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The preclinical evaluation of drug-induced cardiotoxicity is critical for developing novel drug, helping to avoid
drug wastage and post-marketing withdrawal. Although human induced pluripotent stem cell-derived car-
diomyocytes (iPSC-CMs) and the engineered heart organoid have been used for drug screening and mimicking
disease models, they are always limited by the immaturity and lack of functionality of the cardiomyocytes. In this
study, we constructed a Cardiomyocytes-on-a-Chip (CoC) that combines micro-grooves (MGs) and circulating
mechanical stimulation to recapitulate the well-organized structure and stable beating of myocardial tissue. The

phenotypic changes and maturation of CMs cultured on the CoC have been verified and can be used for the
evaluation of cardiotoxicity and cardioprotective drug responses. Taken together, these results highlight the
ability of our myocardial microarray platform to accurately reflect clinical behaviour, underscoring its potential
as a powerful pre-clinical tool for assessing drug response and toxicity.

1. Introduction

Cardiovascular disease (CVD), including myocardial infarction (MI),
is a major global economic burden and a leading cause of patient mor-
tality. Drug therapy is one of the primary means of treating myocardial
infarction and reducing mortality [1]. Preclinical research on
drug-induced cardiotoxicity is critical to drug development, as it is a
significant factor contributing to drug withdrawal. Drug-induced
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cardiotoxicity, a detrimental adverse event, perturbs the cardiovascular
system’s physiological equilibrium. It has emerged as a pivotal concern
within the realms of drug development and public health [2,3].
Currently, the leading platforms for drug screening are conventional cell
cultures and animal models. Nonetheless, conventional cell cultures
exist in a two-dimensional environment devoid of cell-cell interactions
and cell-extracellular matrix interactions. There are also distinctions in
interspecies relations between animals and humans. Consequently,
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Scheme. 1. Characteristics and Applications of CoC.

these platforms exhibit considerable disparities in effectiveness and
adverse effects relative to human studies, limiting their further imple-
mentation [4]. In conclusion, there is an urgent need to develop new
platforms for the detection of drug-induced cardiotoxicity (see Scheme
1).

iPSC-CMs exhibit many characteristics of cardiac cells, including the
ability to contract and respond to electrical signals, making them a
promising tool for drug screening [5,6]. However, iPSC-derived car-
diomyocytes are significantly immature compared to adult car-
diomyocytes, exhibiting a phenotype similar to that of fetal cells [7].
The lack of maturity of iPSC-CMs compared to their adult counterparts
may alter their response to drug candidates. To bridge this gap, scientists
have proposed numerous methods to promote the maturation of
iPSC-CMs, primarily by mimicking the physiological environment of the
heart. Mechanical stimulation, which plays a crucial role in cardiac
development, can effectively promote the maturation of iPSC-CMs by
applying mechanical stretch that simulates the preload of normal
myocardium [8,9]. Other methods include prolonging culture time [10,
111, co-culture with different cell types [12], culturing iPSC-CMs on
parallel microstructures [13-15], using substrates with myocardial
stiffness [16], conductive extracellular matrices [17], electrical stimu-
lation [13,18] and small chemical molecules [19]. It seems that the
combination of two or more methods to treat iPSC-CMs can achieve
better results [20-22].Therefore, it is necessary to integrate several
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techniques and develop new platforms to improve the maturation of
iPSC-CMs and achieve a phenotype closer to that of native adult car-
diomyocytes. This will help to obtain data that more closely resembles
that of the adult.

At the same time, the alignment of cardiomyocytes contributes to the
anisotropic tissue structure of the heart, which is critical for effective
electrical activation and synchronized contractile activity of the tissue
[23]. In many myocardial diseases, deformation and remodelling of the
myocardial interstitial network occurs, affecting myocardial contractile
function and perfusion [24]. Furthermore, cell alignment has been
shown to be one of the most important parameters affecting the function
of engineered cardiac tissue [21,25-29]. Motlagh [30] has posited that
surface topography have an impact on cardiomyocyte shape, gene
expression and protein distribution. Wong [31], on the other hand,
suggests that such surface topographies promote cellular alignment and
potentiate the pro-maturational effects of other factors, such as hor-
monal stimulation and electrical cues. According to previous studies,
MGs are one of the most common methods to guide the directional
alignment of cells [25,32]. With the development of microfabrication
technology, Melt Electrospinning Writing (MEW) is an emerging tech-
nique that combines melt electrospinning with 3D printing, enabling the
precise positioning of sub-micron fibres to create structures with higher
precision and reproducibility than conventional 3D printing technolo-
gies. Furthermore, by using the patterns constructed by MEW as
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Fig. 1. (a) NMR spectroscopy of gelatin and GelMA. (b) Stress-strain curves for different concentrations of GelMA. (c¢) The elastic modulus for different concen-
trations of GelMA. (d) Live/dead staining of AC16 cells co-cultured with GelMA for days 1, 3 and 7. Scale bars = 100 pm. (e) Quantitative cell viability maps based on
live/dead imaging. (f) cck8 assay for cell viability. (g-h) Fiber diameter as a function of print speed and extrusion pressure. (i) Effect of swelling on channel diameter.

sacrificial materials, a variety of topological structures can be built on
biocompatible hydrogels to induce directed cell growth [32].

