 
speculate that less directional fiber formation in eHOC-1.0 within the 
model system was due to the lack of efficient cell-cell and cell-matrix 
interactions in the presence of high concentrations of GNRs.

To evaluate whether the 3D eHOC models influenced cardiac-specific 
markers involved in the contractile apparatus machinery of hiCMs, the 
tissues were fixed at day 14 and stained for sarcomeric alpha-actinin 
(SAA) and connexin 43 (Cx43). The sarcomere structure of hiCMs was 
found to be elongated along the axis of the tissue, likely due to the in
fluence of the passive tension between the microposts exerted by the 
contraction-relaxation of the cells. While hiCMs in HOC-0.0, eHOC-0.2, 
and eHOC-0.5 groups developed striated and well-established sarcomere 
and Cx43 structures, cardiac tissues in eHOC-1.0 condition exhibited an 
irregular, disorganized sarcomere structure (Fig. 2E and Fig. S5B). We 
speculate that the highest concentration of GNRs within the eHOC 
model (1.0 mg/mL) may have disrupted cellular attachment moieties 
with the hydrogel scaffold, resulting in reduced cell-matrix interaction 
and subsequently disorganized sarcomere structure. Collectively, these 
data suggest that although a higher concentration of GNRs resulted in 
improved electroconductivity of the HOC model, it does not necessarily 
support structural formation of robust and functional cardiac tissues, 
emphasizing the necessity of optimization of GNR concentration within 
the 3D cardiac microenvironment.

3.3. Contractile function of cardiac tissues within eHOC model

While individual hiCMs are functionally underdeveloped and 
represent fetal CMs [53], their contractile functionality has been 
tremendously improved within engineered cardiac tissues in vitro [37,
42,54]. Due to observed differences in the sarcomere structure across 
the designated experimental conditions, revealed by the SAA-stained 
images, we aimed to assess the influence of the eHOC models on the 
contractile function of the cardiac tissues. Specifically, we assessed the 
spontaneous contractile function of the cardiac tissues through beats per 
minute (BPM), interbeat interval variability (IIV), contraction ampli
tude, and relaxation time. Cardiac cells started to beat around 2–3 days 
after injection into the tissue region of the HOC-0.0, eHOC-0.2, 
eHOC-0.5, and eHOC-1.0 models. However, the beating frequencies of 
the cardiac tissues evolved over time, and on day 14 of culture, videos 
were recorded for contractile function analysis. The spontaneous 
beating patterns of the cardiac tissues are shown in Fig. 3A (Supple
mentary Video S1). While the beating pattern of cardiac tissues formed 
within HOC-0.0, eHOC-0.2, and eHOC-0.5 had a regular beating pattern, 
the cardiac tissues in eHOC-1.0 exhibited irregular contractility. Spe
cifically, quantification of BPM data did not show any significant dif
ference between HOC-0.0, eHOC-0.2, and eHOC-0.5 conditions; 
however, the cardiac tissues formed in eHOC-1.0 exhibited a signifi
cantly lower BPM (Fig. 3B). Notably, while there was no difference in 
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Fig. 2. Evaluation of cardiac tissues formed within the eHOC model. A) Viability of cardiac cells cultured within HOC-0.0, eHOC-0.2, eHOC-0.5, and eHOC-1.0 
models for 3 days. The scale bar is 200 μm. B) IF images of cardiac tissues formed within HOC-0.0, eHOC-0.2, eHOC-0.5, and eHOC-1.0 on day 14, stained for F-actin 
(green) and nuclei (blue). The scale bar is 100 μm. C) Fiber directionality assessment of the F-actin-stained images of the cardiac tissues formed within the HOC 
models on day 14 of culture. Data were expressed as mean ± standard deviation (n = 3). D) Coherency analysis of the cardiac tissues formed in the HOC models. Data 
were expressed as mean ± standard deviation. *p < 0.05 and **p < 0.01 (one-way ANOVA with a Tukey’s post-hoc test, n = 3). E) IF images of cardiac tissues formed 
within HOC-0.0, eHOC-0.2, eHOC-0.5, and eHOC-1.0 models on day 14, stained for alpha-actinin (green), Cx43 (red), and nuclei (blue). The scale bar is 50 μm. (For 
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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the IIV among HOC-0.0, eHOC-0.2, and eHOC-1.0 conditions, the car
diac tissues formed within the eHOC-0.5 condition exhibited a signifi
cantly lower IIV compared to the other experimental groups (Fig. 3C). 
The significantly lower IIV in the eHOC-0.5 group corresponds to 
enhanced rhythmic and synchronous contractility of the formed cardiac 
tissue, potentially, due to the improved development and functional 
maturation of hiCMs, which facilitated electrical signal propagation. 
This is also consistent with other studies utilizing electrically active 
hydrogel scaffolds for cardiac tissue engineering [37,54]. Furthermore, 
although the contraction amplitude and relaxation time, measured by 
MUSCLEMOTION plugin software, were not significantly different 
among HOC-0.0, eHOC-0.2, and eHOC-0.5 conditions, they were 
significantly lower in the eHOC-1.0 group compared to the other 
experimental groups (Fig. 3D and E). The reduced contractile func
tionality of the cardiac tissues formed within the eHOC-1.0 group cor
responded well with the disorganized sarcomere structure of the cardiac 
tissues formed within this condition as shown in Fig. 2E. Consistently, an 
underdeveloped sarcomere structure has been shown to be associated 
with nonfunctional contractility in previous study [7]. Additionally, the 
underdeveloped hiCMs within the eHOC-1.0 condition and reduced 
cell-cell crosstalk could have resulted in diminished functionality of 
hiCMs and the overall 3D tissue, causing these cells to beat individually 
rather than in a synchronized, coordinated, and cohesive manner. 
Overall, this finding reveals the impact of different degrees of conduc
tivity on the functional aspect of the established cardiac tissue.

