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ABSTRACT
A major challenge in cardiac research is the limited translatability of drug screening and toxicity assays due to the use of in
vitro models that poorly mimic the native cardiac environment. Human induced pluripotent stem cell-derived cardiomyocytes
(hiPSC-CMs) offer a promising route forward, but conventional 2D culture on rigid substrates hinders their functional maturation
and predictive accuracy. This study addresses this problem by investigating the effect of hybrid fibronectin-based hydrogels with
tunable stiffness on the mechanical and electrical properties of hiPSC-CMs. We engineered hydrogels with stiffness mimicking
the lowest range of neonatal heart tissue stiffness (2–4 kPa) and compared hiPSC-CM behavior on these substrates to that on
standard fibronectin-coated glass. Our results demonstrate that hydrogel culture promotesmore uniform and stable cardiomyocyte
contractions, as evidenced by increased single peak percentages and altered contraction duration. Electrophysiological analysis
revealed that hydrogel stiffness influences action potential duration and signal amplitude. Furthermore, hiPSC-CMs on hydrogels
exhibited enhanced cell-matrix and cell–cell adhesion, indicating improved structural and functional connectivity. Drug testing
with known cardioactive compounds, including isoproterenol and nifedipine, revealed distinct differences in drug responses
between hydrogel and glass cultures, suggesting that hydrogels provide amore physiologically relevant platform for assessing drug
effects. This work highlights the potential of engineered hydrogel substrates to enhance the functional maturity and predictive
accuracy of hiPSC-CMs for cardiac research and drug development.

1 Introduction

Cardiac regenerative medicine, as well as drug and toxicology
screenings, require suitable cells to compensate for the loss of
cardiomyocyte function in the diseased heart [1], and for person-
alized drug screeningwith relevant diseasemodels [2, 3]. The first
generation of induced pluripotent stem cells (iPSCs) [4] in 2006
was a significant breakthrough, which allowed the production of

human stem cells in vitro without ethical constraints. These can
be differentiated into any cell type, including cardiomyocytes [2].

Between 1988 and 2009, 14 drugs were removed from the market
due to their potential to induce life-threatening cardiac arrhyth-
mias [5–7]. hiPSC-cardiomyocytes (hiPSC-CMs) have been shown
to have an electrophysiology that responds to a range of clinically
well-characterized compounds in a manner that reliably predicts
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their effect on the adult human heart [8]. This feature makes
hiPSC-CMs a strong candidate for low-cost in vitro cardiotoxicity
screening.

This study was designed to investigate the effect of substrates of
different mechanical stiffness on the contractile behavior of the
cardiomyocytes, with the aim of elucidating the role of stiffness in
the context of a screening assay for toxicology/lead development
in both academic and commercial labs. Tissue engineering aims
to develop in vitro living tissues using biomaterials and bio-
chemical factors [9, 10]. The substrate on which hiPSC-CMs are
cultured plays an important role in their function. The stiffness
of a neonatal heart is in the range of 3.1–13.5 kPa [11, 12], and
yet cells are typically cultured on plastic or glass that have very
unphysiological stiffness [13, 14].

Studies have shown that cardiomyocytes are highly dependent
upon the load against which the cell is contracting [11, 15, 16].
For example, the force of spontaneousCMcontractionwas shown
to decrease with increasing substrate stiffness, and this force is
similar to that of neonatal rat cardiomyocytes [11].

In the context of regenerative medicine and tissue engineering,
achieving mature cardiomyocytes is essential for developing
effective heart disease therapies [17]. The extracellular matrix
(ECM) plays a pivotal role in thismaturation process by providing
the necessary biochemical and mechanical cues that guide car-
diomyocyte development and integration into engineered tissues
[18]. Cardiomyocyte maturation depends not only on mechanical
properties but also on biochemical signals from the ECM [19]. The
composition and architecture of ECM hydrogels can modulate
cellular behavior, affecting gene expression, ion channel activity,
and contractile function [20]. Studies have demonstrated that
incorporating specific growth factors or peptideswithin hydrogels
can enhance electrical coupling between hiPSC-CMs, promoting
more mature electrophysiological characteristics similar to adult
cardiomyocytes [21]. Furthermore, advanced biophysical tech-
niques like optogenetics offer promising ways to investigate how
varying stiffness and biochemical environments affect cardiac
cell functionality at the molecular level [22]. This multifaceted
approach to understanding cardiomyocyte maturation may lead
to improved strategies for both regenerative therapies and drug
screening protocols, ultimately resulting in safer and more effec-
tive treatments for heart diseases. By utilizing these innovative
methodologies, researchers can gain deeper insights into cardiac
development mechanisms while creating more robust in vitro
models that closely mimic the native heart environment [23].

Here, we investigate the mechanical and electrophysiological
properties of hiPSC-CMs cultured on hybrid fibronectin-based
hydrogels with varying stiffnesses (∼2.2 and 4.4 kPa). We assess
the viability of these iPSC-CMs on hydrogels for cardiotoxic-
ity screening by evaluating their responses to well-established
pharmacological agents, focusing on both electrophysiological
parameters and cellular motility.