In this study, we aimed to design and develop a CoC platform
characterized by: 1) ease of fabrication, 2) controllable maturation of
iPSC-CMs, and 3) scalability for screening a variety of drug candidates.
We selected Gelatin Methacryloyl (GelMA), which has an elastic
modulus similar to that of heart tissue, as the extracellular matrix for cell
culture, and constructed a hydrogel with MGs using MEW technology
combined with casting. At the same time, integration into a microfluidic
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system provides cyclic mechanical stimulation to promote the matura-
tion of iPSC-CMs. As an in vitro model, we further verified the platform’s
response to the positive inotropic drug isoproterenol (ISO). Further-
more, to demonstrate the versatility of the platform to study car-
diotoxicity and cardioprotective effects, we selected the clinically
approved drug doxorubicin (DOX) as a candidate drug to study drug-
induced cardiotoxicity and ivabradine (IVA) as a candidate drug to
mitigate cardiac toxicity (Fig. 1).
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2. Materials and methods
2.1. Materials

AC16 cell line (NO. CTCC-003-0014) and Human induced pluripo-
tent stem cells (hiPSCs) (NO. 30HU-002-400212) was purchased from
Meisen Chinese Tissue Culture Collections (Zhejiang, China). ISO (NO.
HY-B0468), DOX (NO. HY-15142), IVA (NO. HY-B0162AS), CHIR99021
(NO. HY-10182), Wnt-C59 (NO. HY-15659), Cyclophosphamide (CP)
(NO. HY-17420) and Thiazovivin (NO. HY-13257) were purchased from
MCE (USA). Accutase™ (NO. 07922) and mTeSR™1 (NO. 85850) were
purchased from complete medium (Stem Cell Technologies, USA). Live/
dead assays kit (NO. C2015S), 4 % paraformaldehyde solution (NO.
P0099-100 ml), 0.3 % Triton X-100 (NO. P0096-100 ml), 3 % bovine
serum albumin (BSA) (NO. P0268-100 ml), Actin-Tracker Green-488
(NO. C22018), Cell Counting Kit-8 (NO. C0037), LDH Cytotoxicity Assay
Kit (NO. C0016) and Reactive Oxygen Species Assay Kit (NO. S0033S)
were purchased from Beyotime (Beijing, China). Anti-alpha Actinin (NO.
ab90421), Anti-Cardiac Troponin T (NO. ab209813), Anti-Connexin 43
(NO. ab312836), goat anti-rabbit Alexa Fluor 488 (NO. ab150077) and
goat anti-mouse Alexa Fluor 555 (NO. ab150118) were purchased from
Abcam (USA). DAPI (NO. D1306) was purchased from Thermo Fisher
Scientific (USA). Gelatin (NO. 9000-70-8) was purchased from Sigma
(USA). Dulbecco’s Modified Eagle Medium/Nutrient Mixture F-12
(DMEM/F12) (NO. 11320033) and RPMI 1640 medium (NO. 11875093)
were purchased from Gibco (USA).

2.2. Synthesis of GelMA

GelMA was synthesized by reacting gelatin with methacrylic anhy-
dride as previously reported [33,34]. The process commenced with the
dissolution of 10 g of gelatin in 100 mL of PBS at a temperature of 50 °C.
Subsequently, 5 mL of methacrylic anhydride was introduced dropwise
to the gelatin solution, and the mixture was stirred continuously at the
same temperature for 2 h to facilitate the reaction. The reaction was
subsequently quenched by diluting the mixture with 100 mL of
pre-warmed PBS for 10 min, ensuring the termination of the polymeri-
zation process. To eliminate any residual salts and unreacted meth-
acrylic anhydride, the resultant solution underwent dialysis against
distilled water for a period of one week at a controlled temperature of
45 °C, utilizing dialysis tubes with a molecular weight cut-off of 12-14
kDa. The purified GelMA solution, characterized by its fibrous, white,
and foam-like appearance, was then subjected to lyophilization for five
days using a vacuum freeze dryer (Jinteng Experimental Equipment Co.,
Ltd, China) to yield a solid product. The obtained GelMA was stored at a
temperature of —20 °C for subsequent utilization in experiments.

2.3. GelMA characterization

Characterization of Gelatin and GelMA was performed using proton
nuclear magnetic resonance spectroscopy (1H NMR). The 1H NMR
analysis was executed on a 500 MHz spectrometer with the samples
dissolved in deuterium oxide. The spectral data were subsequently
processed utilizing MestReNova software to elucidate the chemical
structure and confirm the successful modification of gelatin to GelMA.

2.4. Mechanical properties

The preparation of GelMA involved casting the formulated inks into
rectangular molds with dimensions of 9 x 9 x 2 mm. 0.5 % (w/v)
irgacure 2959 was used to photocrosslink the ink to make it suitable for
subsequent compression testing. To ensure accuracy in the analysis, the
exact dimensions of each sample were ascertained using a digital caliper
prior to testing.

To mitigate the effects of hydrogel swelling, the photocrosslinked
hydrogels were immersed in PBS for a period of 24 h prior to
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compression testing to achieve swelling equilibrium. The photo-
crosslinked hydrogels were carefully positioned on the platform of a
universal testing machine (INSTRON, 3345). The tests were performed
with the maximum displacement set at half the initial thickness of the
specimens at a controlled compression rate of 0.05 mm/s. This method
enabled the calculation of the compressive modulus for each sample,
ascertained by determining the gradient of the linear segment of the
stress-strain (S-S) curve, confined to the initial 20 % strain. Each
experimental group was subjected to this standardized testing proced-
ure, with a minimum of three replicates (n = 3) to ensure the reliability
and reproducibility of the data obtained.