Supplementary data related to this article can be found online at 
https://doi.org/10.1016/j.biomaterials.2025.123275

3.4. Ca2+ transients of the cardiac tissues formed within the eHOC model

In addition to the importance of an organized and striated sarcomere 
structure, enhanced electrical coupling of hiCMs is also vital for the 
formation of functional cardiac tissues [54]. To determine the impact of 
the eHOC model on the Ca2+ handling capabilities of cardiac tissues, 
changes in intracellular Ca2+ levels were monitored using a 
Ca2+-sensing fluorescent dye (Fig. 4 and Supplementary Video S2). Ca2+

transient images from at least three regions of interest (ROI) were 
recorded for each group. The patterns of the Ca2+ spikes are shown in 
Fig. 4A. The cardiac tissues formed in the HOC-0.0 (control) and 
eHOC-1.0 (high concentration of GNRs) groups exhibited asynchronous 
calcium flux peaks at different subregions (Fig. 4A). In contrast, a more 
synchronous calcium flux was observed in the subregions of cardiac 
tissues formed within the eHOC-0.2 and eHOC-0.5 groups (Fig. 4A). This 
observation was further confirmed through quantitative analysis of the 
calcium transients, measured through IIV, which showed significantly 
lower beating variability for the cardiac tissue, specifically formed 
within the eHOC-0.5 condition (Fig. 4B). Additionally, further quanti
tative analysis of the calcium transients revealed that the normalized 
average change in fluorescence intensity was significantly higher in 
cardiac tissues formed within the eHOC-0.5 condition compared to other

experimental groups (Fig. 4C). The reduced Ca2+ flux synchronicity 
and intensity in the eHOC-1.0 group align well with the contractile 
function analysis and assessment as demonstrated in Fig. 3. On the other 
hand, the enhanced Ca2+ transient properties of the cardiac tissues 
within the eHOC-0.5 group could be attributed to the improved devel
opment and more efficient coupling of hiCMs. These observations are 
consistent with recent studies where an electrically active microenvi
ronment utilizing reduced graphene oxide (rGO) [54] and 

Fig. 3. Spontaneous contractile function analysis of cardiac tissues formed within the eHOC models. A) Representative spontaneous beating signal graphs of 
cardiac tissues formed within HOC-0.0, eHOC-0.2, eHOC-0.5, and eHOC-1.0 on day 14. B) Quantitative analysis of the spontaneous beating frequencies of the cardiac 
tissues showed a significant reduction in beating numbers in the eHOC-1.0 condition compared to the other groups (one-way ANOVA with a Tukey’s post-hoc test, n 
= 4). C) Spontaneous Interbeat Interval Variability (IIV) showed enhanced beating synchronicity in the cardiac tissues formed within the eHOC-0.5 group (one-way 
ANOVA with a Tukey’s post-hoc test, n = 4). D) Quantification analysis of the contraction amplitude of the cardiac tissues formed within the HOC model did not show 
any significant difference between HOC-0.0, eHOC-0.2, and eHOC-0.5, but it was significantly lower in the eHOC-1.0 group (one-way ANOVA with a Tukey’s post-hoc 
test, n = 3). E) Quantification analysis of the relaxation time of the cardiac tissues formed within the HOC model did not show any significant difference between 
HOC-0.0, eHOC-0.2, and eHOC-0.5, but it was significantly lower in the eHOC-1.0 group (one-way ANOVA with a Tukey’s post-hoc test, n = 3). For B-D, data were 
expressed as mean ± standard deviation. *p < 0.05, **p < 0.01, and ***p < 0.001.
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spherical-shaped gold nanoparticles [37] with hiCMs exhibited 
enhanced Ca2+ transient properties within the tissue constructs.

3.5. eHOC model improves cardiac gene expression

With the observed enhancement in cardiac tissue contractile and 
calcium transient functions formed within the eHOC model, we further 
aimed to assess the expression of cardiac-specific genes using RT-qPCR. 
Specifically, we examined the expression of genes responsible for ul
trastructure (ACTN2, GJA1, MLC2A, MLC2V, TNNI3, TNNT2, MYH6, 
and MYH7) and calcium handling (ATP2A2, S100A1, RYR2, and CASQ2) 
properties [53]. Prior to using hiCMs for the formation of cardiac tissues 
within the eHOC models, the cells were maintained in 
supplement/serum-free medium for 24 h to synchronize their cell cycle 
[55]. The 14-day-old cardiac tissues formed within the eHOC models 
and an age-matched 2D monolayer control (2D-D14) were compared to 
a mixture of cells containing the same 4:1 ratio of hiCMs and hiCFs prior 
to injection into the cardiac tissue channel (referred to as D0). Since the 
eHOC-1.0 did not lead to the formation of functional cardiac tissue 

within the chip, this condition was excluded from further biological 
analysis including gene expression and scRNA-seq.