Recent advancements in cardiac tissue engineering have demon-
strated the potential of the 3D Engineered Heart Tissues and
platforms like BioWire for achieving maximal structural and
functional maturation [24–26]. These 3D systems are crucial
for achieving maximal structural and functional maturation

over extended culture periods (often 6–8 weeks) [27], and they
have demonstrated utility in industrial drug screening settings.
However, our study employs a flexible 2D monolayer approach
specifically optimized for high-throughput screening, where
certain operational requirements take precedence over maximal
tissue complexity. The monolayer format is critical for: (1)
enabling high-resolution optical access necessary for accurate
spatiotemporal analysis of contraction using algorithms like
MUSCLEMOTION [28]; (2) ensuring reliable pharmacokinetics
by guaranteeing cells are exposed to a known, free concentration
of drug in the aqueous medium, which is less certain in porous
3D gels due to partitioning effects [29]; and (3) maintaining
compatibility with existing high-throughput screening plate for-
mats (96-well or higher) [28]. Our work is thus positioned to
improve the predictive accuracy of primary, high-throughput
cardiotoxicity assays by introducing a physiological mechanical
cue (2–4 kPa) without compromising high-throughput screening
feasibility.

2 Methods

2.1 Hydrogel Synthesis

Fibronectin (FN, YoProteins) was poly-(ethylene glycol)
(PEG)ylated using a previously published procedure [30]. PEG
hydrogels were formed using an UV-initiated polymerization
using the protocol from Dobre et al. [31]. A final concentration of
1 mg mL−1 PEGylated FN was added to different concentrations
of 4-arm-PEG-Acrylate (PEGAc, 10 kDa, LaysanBio) (5 wt. % or 10
wt. %), and to 8-arm-PEG-Acrylate (20 kDa, Creative PEGworks)
(5 wt. %). A protease-degradable peptide, flanked by two cysteine
residues (VPM peptide, GCRDVPMSMRGGD-RCG, purity 96.9%,
Mw 1696.96 Da, GenScript) was added at a final concentration
of 40 mg mL−1. The UV initiator, Irgacure (2-Hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone, Sigma–Aldrich) was
added to themixture of PEGylated FN, PEG-Ac, and VPMpeptide
at a final concentration of 0.05 wt. % prior to UV irradiation. A
hydrogels chemistry is shown in Figure S1.

All reagents were dissolved in Dulbecco’s phosphate-buffered
saline (DPBS, no calcium, no magnesium, ThermoFisher). The
mixtures were transferred to 35 mm glass-bottom petri dishes
(MatTek) with a diameter of 5 mm Polydimethylsiloxane (PDMS)
mold. A hydrophobic glass coverslip was placed on top to seal
the samples and create a flat surface. Samples were curated
under a UV lamp (Excellitas Omnicure S1500, filter 320–390
nm) at 10 mW cm−2 for 10min. The coverslip and mold were
removed, and the hydrogels were kept in PBS++ either overnight
at 4 ◦C or at 37 ◦C for less than 3 h. In the case that cells
were embedded in the hydrogel, they were added just before UV
irradiation (Figure S2). Where cells were under the hydrogel,
the cell culture was performed using a diameter of 3 mm PDMS
stencil, on previously fibronectin-coated glass (10 µg mL−1). Cell
cultures settled overnight to adhere to the substrate before the
hydrogel was added and crosslinked onto the cell patch formed
(Figure S2).Where cells were added onto gels, this was performed
after crosslinking was complete. For the 96-well format, hydrogel
samples were loaded onto 96-well, glass-bottom plates (MatTek)
to a final depth of 1 mm. The hydrogels in the wells were then
cured as before under a UV lamp.
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FIGURE 1 Methodology for cultures on hydrogel and stiffness measurements. (A) FN-PEG gels are curated using 6 mm PDMS molds. A silicone
stencil is deposited onto the hydrogel through which hiPSC-CMs are inserted. After 48 h, the silicone stencil is removed, and fresh cell culture medium
is added until the cell culture is covered;(B) Shear storage modulus (G′) at 10 rad/s of all hydrogel conditions plotted as a function of strain. Plotted as
mean ± SEM. Shear storage modulus (G′) (C) and Loss modulus(G″)/storage modulus(G′) or Tan δ(D) of all hydrogel conditions at 10 rad/s and 0.5%
strain. Statistical analyses were performed using a one-way ANOVA. Data shown as mean ± SD of N = 3 hydrogels. P values indicating significance, ns
>0.05, and ** ≤ 0.01.

2.2 Cell Culture

Control glass-bottom plates were coated with 10 µg/mL human
fibronectin plasma for a minimum of 3 h at 37 ◦C. Human
induced pluripotent stem cell-derived cardiomyocytes iCell2
(CDI, Madison, USA) were thawed according to the manu-
facturer’s instructions in iCell Plating Medium at RT. Cell
suspension was centrifuged at 200 × g for 5 min, super-
natant removed, and resuspended using the desired volume
of iCell Maintenance Medium at 37 ◦C to achieve 750 000
cells mL−1. PBS++ (+Ca2+ +Mg2+) was removed from pre-
curated hydrogels and control glass-bottom plates, and a 3 mm
silicone stencil was placed on top of the hydrogel or coated
area (control) (Figures 1A). A pre-determined volume of cell
suspension (30 µL) was carefully pipetted into each sten-
cil to achieve 22 500 cells/stencil in a 3mm area. Media
changes were performed every 48 h using iCell Maintenance
Medium.