2.5. Biocompatibility of GelMA

The AC16 cell line was employed for the assessment of the bio-
material’s biocompatibility. Live/dead assays were conducted on days
one, three, and seven of the culture period. Calcein AM and propidium
iodide (PI) were separately diluted to final concentrations of 2 pM and 8
pM, respectively, using Dulbecco’s phosphate-buffered saline (DPBS).
This is in accordance with the instructions provided by the manufacturer
(Beyotime, China). DPBS washings were performed three times at each
given timepoint. Subsequently, the Calcein AM/PI mixture was intro-
duced. Following a 30-min incubation period at 37 °C in the absence of
light, the constructs were washed three times. Subsequently, imaging
was conducted using a microscope (Nikon, Japan). Green and red
fluorescence represented viable and non-viable cells, respectively. For
each sample, three random images were captured and analyzed using
ImageJ software. The percentage of cell viability was calculated by
dividing the number of live cells by the total number of cells counted
[35].

Prepare the CCK8 working solution according to the manufacturer’s
instructions, which involves diluting the CCK8 concentrate 10-fold with
DMEM/F12 medium. On days 1, 3, and 7 of cell culture, first rinse the
cells once with PBS, then add the CCK8 working solution and incubate at
37 °C in the dark for 30 min. Subsequently, measure the absorbance at
450 nm using a microplate reader. Set up a blank group containing CCK8
working solution without cells to account for background absorption,
and subtract the values of the blank group from each experimental group
to minimize error.

2.6. Constructing MGs by MEW

Hydrogels with MGs were synthesized using a method adapted from
Ref. [32]. MEW 3D printing technology (BP6601, EFL-Tech Co.,Ltd,
Suzhou, China) was employed to deposit polycaprolactone (PCL) onto a
substrate with high precision, following predesigned printing paths.
Subsequently, the PCL fibers were encapsulated within a frame (inner
diameter = 10*8*3 mm) and 200ul of hydrogel precursor solution was
poured into the frame. Photo-crosslinking was employed to induce the
polymerization and solidification of the hydrogel precursor. Once the
hydrogel had fully cured, the PCL fibers, which were now embedded
within the hydrogel matrix, were carefully detached from the substrate.
At this point, a 10*8*2.5 mm hydrogel with MGs was obtained.

2.7. The effects of swelling on MGs

Following the separation of PLC fibers from the hydrogel, initial
microchannels were established. The dimensions of these microchannels
were approximately equivalent to the pre-determined fiber diameters.
Subsequently, the hydrogels were incubated at 37 °C in an oven with the
addition of phosphate-buffered saline (PBS). Microscopic measurements
of the microchannel diameters were taken at pre-specified time in-
tervals: O min, 15 min, 30 min, 1 h, 2h, 4 h, 8 h, 16 h, and 24 h following
immersion in PBS. The hydrogel precursor employed in this study was a
10 % (w/v) GelMA solution.
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2.8. Construction of chips and microfluidic platforms

The upper and lower layers of the PDMS (polydimethylsiloxane) chip
were fabricated by pouring a PDMS precursor, with a base-to-curing
agent weight ratio of 11:1, onto a mold created from laser-cut poly-
methyl methacrylate (PMMA) and curing it at 60 °C for 3 h. The pre-
cursor was selected based on its ability to facilitate the fabrication of the
desired structure while maintaining the necessary mechanical proper-
ties. The thickness of the lower layer is 4 mm, and its interior contains a
rectangular cavity (24 x 10 x 3 mm) and two approximate triangular
side chambers (largest side = 8 x 6 x 3 mm). The rectangular cavity was
designed to accommodate a hydrogel and cell culture medium, while the
lateral chambers on either side were intended for the attachment of
microfluidic channels. The upper layer is 1 mm thick and contains a
window with dimensions of 10 x 8 x 1 mm (when bonded to the lower
layer, the window is directly above the hydrogel and between the two
side chambers), which is used to manipulate the lower rectangular
cavity. The above layers were subsequently bonded together by plasma
treatment. The aforementioned layers were subsequently bonded
together via plasma treatment. Prior to use, the final structures were
sterilized by UV light and rinsed several times with ethanol (70 % v/v)
and DPBS. Forty-eight hours after the addition of cells, hydrogels with
MGs were adhered to the cell culture cavity of PDMS.

The microfluidic platform was constructed in accordance with the
methodology proposed by Huang [36], with modifications made to the
parameters.

2.9. iPSCs culture and CMs differentiation

iPSCs were seeded into dishes coated with Matrigel (Corning, USA),
and diluted to a ratio of 1:100 with DMEM/F12. The cells were cultured
in mTeSR™1 complete medium at a temperature of 37 °C within an
incubator maintained at 5 % CO2. Upon reaching 85 % confluence, the
iPSCs were passaged using Accutase™ and subsequently cultured in
mTeSR™1 complete medium that had been supplemented with 2 pM
Thiazovivin for 12 h. Following this treatment, the cells were main-
tained in mTeSR™1 complete medium.