The gene expression analysis showed that the expression of ACTN2, a 
sarcomere-related gene in the adult heart [56], was significantly 
increased in the eHOC-0.5 group compared to 2D-D14 monolayer and 
HOC-0.0, where there was no change as compared to eHOC-0.2 condi
tion (Fig. 5A). Notably, The TNNI3 gene, which encodes cardiac 
troponin I, an essential component of the contractile machinery in adult 
CMs [53], also exhibited significantly increased expression in the 
eHOC-0.5 condition compared to eHOC-0.0. The upregulation of these 
genes aligned well with the collected contractility function data and the 
cardiac-specific IF images shown in Fig. 3, as ACTN2 and TNNI3 regulate 
the contraction behavior of human CMs [53,56]. Thus, the increased 
expression of these genes further suggests the enhanced functionality 
and development of hiCMs within the eHOC-0.5 group. Electrical signal 
transmission between CMs has been shown to be closely associated with 
Cx43 gap junction formation [57]. To that end, the expression of the 
GJA1, which codes for this protein, was examined. Notably, GJA1 gene 
expression was significantly increased in the eHOC-0.5 group compared 

Fig. 4. Spontaneous Ca2+ transient analysis of the cardiac tissues formed within eHOC model. A) Representative calcium transient signals for cardiac tissues formed 
within HOC-0.0, eHOC-0.2, eHOC-0.5, and eHOC-1.0. Five regions were selected per image, and the correlated signals of each region were shown on the graphs. The 
scale bar is 100 μm. B) IIV data extracted from calcium spikes of cardiac tissues formed within HOC-0.0, eHOC-0.2, eHOC-0.5, and eHOC-1.0 ON day 14 of culture 
(one-way ANOVA with a Tukey’s post-hoc test, n = 3). C) Calcium transient intensity data extracted from calcium spikes of cardiac tissues formed within HOC-0.0, 
eHOC-0.2, eHOC-0.5, and eHOC-1.0 at day 14 of culture (one-way ANOVA with a Tukey’s post-hoc test, n = 3). For B and C, data were expressed as mean ± standard 
deviation. *p < 0.05, **p < 0.01, and ***p < 0.001.
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to 2D-D14 and eHOC-0.0 groups. This observation corroborated well 
with the enhanced calcium transient properties in the eHOC-0.5 group 
(Fig. 4), suggesting better coupling of hiCMs within this condition 
compared to the rest of the experimental groups.

To better observe the overall trend of the cardiac-specific gene 
expression across the experimental conditions, the Z-scores derived from 
the average fold changes of the tissues extracted from 2D-D14, HOC-0.0, 
eHOC-0.2, and eHOC-0.5 groups were plotted in a heatmap as shown in 
Fig. 5B. Based on the heatmap representation of the data, the expression 
of the structural-related cardiac genes, MYH6 and MYH7, in the eHOC- 
0.5 group decreased and increased, respectively. MYH6 and MYH7 are 
both sarcomeric-related genes expressed during heart development with 
varying expression levels [53]. Specifically, MYH6 is associated with the 
early fetal stage, while MYH7 expression becomes more pronounced 
during the late stage of heart development [58]. A shift in the expression 
of MYH6 to MYH7 has been shown as a sign of enhanced development of 
cardiac tissues in vitro [59–61]. Examining the gene expression heatmap, 
it also becomes apparent that the shift from MYH6 to MYH7 expression 
was more pronounced in the eHOC-0.5 group. In addition to the 
structural-related genes mentioned above, calcium-related genes 
(CASQ2, RYR2, S100A1, and ATP2A2) also exhibited enhanced 
expression in the eHOC-0.5 group compared to the HOC-0.0 and 2D-D14 
monolayer conditions. These genes, associated with the sarcoplasmic 
reticulum of CMs, have been reported as major genes upregulated in 
adult hearts [53]. The increased expression of these genes, aligning well 

with enhanced Ca2+ handling properties of the cardiac tissues, specif
ically in the eHOC-0.5 group, could further suggest the enhanced 
development of hiCMs towards an adult stage within our eHOC model 
system.

3.6. scRNA-seq analysis of cardiac tissues formed within the eHOC model

The electrical conduction functional assessments and gene expres
sion analysis revealed that cardiac tissues formed within the 3D eHOC 
model exhibited improved contractile functionality, Ca2+ handling, 
sarcomere structure, as well as cardiac-specific gene expression. Next, 
we further performed scRNA-seq to mechanistically identify and char
acterize distinct transcriptional changes and enriched pathway(s) that 
may modulate the development of hiCMs within the 3D eHOC model. 
The overall schematic procedure of the experimental design for scRNA- 
seq analysis is depicted in Fig. 6A. Cell populations were evaluated from 
three distinct conditions: a single cell population containing a 4:1 ratio 
of hiCMs:hiCFs at day 0 before injection into the eHOC model (D0), a 
single cell population extracted from cardiac tissues formed within the 
3D HOC-0.0 (non-conductive control tissue), and a single cell popula
tion extracted from cardiac tissues formed within the 3D eHOC-0.5 
(Fig. 6A). Among the electroconductive eHOC groups, the eHOC-0.5 
condition was specifically selected for scRNA-seq analysis because this 
condition resulted in enhanced cardiac tissues function, as indicated by 
contractility, calcium transient, and gene expression analysis. Addi
tionally, samples from D0 were specifically considered to assess the 
overall effect of the 3D eHOC model on phenotypic signatures and the 
development of hiCMs.

Unsupervised clustering identified 12 clusters representing various 
cell types: undifferentiated hiPSCs, hiCMs, hiCFs, and non-hiCMs/-hiCFs 
(Fig. 6B). The expression of the pluripotency transcription factor POUF1 
(OCT-4) was used to identify the undifferentiated hiPSCs. The very low 
expression of the POUF1 transcription factor in the identified clusters 
demonstrated that the hiCMs and hiCFs cell pool used for the scRNA-seq 
experiments had a minimum (if any) number of undifferentiated hiPSCs 
(Fig. 6C and Fig. S6A). Based on the presence of the classic CM gene 
TNNT2 (cardiac troponin T), almost all the clusters contained hiCMs 
(Fig. 6C and Fig. S6A). Considering that hiCFs were a major population 
in our culture system, these cells predominantly appeared in 4 clusters 
(clusters 6, 8, 9, and 10), specifically identified by the presence of fi
broblasts gene markers VIM, POSTN, DDR2, THY1, FAP, and FN1 
(Fig. 6C and Fig. S6A). In some cases, cells presented multiple classical 
marker genes associated with hiCMs and a secondary cell type within the 
same cluster. For instance, in cluster 8, TNNT2+ hiCM-like cells were 
observed, and these cells also expressed TRPM3 (smooth muscle cell-like 
marker) (Fig. 6C and Fig. S6A). However, this observation is consistent 
with the in vitro differentiation protocols of hiCMs and hiCFs reported in 
other studies, where various cell types are typically generated within the 
same batch of differentiation [58,62,63]. In summary, a total of 5871 
cells were captured, of which 5789 cells were retained after quality 
control analysis (Figs. S6B and C).

Next, differentially expressed genes (DEGs) analysis was performed 
to assess the overall impact of 3D HOC-0.0 and eHOC-0.5 models on 
dysregulated genes compared to D0. The analysis revealed a significant 
transcriptional shift between the hiCMs from D0 and hiCMs from both 
3D HOC-0.0 and eHOC-0.5 groups (Fig. 6D). For the rest of the analysis, 
we primarily compared 3D groups (combined HOC-0.0 and eHOC-0.5) 
with the D0 group to examine the effects of 3D culture condition on 
the development of hiCMs. Particularly, we identified a total of 6 
different hiCMs clusters from our cluster analysis. To gain further in
sights in the expression pattern across different clusters, we compared 
the DEGs of identified hiCMs against 2D (Fig. 6E), which revealed the 
presence of different DEGs across various clusters, reflecting a 
subpopulation-specific changes within the hiCMs (Fig. 6E). Com
plementing this, comparing the distribution of gene expression levels for 
the top DEGs across each identified cluster, revealed a variability across 

Fig. 5. Gene expression analysis of cardiac tissues formed within the 
eHOC model. hiCMs were exposed to a supplement- and serum-free medium 
for 24 h before being used for the experiments. hiCMs and hiCFs were encap
sulated within the nanoengineered hydrogel scaffolds with a 4:1 ratio, injected 
into the cardiac tissues channel, and maintained for 14 days before sample 
collection for gene expression analysis. As a control for gene expression 
normalization, a portion of hiCMs and hiCFs with the same 4:1 ratio was lysed 
at Day 0 before injecting into the chips. A) Th graph represents the expression 
of the cardiac structural genes (ACTN2, GJA1, MLC2A, MLC2V, TNNI3, TNNT2, 
MYH6, and MYH7) and calcium handling genes (ATP2A2, S100A1, RYR2, and 
CASQ2) in cardiac tissues formed within HOC-0.0, eHOC-0.2, and eHOC-0.5 
compared to an aged-matched 2D monolayer condition (2D-D14). Data were 
expressed as mean ± standard deviation. *p < 0.05 and **p < 0.01 (one-way 
ANOVA with a Tukey’s post-hoc test, n = 3). B) The heatmap showing the 
expression fold changes of structural and calcium handling genes across the 
culture conditions with z-scores displayed (n = 3).
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Fig. 6. Single-cell transcriptomic analysis of hiCMs extracted from cardiac tissues formed within the 3D HOC model. A) Single-cell RNA sequencing (scRNA- 
seq) schematic highlighting the collection of singularized cardiac cells from D0, HOC-0.0, and eHOC-0.5 experimental groups followed by scRNA-seq analysis. 
Created with BioRender.com B) UMAP plot illustrating 12 clusters. Cluster IDs were assigned after clustering based on cluster size, with cluster 0 containing the most 
cells and cluster 11 containing the least. C) Violin plots indicating normalized transcript abundance of cell type marker genes by cluster. D) Differentially expressed 
genes were identified between D0, HOC-0.0, and eHOC-0.5. The heatmap indicates the transcriptional shift between hiCMs at D0, and hiCMs extracted from the 3D 
conditions (i.e., HOC-0.0 and eHOC-0.5) at day 14 of culture. E) Volcano plot illustrating the differentially expressed genes of hiCMs between 3D and 2D, analyzed for 
identified hiCMs clusters. Log2 fold change (log2FC) > 0 indicates upregulated genes in the hiCMs in 3D and log2FC < 0 indicates upregulated genes in the hiCMs in 
2D. Red: upregulated genes in 3D (p. adjust < 1e−10), Blue: downregulated genes in 3D (p. adjust < 1e−10). (For interpretation of the references to color in this figure 
legend, the reader is referred to the Web version of this article.)
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each cluster with distinct expression pattern (Fig. S6D). Together, these 
findings emphasize the transcriptional diversity within the identified 
cell clusters.

Next, combing the biological replicates together (Fig. 7A), we 
observed a similar trend in transcriptional changes across the different 
conditions. By comparing D0 and 3D hiCM samples, we identified a total 
of 1895 significantly expressed DEGs (adjusted P value < 1e-10, 
excluding mitochondrial genes), of which 275 were upregulated and 
1620 were downregulated in the 3D HOC model compared to D0 sam
ples (Table S3). The volcano plot in Fig. 7B(i) shows changes in the gene 
expression profile in response to 3D culture conditions, highlighting 
significant DEGs. Specifically, the expressions of FHL2, NFIA, A2M, 
MYL9, KCNQ1, and TNNI3K were significantly upregulated in the 3D 
conditions. In addition to the upregulation of cardiac maturation genes, 
the analysis revealed a significant downregulation of cardiac fetal-like 
genes, including HAND1, APOE, COL2A1, MYL3, and CLDN6 (Fig. 7B 
(i)). This trend aligns and is consistent with recent studies, where early- 
stage hiCMs were found to be enriched for the expression of APOE, 
COL2A1, CLDN6, and MYL3 [58].