Cardiomyocyte (CM) differentiation was induced using a protocol
adapted from previous studies [37]. Cells were initially cultured and
expanded until they reached approximately 90 % confluence. At this
point, the growth medium was replaced with Cardiac Differentiation
Medium 3 (CDM3), which was composed of RPMI 1640 medium, sup-
plemented with 500 pg/ml of recombinant human serum albumin
derived from Oryza sativa (Aladdin, China, NO. 20901ES03), and 213
pg/ml of L-ascorbic acid 2-phosphate trisodium salt (TargetMol, USA,
NO. T2185). The medium was refreshed every 48 h. For day 0 to day 2,
the culture medium was further supplemented with 5 uM of the GSK-3
inhibitor CHIR99021 to promote mesodermal differentiation. On day
2, the medium was switched to CDM3, which was additionally supple-
mented with 2 pM of the Wnt pathway inhibitor Wnt-C59 to enhance
cardiac specification. Following this, on day 4, the medium was reverted
to CDM3 alone and was subsequently changed every 48 h. The onset of
cell contraction was first observed around day 7. On day 10, iPSC-CMs
were digested by 0.25 % trypsin-edta for 5 min and resuspended at a
density of 5 x 10°. 500ul of cell suspension was added to the MGs side of
each hydrogel and cells were observed to resume beating the next day.

Subsequently, the hydrogel laden with cells was meticulously posi-
tioned within the rectangular cavity of the PDMS chip. At this point, the
long axis of the hydrogel is perpendicular to the long axis of the rect-
angular cavity of the chip, precisely located between the two side
chambers. A minute quantity of a-cyanoacrylate-based medical adhesive
was applied to facilitate the bonding between the hydrogel and the chip.

2.10. Immunofluorescence

An immunofluorescence analysis was conducted on cells cultured in
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confocal dishes. Cell fixation was performed with 4 % paraformaldehyde
for 15 min. After fixation, the samples were perfused with 0.3 % Triton
X-100 for 15 min. After permeabilization, the cells were incubated with
3 % bovine serum albumin for 2 h at room temperature to reduce non-
specific antibody binding. Subsequently, the cells were incubated with
primary antibodies (Anti-alpha Actinin (diluted 1:100), Anti-Cardiac
Troponin T (diluted 1:300), Anti-Connexin 43 (diluted 1:500)), respec-
tively, overnight at 4 °C to allow for antibody-antigen interaction. On
the following day, the cells were incubated with the appropriate sec-
ondary antibodies (goat anti-rabbit Alexa Fluor 488 (diluted 1:500),
goat anti-mouse Alexa Fluor 555 (diluted 1:500)) for 2 h at room tem-
perature in the dark to ensure fluorescence signal development.

For nucleus visualization, cells were counterstained with DAPI so-
lution for 10 min at 37 °C. Additionally, the cytoskeleton was counter-
stained using Actin-Tracker Green-488 to highlight filamentous actin
structures. Following the staining procedures, images were acquired
using a laser scanning confocal microscope (Leica, Germany) and sub-
sequently analyzed with ImageJ software.

2.11. Calcium imaging and beating recording

Fluo-4 AM calcium indicator was used for calcium imaging. Briefly,
samples were rinsed three times with DPBS to remove any residual
media. Subsequently, the samples were incubated with a loading buffer
consisting of 1 ml of Krebs-Hensleit’s Solution (Pricella, China, NO.
PB180348) containing 4 uM Fluo-4 AM (Beyotime, China, NO. $1060),
1 x PowerLoad™ concentrate (Thermo Fisher Scientific, USA, P10020),
and 2.5 mM Probenecid (Thermo Fisher Scientific, USA, NO. P10020).
This incubation was performed at 37 °C for 1 h in the dark to protect the
fluorescent indicators from light-induced degradation. After the incu-
bation period, the samples were rinsed three times with DPBS to remove
excess dye and unbound indicators. Finally, the samples were visualized
for fluorescence signals using a fluorescence microscope (Nikon, Japan).
ImageJ was then used to analyze the calcium transient videos.

The contractile function of the cardiomyocytes was assessed by
recording their beating. Brightfield videos of the cardiomyocyte cultures
were captured using a microscope (Nikon, Japan). These videos were
then analyzed using ImageJ software to determine the beating frequency
of the cells, which indicates the cells’ contractile activity [38].

2.12. ROS test

The assessment of reactive oxygen species (ROS) was conducted
according to the instructions provided with the Reactive Oxygen Species
Assay Kit. Briefly, the samples were rinsed three times with DPBS to
remove any residual media. Subsequently, the samples were incubated
with DMEM/F12 containing 10 pM 2,7'-dichlorodihydrofluorescein
diacetate (DCFH-DA) at room temperature in the dark for 20 min. This
incubation allows for the cellular uptake and deacetylation of DCFH-DA,
leading to the formation of the fluorescent compound 2/,7-dichloro-
fluorescein (DCF) upon oxidation by ROS. Following the incubation
period, the samples were rinsed three additional times with DPBS to
remove excess DCFH-DA and unconverted reagent. The fluorescence
signals indicative of ROS production were then captured using a fluo-
rescence microscope (Nikon, Japan). A minimum of three image sets per
sample were collected to ensure representative data acquisition. Finally,
the images were analyzed using ImageJ software to quantify the fluo-
rescence intensity, which correlates with the levels of ROS in the
samples.