Further, eHOC-0.5 was then compared directly with HOC-0.0 (i.e. 
non-conductive control tissue), to further delve into the impact of 
electroconductivity features of the tissue microenvironment on the 
transcriptomic profile of the cultured hiCMs. In comparison with D0 vs. 
3D, a smaller number of significant DEGs were found when comparing 
eHOC-0.5 to HOC-0.0, with specifically 48 genes upregulated and 7 
downregulated (Table S4), as highlighted in Fig. 7B(ii). Notably, key 

cardiac sarcomeric genes, including TNNT2, TTN, MYPBC3, and MYL6, 
crucial for sarcomere assembly [7], were upregulated in eHOC-0.5. This 
aligns with the results of a recent study where these genes showed 
upregulation in 3D hiPSC derived cardiac microtissues [7].

To delve deeper into the transcriptional changes in the established 
cardiac tissue in the presence of nanoengineered electrically conductive 
scaffold, we performed a DEG analysis by comparing the expression 
levels of a panel of selected marker genes associated with cardiac tissue 
structure (structural genes – Fig. 7C(i)) as well as tissue function (con
duction- Fig. 7C(ii) and calcium handling – Fig. 7C(iii)) across the three 
experimental conditions. Comparison of structural genes across condi
tions revealed the upregulation of ultrastructure genes, namely MYH6, 
TNNI3, and TNNT2 particularly in eHOC-0.5 (Fig. 7C(i)), underscoring 
the positive impact of the presence of GNRs in tuning the structural 
organization of the established tissue within the HOC model system 
[18]. Of note, TNNI1, a gene that plays a crucial role in the maturation of 
CMs during development, was found to be co-expressed in the hiCMs 
from eHOC-0.5, underscoring the developmental stage of hiCMs within 
our model [64]. Importantly, we also observed the upregulation of 
conduction genes such as KCNH2, KCNQ1, HCN1 and down-regulation 
of HCNC4 in eHOC-0.5, confirming the enhanced cardiac tissue con
ductivity. These findings are consistent with previous studies [65]. 
Furthermore, genes such as CAV3 and RYR2, which participate in cal
cium handling, were found to be upregulated in eHOC-0.5, underscoring 
the presence of hiCMs with adult-like behavior, consistent to previous 
study [65]. Based on these analyses, hiCMs within the 3D eHOC-0.5 

Fig. 7. Expanded scRNA-seq analysis of differentially expressed genes of the cardiomyocytes. A) Heatmap depicting the transcriptomic differences of hiCMs 
across the experimental conditions, excluding low-expressed genes. Heatmap color represents the Z-score transformed expression level. B) Volcano plots display 
differential expression of genes between 3D and D0 (i) and HOC-0.0 and eHOC-0.5 (i). Log2 fold change (log2FC) > 0 indicates upregulated genes in the hiCMs in 3D 
versus D0 (i) and eHOC-0.5 versus HOC-0.0 (ii), whereas log2FC < 0 indicates upregulated genes in the hiCMs in D0 versus 3D (i) and HOC-0.0 versus eHOC-0.5 (ii). 
The selected top genes are annotated on the volcano plots. Red: upregulated genes in 3D (p. adjust < 1e−10), Blue: downregulated genes in 3D (p. adjust < 1e−10) C) 
Heatmap of differential expression of selected structural (i), conduction (ii), and calcium handling genes (iii). Heatmap color represents the Z-score transformed 
expression level. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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displayed further improvement in terms of the upregulation of key 
structural genes, conduction and calcium handling genes potentially 
suggesting the positive impact of the electrical conductivity on cardiac 
tissue function, maturation and structural organization toward an adult 
phenotype. Furthermore, regardless of the electroconductivity, in 
addition to the upregulation of genes associated with the adult stage, 
cardiac fetal genes were also downregulated when hiCMs cultured 
within the 3D tissue environment of the HOC model.

An important aspect of our study was to investigate the enriched 
pathway(s) involved in the development and maturation of hiCMs 
within the engineered eHOC model. Using Kyoto Encyclopedia of Genes 
and Genomes (KEGG) database, we first assessed the significantly 
enriched pathways in 3D culture systems versus D0 samples, revealing 
that a total of 16 and 11 pathways were upregulated and downregulated, 
respectively as shown in (Fig. 8A(i)). Notably, the calcium signaling 
pathway appeared to be significantly upregulated in the 3D HOC model. 
The pathway gene network analysis further revealed that genes, 
including PDE1C, ITPR2, ITPKB, P2RX1, CHRM2, GRM1, RYR3, and 
HRH2, important for calcium handling in hiCMs, were involved in this 
upregulated pathway (Fig. 8A(ii)). Additionally, pathways such as 
neuroactive ligand-receptor interaction, protein digestion and absorp
tion, glutamatergic synapse, and cell adhesion molecules were upregu
lated, while pathways including cell cycle, FoxO signaling pathway, and 
hypertrophic cardiomyopathy were downregulated, consistent with 
other studies [7]. The upregulation of the glutamatergic synapse, which 
plays a significant role in vital cardiac functions such as rhythm and 
excitation of CMs [66,67], implies the positive impact of the 3D tissue 
formation within the microfluidic HOC model on hiCM development. 
Admittedly, genes including KCNQ1 and RYR3 important for Ca2+

handling and contraction [53], were also found to be upregulated across 
the pathways.

When comparing eHOC-0.5 to HOC-0.0 to assess the impact of 
electroconductivity on pathway enrichment, sarcomere-related genes 
such as TNNT2 were enriched in cardiac muscle contraction pathway in 
the eHOC-0.5 group (Fig. 8B(i)). During muscle contraction, myosin, a 
motor protein, and the filamentous actin protein form cross-bridges, 
allowing myosin to slide along actin, leading to length changes and 
force generation [68]. Here, myosin-related genes, including MYH6, 
MYL12A, and MYL6, were shown to be enriched in the motor protein 
pathway (Fig. 8B(ii)).

The metabolic switch from glycolysis in early-stage hiCMs to fatty 
acid oxidation in late-stage hiCMs has been previously reported [69]. 
While the fatty acid oxidation genes did not get upregulated, the genes 
associated with glycolysis were downregulated in the 3D HOC models 
(Fig. S7). However, the dysregulated genes did not enrich in a meta
bolically related signaling pathway. Collectively, calcium handling and 
sarcomere-related genes, identified through DEGs analysis, appeared to 
be enriched in calcium handling and cardiac muscle contraction path
ways consistent with the functional assessments performed earlier.

To further investigate and validate the physiological relevance and 
biomimicry of the 3D eHOC-0.5 model, we assessed the level of hiCM 
development derived from our model relative to in vivo human heart 
development. To that end, we compared the significant DEGs from the 
D0, HOC-0.0, and eHOC-0.5 samples with DEGs obtained from RNA-seq 
data of fetal and adult hearts in ENCODE [70] (Fig. 9). In total, we found 
160 common DEGs between our dataset and the published dataset of the 
human samples (Table S5). To draw an analogy between our model and 
in vivo heart development, we converted the CPM-normalized bulk 
expression matrix and single-cell expression matrix into log2 scale, 
followed by Z-score normalization, and plotted them in separate heat
maps. The analysis showed that expression of approximately 65 % of 
DEGs between D0 to 3D HOC models correlated with the same pattern as 
the changes of 91-fetal state to adult state, as highlighted in black dotted 
rectangular boxes shown in Fig. 9. Collectively, these data suggest that 
hiCMs in the 3D HOC model represent a more developmentally mature 
state compared as to hiCMs at D0 condition (in the absence of the 3D 

HOC and conductive environment).

4. Discussion

Engineering biomimetic and physiologically relevant in vitro models 
of human cardiac tissues has been the center of attention in the field in 
the past few years. When aiming to closely replicate the myocardial 
niche, it is crucial to incorporate a 3D culture microenvironment, within 
in vitro model systems, to better emulate the structural organization of 
cell-cell and cell-matrix components [71]. Several approaches, including 
cardiac organoids and engineered heart tissues (EHTs) based on the 
combination of hiCMs and biomaterials, have been widely utilized to 
replicate in vivo heart tissues [10,65]. Over the past few years, 
microfluidic-based Heart-on-a-Chip (HOC) models have emerged as 
promising technology platforms to engineer biomimetic 3D human 
myocardial-like tissues, with precise features at a micro-scale level and 
establishing microenvironments conducive to enhanced functionalities 
of hiPSC-derived cardiac tissues. While various HOC models with spe
cific novelties have been developed [13,16,18,42,72,73] thus far, the 
majority of the previously reported models lack the electrical conduc
tivity (i.e. electroconductivity) features that native heart tissues possess. 
To address this, in this work, we hypothesized that integrating electro
conductivity cues into an anisotropic microfluidic-based HOC model 
will provide more biomimetic and physiologically relevant 
hiPSC-derived cardiac tissues with enhanced functionalities, phenotype, 
and genetic signatures.

We specifically developed an electroconductive HOC model (eHOC), 
incorporating various concentrations of gold nanorods (GNRs) 
embedded within a cocktail of Collagen-I: Matrigel hydrogel matrix. The 
experimental conditions were specifically designated as HOC-0.0 (non- 
conductive control), eHOC-0.2 (0.2 mg/mL GNRs), eHOC-0.5 (0.5 mg/ 
mL GNRs) and eHOC-1.0 (1.0 mg/mL GNRs). Notably, the cardiac tis
sues formed within the eHOC-0.5 microenvironment exhibited 
improved contractile function and calcium transient features. RT-qPCR 
analysis of a set of key cardiac genes demonstrated that the enhanced 
functional properties of the cardiac tissue coincided with the upregu
lation of calcium handling and structural genes. Notably, GJA1, TNNI3, 
and ACTN2 were all significantly upregulated in the eHOC-0.5 condi
tion. These observations align well with other previous studies where 
enhanced contractile function and increased expression of genes asso
ciated with the contractile machinery were observed in cultured hiCMs 
encapsulated within gold nanoparticle-incorporated hydrogel scaffolds 
[37] or alternatively a decellularized ECM structure decorated with 
reduced graphene oxide (rGO) [54].