2.13. Statistic analysis

SPSS 26 and Origin 2022 were used for statistical analysis and
graphing of the data. For the comparison of multiple groups where the
data were normally distributed, one-way ANOVA was conducted, fol-
lowed by HSD post hoc test. When the analysis involved two groups with
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Fig. 2. (a) Steps for the construction of hydrogels with MGs. (b) Bright-field image of the hydrogel with MG after demolding (dashed lines represent the orientation
of MGs). Scale bars = 100 pm. (c) Bright-field images of AC16 cells grown on hydrogels with MGs (dashed lines represent the orientation of the MGs). Scale bars =
100 pm. (d) Confocal fluorescence images of AC16 cells grown on hydrogels with MGs. Scale bars = 100 pm. (e) The ratio of the angle between the nucleus and the
MGs is between —30° and 30°. (* and ** show statistical significance at p < 0.05 and p < 0.01, respectively).

normally distributed data, an independent two-sample t-test was
applied. If not otherwise specified, the methods used are those described
above. For datasets that did not conform to a normal distribution,
nonparametric statistical analysis was performed using the Kruskal-
Wallis H test to assess differences among groups. Post hoc pairwise
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comparisons were conducted with Bonferroni correction applied to
mitigate the risk of type I errors associated with multiple testing. Sta-
tistical significance was determined at the p < 0.05 level. Each experi-
mental condition was replicated at least three times. Data are presented
as mean =+ standard deviation (SD).
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3. Results and discussion
3.1. Hydrogel characterizations

GelMA, a highly versatile biomaterial, is derived from the chemical
modification of gelatin via the introduction of methacrylate groups onto
the reactive amine and hydroxyl functional groups present on the side
chains of its constituent amino acids, utilizing methacrylic anhydride as
the crosslinking agent. This synthetic procedure confers upon GelMA
enhanced mechanical properties and biocompatibility, positioning it as
a prominent material in various biomedical applications, including cell
culture, bio-3D printing, and tissue engineering [39].NMR spectroscopic
analysis of both gelatin and its derivative GelMA was conducted to
characterize the chemical modifications. The spectra exhibited distinct
features, with the appearance of new peaks at 5.45 and 5.69 ppm, which
correspond to the vinyl protons of the methacrylate groups. These
spectral alterations serve as definitive evidence for the successful
methacrylation of gelatin, as illustrated in Fig. 1a. The distinct peaks
indicate the presence of the methacrylate groups within the GelMA
structure, confirming the covalent attachment post-synthetic
modification.

The mechanical properties of hydrogels are of paramount impor-
tance as they directly influence cell fate. An ideal biomaterial should
exhibit mechanical properties that are analogous to those of native
cardiac tissue [40]. It has been documented that the Young’s modulus of
native cardiac tissue oscillates between 200 and 500 kPa during
contraction and 10 and 20 kPa during relaxation [41]. To identify the
optimal hydrogel concentration with suitable mechanical properties,
GelMA was prepared at concentrations of 7 %, 10 %, and 13 %. The
results of the compression analysis indicated that the elastic moduli
were 63.49 + 14.86, 152.74 + 28.82, and 224.61 + 28.22 kPa (n = 3)
(Fig. 1b and c). Subsequently, the 10 % GelMA was selected for further
experimentation, as it falls within Young’s modulus range of native
myocardium and exhibits resilience under cyclic mechanical stretching.

To ascertain the suitability of our synthesized GelMA for sustained
cell cultivation, we conducted a co-culture with AC16 cells using a 10 %
GelMA substrate. Live-dead assays were performed at the junctures of
day 1, day 3, and day 7 post-seeding to assess the viability of the cells.
The findings indicated that the ratio exceeded 90 % across all time
points assessed (Fig. 1d—f). These results show that there is no decrease
in cell viability in cultures up to 7 days, indicating the good biocom-
patibility of 10 % GelMA.

3.2. Construction of hydrogels with MGs

The fabrication of a hydrogel with MGs was achieved through a
three-step process. At the outset of the process, we utilized MEW to print
the requisite patterns. Subsequently, the hydrogel was created through
the processes of casting and photopolymerization. The final step
involved the removal of the mold, thereby yielding the hydrogels with
MGs. In this context, polycaprolactone (PCL) served as the bioink, which
was used to construct micro-patterns. The fiber mold formed by this
material is relatively soft, allowing for gentle detachment from the
hydrogel, thereby achieving non-destructive demolding. Moreover, this
material can be melted into a liquid state at 65 °C and generate
micrometer-scale fibers under the influence of extrusion force and
electrostatic forces. It has been demonstrated that this method is capable
of producing channels with diameters ranging from 500 nm to 100 pm,
along with high-precision patterned microstructures [32]. Separate ex-
periments were conducted with varying print speeds and extrusion
pressures to ascertain the relationship between different printing pa-
rameters and the resulting fiber diameter. The results of these experi-
ments are presented in Fig. 1gand h.

To construct microchannels on the hydrogel with controllable di-
mensions and patterns, a series of experiments was conducted to
investigate the impact of hydrogel swelling on channel size (Fig. 1i).
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Three channel sizes were created: large, medium, and small, with initial
dimensions of 115.66 + 7.40, 61.5 + 3.77, and 27.99 + 2.25, respec-
tively. The hydrogels were immersed in PBS and maintained at 37 °C to
simulate the conditions typically encountered in cell culture. Irregular
swelling of the hydrogels was observed at the onset of immersion,
characterized by an increase in hydrogel volume and a reduction in the
diameter of the surface microchannels. This swelling process was
observed to cease after approximately seven to 9 h. At this point, the
stabilized diameters of the large, medium, and small channels were
measured to be 97.03 + 4.89, 50.30 + 2.66, and 20.79 + 1.26, respec-
tively. When the immersion time was extended to 24 h, it was found that
the channel diameters obtained were essentially the same as those
observed at 9 h. In summary, swelling resulted in a change in channel
size, the extent of which depended on the initial diameter. The stabili-
zation period of the channels was approximately 9 h.

3.3. MGs promote oriented alignment of AC16 cells

In order to provide a microenvironment that is analogous to the
extracellular matrix and serves as physical cues to guide cell alignment,
we constructed micrometer-scale patterns with parallel structures by
controlling the printing path within a computer (Fig. 2a). To investigate
the impact of the topological structure diameter on cellular behavior,
two groups were established: the Blank group (BKG) and the micro-
grooved structures group (MGsG). The BKG served as a control group,
while the MGsG included three subgroups: the Small diameter group
(SDG), the Medium diameter group (MDG), and the Large diameter
group (LDG). After solvation equilibrium, the channel diameters of SDG,
MDG, and LDG were approximately 0, 20 pm, 50 pm, and 100 pm,
respectively (Fig. 2b and Fig. S1). The specific printing parameters are
presented in Fig. S2.

The AC16 cells display a fibroblast-like morphology and demonstrate
the capacity for indefinite proliferation. Furthermore, they demonstrate
excellent adhesion to the culture surface, growing well without the need
for Matrigel or gelatin pre-treatment of the culture dishes, which facil-
itates our study of the interactions between cells and microstructures.
Following a three-day incubation period, microscopic observation
revealed that the majority of cells within the MGsG exhibited growth
along the channels (dashed lines indicate the direction of the MGs)
(Fig. 2c). Following a seven-day period, an examination of the expres-
sion of DAPI and f-actin was conducted under a confocal microscope.
The MGs enhanced the alignment of AC16 cel, with a greater degree of
nucleus orientation observed as the diameter of the MGs decreased. In
contrast, cells in the BKG showed an irregular arrangement, with nuclei
pointing in random directions (Fig. 2d). A further analysis was con-
ducted to determine the proportion of cells with an angle between the
cell nuclei and the MGs ranging from —30° to 30°. The results demon-
strated frequencies of 35.42 % for the BKG, 78.30 % for the SDG, 61.38
% for the MDG, and 45.33 % for the LDG (Fig. 2e).

3.4. MGs promote oriented alignment of iPSC-CMs

By the tenth day of iPSC differentiation, we confirmed the successful
specification of cardiomyocytes by detecting the expression of signature
proteins that are characteristic of these cells (Fig. S3). Unlike AC16 cells,
iPSC-CMs, when digested into single cells, aggregate and self-assemble
into tightly packed cell clusters. This is because the synchronized
contraction of cardiac tissue relies on the rapid transmission of electrical
signals through mature and closely connected CMs. Anatomically, car-
diomyocytes are primarily composed of an interwoven and branched
network structure interconnected through gap junctions, which is
essential for the heart’s effective blood pumping during systolic and
diastolic movements [42]. After 7 days of culture, we observed that
iPSC-CMs formed a network-like structure (Fig. S4, with dashed lines
indicating the direction of the MGs). To assess the arrangement of cells
at the MGs, we performed immunofluorescence analysis with DAPI and
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Fig. 3. (a) Confocal fluorescence images of the nucleus and cytoskeleton of iPSC-CMs. Scale bars = 10 pm. (b) Orientation distribution of the long axis of the nucleus.
(c) The ratio of the angle between the nucleus and the MGs is between —30° and 30°. (* and ** show statistical significance at p < 0.05 and p < 0.01, respectively).
(d) Beating curves of iPSC-CMs in the MGsG. (e) Statistical analysis based on CMs beating curves. (Nonparametric statistical analyses were performed using the
Kruskal-Wallis H test and post hoc pairwise comparisons using the Bonferroni correction, with the median representing the centralized trend of the data.)
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f-actin to quantify the proportion of cells with the angle between the cell
nuclei and the MGs within —30°-30°. The results indicated frequencies
of 35.29 % for the BKG, 61.10 % for the SDG, 54.74 % for the MDG, and
49.93 % for the LDG (Fig. 3a—c). In summary, for both AC16 cells and
iPSC-CMs, the frequency of cell nuclei orientation within —30°-30° was
the highest in the SDG.

In addition to the alignment of CMs, the beating behavior is a critical
factor in this process. As our hydrogel substrate precludes direct mea-
surement of contractile force, we utilized the MUSCLEMOTION software
to quantify cellular contractile activity. This software is commonly uti-
lized in the investigation of tissue-engineered myocardium, and it has
been demonstrated to demonstrate a robust linear correlation between
the contractile amplitude assessed for engineered heart tissues (EHTSs)
and the contractile force [38]. A beating analysis was conducted on
iPSC-CMs cultured in MGsG for 14 days (Fig. 3d and Fig. S5). The
relative contractile amplitude, peak contractile amplitude, and
contraction time parameters among the groups were not statistically
different (Fig. 3e). This may be due to the short duration of cell culture
or the MGs being insufficient to affect the pulsatile function of the CMs.
Accordingly, the SDG, which exhibited the highest frequency of nuclei
orientation between —30° and 30°, was selected as the representative of
the micro-grooved groups for subsequent experiments.