It is worth mentioning that the modulation of cardiac tissue envi
ronment, through the incorporation of electroconductive elements, 
could also alter structural and biophysical features of the tissue. Along 
this line of thought, as demonstrated in previous studies, the change in 
tissue stiffness due to the incorporation of GNRs was suggested as a 
potential mechanism for improved cardiac tissue function [38,50]. 
However, in a recently published study using rGO [54], along with an 
electroconductive hydrogel group, a non-conductive group with similar 
stiffness was also designed to dissect the potential role of electro
conductivity of the hydrogel matrix and the introduced stiffness, due to 
the presence of the conductive component, on cardiac tissue function. 
Notably, it was demonstrated that the relative expressions of various ion 
channels and GJA1 gene in the stiffness-matched group were lower than 
those in the electroconductive group. It was speculated that tissue 
microenvironment stiffness appears to exert a limited effect on regu
lating this subset of electrophysiological development [54]. Other 
mechanisms have been also suggested by which electroconductive mi
croenvironments enhance the functionality of cardiac tissues in vitro 
[74–76]. It has been speculated that the electroconductive components 
reduce the electrical resistance of the porous scaffolds [30], working as a 
wire to propagate the ionic currents from the beating cardiomyocytes, 
facilitating cell-cell crosstalk [27]. In our study, we also demonstrated 
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Fig. 8. Pathway enrichment analysis of the cardiac tissues formed within the HOC model. A) Pathway analysis shows enriched pathways in downregulated 
(blue) and upregulated (red) genes in 3D compared to D0 (left plot) with p-value <0.01. The right plot displays the enriched genes in the top pathways. B) Pathway 
analysis shows enriched pathways in downregulated (blue) and upregulated (red) genes in eHOC-0.5 compared to HOC-0.0 (left plot) with p-value <0.01. The right 
plot displays the enriched genes in the top pathways. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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that the electroconductive microenvironment, embedded within the 
HOC model (eHOC), enhanced the expression of sarcomere-related 
genes and proteins of the cardiac tissues, likely resulting in better car
diac tissue function. Considering all the previous literature including our 
own work, to better unveil the specific contribution of electroconductive 
materials or nanomaterials on cardiac tissue function, further mecha
nistic and in-depth studies need to be undertaken. While bulk RNAseq 
analysis has been performed on hiPSC-derived cardiac tissues embedded 
within electroconductive microenvironments through random encap
sulation of the cells within the hydrogel matrix [37], none of the pre
vious studies have utilized a more advanced mechanistic approach, 
namely scRNA-seq analysis, within a structurally biomimetic and elec
trically conducive tissue environment, resembling the native human 
myocardium, to mechanistically delve into the action of conductive el
ements (i.e., GNRs) on the enhanced functionalities and phenotype of 
cardiac tissues.

In this study, we conducted scRNA-seq analysis of cardiac tissues 
integrated with our eHOC model to further analyze the unbiased tran
scriptomic profiles of the tissue at single-cell level in response to the 3D 
tissue environment and electroconductive GNRs and to assess the bio
mimicry of our model (eHOC-0.5 model) relevant to human myocardial 
tissue. Our analysis showed that hiCMs from both the 3D HOC-0.0 and 
eHOC-0.5 models exhibited a distinct transcriptional shift compared to 
hiCMs from D0 condition (i.e., prior to injection into the chip). Stage- 
specific transcriptomic analysis of in vitro differentiated hiCMs 
revealed the downregulation of fetal genes and upregulation of adult 
genes at three months post-differentiation [58,69]. In this work, 
regardless of the electroconductivity features of the 3D HOC models, we 
observed a trend where the expression of cardiac genes associated with 
the early stage and late stage of hiCM differentiation were found to be 
significantly downregulated and upregulated, respectively. Further
more, analysis of the significantly DEGs in the 3D conditions revealed 
that COL2A1, FOS, FOSB, and CCN2 were among the top downregulated 
genes. FOS and FOSB belong to the FOS gene family, are regulators of 
cell proliferation, and their upregulation has been reported in heart 
failure [77]. CCN2 (known as connective tissue growth factor; CTGF), a 
cysteine-rich, matrix-associated, secreted protein [78], is repressed in 
healthy hearts after birth and induced in heart failure [79]. Given that 
these genes have been shown to exhibit a higher expression level in 
human fetal hearts compared to adult hearts [70], their downregulation 

in our study potentially implies the development of hiCMs toward an 
adult state in our 3D HOC model system. Notably, the 3D HOC model 
displayed the upregulation of genes involved in Ca2+ handling and 
cardiac contraction, including KCNQ1, TNNI3K, and MYL9. Similar to 
another study where the downregulation of MYL3 and upregulation of 
MYL9 have been reported in late-stage differentiated hiCMs (90 days 
old) [69], the same trend was also observed in our study where MYL3 
and MYL9 were significantly downregulated and upregulated respec
tively in our 3D HOC model compared to the D0 group. Altogether, these 
findings suggest the development and maturation of hiCMs in our 3D 
tissue model system. Interestingly, a side-by-side comparison of the 
HOC-0.0 and eHOC-0.5 models revealed the distinct role of electro
conductivity on the transcriptomic profile of hiCMs. Importantly, 
upregulation of sarcomeric-related genes, including TNNT2, TTN, 
MYBPC3, and MYL6, was observed in the eHOC-0.5 model due to the 
presence of electrically conductive GNRs within the 3D tissue model. 
Overall, the DEGs analysis through scRNA-seq supported the enhance
ments observed in the functionality of the cardiac tissues in the 
eHOC-0.5 model due to the presence of the 3D environment as well as 
electrically conductive features.