3.5. Construction of CoC

Fig. 4a depicts the principal components of the CoC, including
multiple chips containing cells, a microfluidic platform linked to a
vacuum pump, and a computer that oversees the operational program of
the microfluidic platform. The chip is composed of a poly-
dimethylsiloxane (PDMS) chip and a GelMA with MGs containing car-
diomyocytes (indicated by the yellow dashed line in the schematic)
(Fig. 4b). The PDMS support structure is designed to provide cyclic
mechanical actuation and culture medium to the CMs. The cyclic
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mechanical actuation is achieved through the use of two side chambers
that are connected to the microfluidic platform. The vacuum pump is
capable of applying negative pressure to the side chambers through the
microfluidic platform. The results of the calculations demonstrate that
when negative pressure is applied, there is a change in the longitudinal
length of the hydrogel, from 10 mm to 11 mm, resulting in a longitudinal
strain of 10 %. Furthermore, the microfluidic platform can be controlled
via computer programming, allowing for the implementation of
controllable frequency mechanical actuation. A frequency of 1 Hz is
employed here, as this is the normal pulsation frequency of the human
heart. In addition, due to the limitations of the machine, we take a
working pattern of 12 h on and then 12 h off. The culture medium is
introduced to both sides of the hydrogel at a volume of 1 ml. Fig. 4c
depicts a physical image of the PDMS chip, which is only slightly larger
in size than a 50-cent coin. This makes it a convenient and economical
choice in terms of material consumption and chip construction.

Fig. 4d and e illustrate the physical and schematic diagrams of the
microfluidic platform that was constructed. The microfluidic platform is
based on an established and proven design, with the primary compo-
nents comprising an Arduino UNO R3, a specific model of the relay
(RELAY-8-SRD#RC), several solenoid valves, and an array of connecting
tubes. The Arduino UNO R3 is an open-source microcontroller devel-
opment board. By leveraging the company’s software suite, it is possible
to write and upload code to the board, thereby enabling it to interface
with a variety of external hardware devices. This integration allows for
the precise control of downstream hardware operations.

3.6. CoC promotes connexin-43 (CX43) upregulation, contractile activity
and maturation of calcium transients in CMs

The experimental program is shown in Fig. 5a. To assess the func-
tional capacity of the CM on the CoC, we used immunofluorescence to
study the expression of the cardiac marker CX43. CX43 is a pivotal
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pm. (c). The fluorescence area of cx43 and the ratio of the fluorescence area of cx43 normalized to DAPI (** shows statistical significance at p < 0.01).

protein that facilitates intercellular communication and regulates the
electrical coupling between adjacent CMs. After 7 days of culture, we
observed that the CoC enhanced the expression of CX43, which is
associated with cardiac maturity, indicating that mechanical stimulation
promotes the CMs to exhibit improved intercellular connectivity (Fig. 5b
and ¢).

Further, we analyzed the beating activity of each group of CMs. We
observed that the CMs on the CoC exhibited deep and slow contractions.
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In contrast, cells in the 2D group and MGsG demonstrated shallow and
rapid contractions (Fig. 6a and Fig. S6). Specifically, the CoC showed an
increase in relative contractile amplitude and peak contractile ampli-
tude compared to other groups, along with prolonged contraction time,
time to peak, relaxation time, and the interval between peaks (Fig. 6b).
Current research posits that iPSC-CMs resemble fetal cardiomyocytes,
exhibiting spontaneous beating behavior. In contrast, adult human
ventricular CMs are electrically quiescent without upstream electrical
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signal stimulation [43]. It is worth noting that the beating frequency of
the human fetal heart is typically 120-160 beats per minute, gradually
decreasing to 60-100 beats per minute as it matures into an adult heart.
This is consistent with the trend of heart rate changes we observed
before and after CoC stimulation. This suggests that, compared to the
typical 2D cultured hiPSC-CMs, the myocardial cells on the CoC show
significant advancement in maturity under the same culture duration.
We also used Fluo-4 for calcium imaging to assess synchronized

contraction of cardiac tissue (Fig. 6¢). We acquired spontaneous calcium
transients in multiple independent regions of interest (ROIs) within the
same or adjacent microgrooves (for the 2D group, similar positions were
selected) (the dashed lines indicate the direction of the microgrooves).
Each group exhibited calcium transient trajectories similar to their
respective contractile activities (Fig. 6d). In the MGsG and CoC, better-
synchronized pulsations were observed across the ROIs. In contrast,
some ROIs in the 2D group showed irregular pulsations. We believe that
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respectively).

these results may indicate that the microgrooves facilitate the syn-
chronized beating of cardiomyocytes.

3.7. CoC has good drug sensitivity for ISO

To demonstrate the feasibility of the CoC as an in vitro drug evalu-
ation platform, we examined its responsiveness to ISO. ISO, which ac-
celerates heart rate and enhances cardiac conduction by activating
cardiac Bl receptors, is commonly used to assess drug responses in
cardiac tissue [44,45]. Fig. 7a illustrates our experimental protocol,
where drug testing was performed on day 7 of culture. Based on the
analysis of the beating activity of the cardiomyocytes, we observed that
the peak-to-peak time, contraction time, time-to-peak, and relaxation
time of the CoC were all reduced after drug treatment (Fig. 7b and
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Fig. S7). In particular, the peak-to-peak time showed a significant
decrease, with an average change from 6900.00 + 36.51 (pre-treat-
ment) to 1520.00 + 61.10 (post-treatment), reflecting a faster heart rate
after treatment. Although similar changes were observed in the 2D
group, the magnitude of the peak-to-peak time change was smaller, and
the contractile amplitude was smaller compared to the CoC group,
which may be attributed to its immature characteristics leading to dif-
ferences in drug response (Fig. 7c). These results indicate that the CoC
exhibits superior drug responsiveness compared to traditionally
cultured CMs in 2D.