Although there is an abundance of examples demonstrating that 
electroconductive scaffolds enhance the functionality of hiCMs and 
NRVMs [35], the signaling pathways mediated by these types of mate
rials have yet to be fully elucidated. In almost all reported cases, the 
most significant improvements in performance were observed in pa
rameters related to electrical coupling, such as Cx43/GJA1 expression 
[54]. KEGG enrichment analysis in our study demonstrated that the 
DEGs were enriched in a myriad of pathways. Notably, when comparing 
the 3D HOC models against D0 experimental condition, the calcium 
signaling pathway was significantly upregulated. The enrichment of this 
pathway aligns well with the observed improved Ca2+ properties of the 
cardiac tissues demonstrated above. It is worth noting that signaling 
pathways associated with human heart diseases, including hypertrophic 
cardiomyopathy, aldosterone synthesis and secretion [80], PI3K-Akt 
signaling pathway [81], as well as Rap1 signaling pathway [82], were 
downregulated in our 3D HOC and eHOC models. However, when 
comparing eHOC-0.5 against HOC-0.0 to specifically assess the effect of 
electroconductivity feature of the tissue (i.e. due to presence of GNRs) 
on pathway enrichment, the cardiac muscle contraction and motor 
protein pathways were found to be significantly upregulated. This 

Fig. 9. Comparison of DEGs from the 3D HOC models with the published datasets from human samples. The top panel shows the differences in gene expression levels 
among D0, HOC-0.0, and eHOC-0.5. The bottom panel displays the differences in gene expression levels among the 91-day fetus heart sample, 120-day fetus heart 
sample, and adult LV sample. The expression levels have been standardized using Z-score. The genes highlighted in the black boxes show similar expression changes 
from D0 to the 3D HOC model and from fetus to adult LV.
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observation was consistent with a recent study where electroconductive 
microenvironments showed enrichment in the muscle contraction 
pathway [37]. Interestingly, the PI3K-Akt signaling pathway, and the 
aldosterone synthesis and secretion pathway were also downregulated 
in the electroconductive GNR-incorporated HOC model (eHOC), neces
sitating future studies to uncover the potential role of electro
conductivity in downregulation of these subsets of cardiac pathways.

After birth, the human CMs become more developmentally mature 
compared to their fetal forms, and their metabolism depends on fatty 
acid oxidation rather than glycolysis [53]. While the gene profile asso
ciated with fatty acid oxidation did not significantly change in our HOC 
models (either HOC-0.0 or eHOC-0.5), the genes associated with 
glycolysis metabolism, including SLC2A3, PDK1, PGAM1, HK2, PFKP, 
and GLUD1 were significantly downregulated in hiCMs cultured in the 
3D HOC models. The reduced expression of these genes has also been 
reported in hiCMs cultured in a cardiac organoid model [7]. This 
reduced expression of fetal-like metabolism genes within our 3D HOC 
models could imply that the hiCMs were more metabolically developed 
compared to the hiCMs at D0. However, further studies, such as an 
extended culture time of hiCMs within the 3D eHOC-0.5 model, are 
required to assess the expression trend of metabolic genes associated 
with adult stage longer period of culture time.

One of the important criteria for the development of reliable in vitro 
cardiac models is how and to what extent they mimic the CMs from 
native tissues. In-depth molecular-level studies, such as RNAseq, spe
cifically scRNA-seq, has enabled us to directly compare the transcription 
profile of in vitro cardiac tissues to published data sets from in vivo 
human samples. A recent study reported that the 30-day-old differenti
ated hiCMs were more representative of a fetal stage than the adult stage 
[63]. In our study, notably, we demonstrated a similar transition trend, 
when comparing the normalized 3D HOC model data to D0 and the adult 
LV to 91-day fetus samples from the published literature (i.e., 60 % of 
gene expression transformations). Despite the similarities between the 
expression patterns of cardiac genes in the 3D eHOC-0.5 model with the 
adult human LV, some transcriptome profiles were still different, sug
gesting the need for further improvements in in vitro microenvironments 
to enhance the biomimicry of cardiac tissues. Specifically, additional 
considerations could include the integration of electromechanical cues 
[65], metabolites and hormones [73], extended culture time [69], and 
making the model more complex by co-culture of other cell types, such 
as endothelial cells [7], into our 3D eHOC-0.5 model, which will be the 
subject of our future studies.

5. Conclusion

In this study, we developed a 3D electroconductive HOC (eHOC) 
model by integrating nanoengineered electroconductive hydrogel scaf
folds within a microfluidic-based model system for generation of bio
mimetic hiPSC-derived cardiac tissues. The 3D eHOC model 
demonstrated enhanced calcium transient features and improved 
contractility function. Furthermore, molecular analysis of the cardiac 
tissues through RT-qPCR also confirmed the increased expression of 
structural and calcium handling genes in the 3D eHOC model supporting 
the observed functional improvements. The biomimicry of the devel
oped model was further investigated through scRNA-seq analysis. The 
DEG analysis showed that, in addition to the downregulation of fetal- 
associated cardiac genes, adult-state cardiac genes were upregulated 
in the 3D eHOC model. We demonstrated that, regardless of the elec
troconductivity cues, the 3D HOC model displayed the enrichment of the 
calcium handling pathway. However, when comparing the 3D eHOC-0.5 
versus HOC-0.0, the cardiac contraction and motor protein pathways 
were significantly upregulated, demonstrating the positive impact of 
electroconductive cues on this subset of molecular mechanisms. 
Notably, the improved calcium handling, cardiac contractile pathways, 
and motor protein pathways align well with the observed enhancements 
in cardiac tissue function. Finally, by comparing our data set against the 

published dataset of adult and fetus hearts, we demonstrated that the 
transition from a fetal stage in D0 samples to a more functional hiCM in 
the 3D eHOC-0.5 model was similar to the same pattern observed during 
heart development from fetus to adult stage. In summary, this study 
serves as a fundamental step for engineering more biomimetic hiPSC- 
derived cardiac tissues within 3D eHOC models and potentially serves 
as a reliable platform for future disease modeling and drug testing 
studies.
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