3.8. CoC can be used as an in vitro cardiotoxic drug screen

Accurate preclinical evaluation of drugs can expedite the drug
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development process. Therefore, we further evaluated whether the CoC
could serve as a candidate screening tool for cardiotoxic or car-
dioprotective drugs. We selected the clinically used DOX as a model drug
to test for cardiotoxicity and IVA as a cardioprotective drug [46]. DOX, a
commonly used chemotherapeutic agent, has been shown to have
dose-dependent myocardial toxicity. A prevalent cardiac adverse effect
associated with DOX is tachycardia, and chronic administration may
result in significant myocardial impairment [47]. The mechanism by
which this anthracycline drug induces myocardial apoptosis is complex
and involves oxidative stress, promotion of apoptotic processes, and
ferroptosis [48]. We investigated the cardiotoxicity of DOX at different
concentrations (1, and 4 pM). One hour after administration, CMs in the
2D control group exhibited a dose-dependent increase in heart rate in
response to DOX (Fig. S8). In addition, we observed gradual apoptosis
and necrosis in the CMs 24 h after the addition of DOX (Fig. S9). We
chose 1 pM DOX to study its cardiotoxicity on the CoC because cells at
this concentration showed reduced viability while still maintaining an
assessable beating behavior.

The experimental protocol is depicted in Fig. 8a, where we estab-
lished DOX-/IVA-, DOX+/IVA+, and DOX+/IVA-groups to investigate
the effects of the drugs. In clinical practice, anticancer drugs and car-
dioprotective drugs are often used in combination to mitigate life-
threatening adverse reactions associated with cardiac injury [49].
Therefore, we chose to administer both drugs simultaneously (referring
to the DOX+/IVA + group). Moreover, to verify the cardioprotective
effect of IVA, we used a concentration of IVA that is twice the dose of
DOX (i.e., 2 pM) for the experimental condition. The results of our
pre-experiment showed that cardiomyocytes treated with 2 pM IVA had
activity comparable to that of untreated cells (Fig. S11). One hour after
administration, pulsation analysis results indicated that the
DOX+/IVA-group in the CoC exhibited shortened peak-to-peak time,
total contraction time, time to peak, and relaxation time, along with
varying degrees of decrease in relative contractile amplitude and peak
contractile amplitude, indicating that DOX not only caused an increased
heart rate but also impaired myocardial contraction (Fig. 8b and
Fig. S11). In the group with IVA added (DOX+/IVA+), similar short-
ening of peak-to-peak time, total contraction time, time-to-peak, and
relaxation time was observed. Still, compared to the group without drug
addition (DOX-/IVA-group), the addition of IVA resulted in a smaller
reduction in peak-to-peak time than that of the DOX+/IVA-group (P <
0.01) (Fig. 8c). More importantly, compared to the DOX+/IVA-group,
the contractile amplitude and peak contractile amplitude in the
DOX+/IVA + group were preserved or increased. These results
demonstrate that IVA inhibited the tachycardia and contractile disorders
caused by DOX, which is consistent with the protective effect of IVA in
clinical practice by reducing the frequency of myocardium for heart
failure patients [46].

Based on the mechanisms by which DOX induces cardiotoxicity, we
further assessed the damage caused by ROS using immunofluorescence
staining. Twenty-four hours post-administration, we evaluated the
relative area coverage percentage of ROS in each group. We found that
the CoC produced fewer ROS compared to the 2D group (Fig. 8d and e).
This suggests that the CMs on the CoC exhibit a lower degree of damage,
which may be attributed to their greater maturity compared to 2D cul-
ture conditions. Additionally, the cardioprotective effect of IVA was
further confirmed by the results of ROS immunofluorescence staining.
Live/dead assays also corroborated the conclusions above conducted 24
h after drug addition (Fig. 8f and Fig. S12). In addition, to demonstrate
the universal application of the CoC platform, we also tested the effect of
cyclophosphamide (a cardiotoxic drug) (Fig. S13).

Our CoC platform reflects the clinical characteristics of the effects of
cardiotoxic and cardioprotective drugs on myocardium, demonstrating
different drug responses in terms of beating rate and cell viability
compared to traditional in vitro assays. Based on the more mature
phenotype of the cardiomyocytes, we believe that the results from the
CoC are more closely aligned with clinical efficacy.
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4. Conclusions

In summary, we have developed a CoC platform to cultivate mature
cardiomyocytes and serve as a candidate drug screening tool. Utilizing
MEW technique, we successfully created micro-grooved hydrogels with
tunable diameters, facilitating the directed alignment of cells. Our
findings indicate that these MGs not only induce cell alignment but also
exhibit the capability to synchronize the beating of cardiomyocytes, as
evidenced by calcium transient. The integration of this technology into a
microfluidic chip system to construct the CoC platform has yielded a
system that enhances cardiomyocyte maturation through cyclic me-
chanical actuation, significantly influencing cell phenotype, beating,
and calcium transients.

The CoC platform demonstrated superior drug responsiveness to ISO
compared with conventional 2D cultures, underscoring its potential as a
more physiologically relevant model. Expanding our investigation to
include the assessment of cardiotoxic and cardioprotective drugs, our
platform effectively captured the clinical profiles of these medications.
This capability highlights the platform’s adaptability for evaluating a
broad spectrum of drug responses, addressing the escalating need for
comprehensive candidate drug testing. The CoC platform, with its ability
to mimic the structural and functional attributes of the heart, presents
itself as a promising tool for early safety evaluations within the drug
development pipeline. Additionally, the efficiency of the entire drug
screening process, spanning from cardiomyocyte seeding to the assess-
ment of drug responses within a week, aligns well with the rapid
screening requirements of industrial and clinical applications.

Overall, our CoC platform offers a novel avenue for predictive toxi-
cology and pharmacological screening and holds great promise for
accelerating the discovery and development of safe and efficacious
therapeutics.
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