2.3 Spatial Analysis of Cell Movement

Cell movement within a 200 × 200 µm2 area was recorded on
days 2 and 5 in vitro using a brightfield video using a high-
speed camera for 8 s (Hamamatsu ORCA-flash 4.0 V2 digital
CMOS camera running at 100 fps, 600 × 600 pixels, 200 ×
200 µm2) and a 40× objective (Olympus, air objective). Cultures
were maintained in incubated conditions at 37 ◦C, 5% CO2,
and 80% humidity (CellOPTIQ, Clyde Biosciences, UK). Spatial
analysis was used to study the contraction using a previously
established algorithm, MUSCLEMOTION [32], implemented in
software (ContractilityTool, Clyde Biosciences Ltd, UK) [33].

In this implementation, a grid of 10 × 10 squares (Figure S3) was
created across the image, and several parameters were analyzed:
amplitude of the contraction within each square; percentage of
single peaks–a measure of the complexity of the contraction; and
duration in milliseconds of 50% of the contraction (CD50).

Advanced Healthcare Materials, 2025 3 of 16

 21922659, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adhm

.202501595 by U
niversity O

f G
lasgow

, W
iley O

nline L
ibrary on [30/11/2025]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



2.4 Electrophysiology

The voltage-sensitive dye approach was chosen over more con-
ventional electrophysiological methods. The most commonly
used approaches are based on an array of fixed surface electrodes
to measure extracellular potential or injury potential, but both
are unsuitable for this study because: (i) varying substrate
stiffness while incorporating a fixed electrode array would be
technically challenging, and (ii) extracellular potential signals
from cardiomyocyte monolayers produce differential voltage
signals (electrograms) that miss many important features of the
transmembrane action potential signal. Injury potentials are not
recommended as they are not stable over time. The voltage-
sensitive dye method has been validated in several studies as a
viable approach for measuring electrical activity in iPSC-derived
cardiomyocytes and has the advantage of being non-invasive and
compatible with different substrate conditions.

Serum was removed from the medium by changing from iCell
Maintenance Medium to a serum-free solution (SFS): 120 mM
NaCl, 20 mM HEPES, 5.40 mM KCl, 0.52 mM NaH2PO4, 3.5 mM
MgCl26H2O, 20 mM taurine, 20 mM creatine, and 11.1 mM
glucose, with a pH of 7.4 at 37◦C, on day 6 in vitro. Cell movement
was recorded on day 7 due to cell viability on the gels, as
previously described in the section above, in the absence of
serum. Cultures were then loaded with 1:1000 FluoVolt and 1:100
PowerLoad (Life Technologies) in SFS for 25 min at 37 ◦C 5%
CO2, and then the medium was changed to SFS. The cultures
were settled for 30 min before electrophysiology was recorded.
The voltage signal was recorded using a CellOPTIQ platform
(Clyde Biosciences, Ltd), from a 200 × 200 um2 area using a
40× 0.6 numerical aperture (NA) objective lens. The excitation
wavelength was 470 ± 10 nm using a light-emitting diode (LED),
and the emitted light was collected by a photomultiplier (PMT) at
590–650 nm. The fluorescent signal was digitized at 10 kHz, and
the fluorescent signal was used to assess the time course of the
transmembrane potential independent of cell movement [34, 35].

Cultures were maintained in an incubated stage (CellOPTIQ),
and carbon electrodes were fitted. Electrophysiology and cell
movement were recorded using CellOPTIQ or Contractility Tool,
respectively, at spontaneous rates, 1, 2, and 3 Hz, then 1 Hz and
returned to spontaneous. Analysis was performed in the same
software as the recording.

2.5 Drug Study

Fibronectin-PEG gels (5% 4-arm-PEG-maleimide) were prepared
in 96-well glass-bottom plates using 19.6 µL to achieve a 1 mm
height in each well. The gels and control glass-bottom plates
were coated with 10 µg/mL human fibronectin plasma diluted in
DPBS (+Ca2+ +Mg2+, DPBS++). iCell2 hiPSC-CMs were plated
at a density of 250 000 cells/mL, 25 000 cells/well. Thawing was
done in iCell plating medium, and cells were further centrifuged
at 1020 rpm for 5 min, and resuspended in iCell maintenance
medium. On day 3 in vitro, the maintenance medium was
replaced with SFS. On day 4, cell cultures were loaded with
voltage-sensitive dye 1:1000 FluoVolt and 1:100 PowerLoad (Life
Technologies, UK) for 25 min, prepared in SFS, which was then
replaced with SFS at 37 C 5% CO2. The cell culture was allowed

to settle for 30 min before contractility and electrophysiology
were recorded using a 40× objective. A red filter was used so
that contractility using brightfield and electrophysiology could be
recorded simultaneously.

The drugs selected included the β1-adrenoceptor (β1-AR) agonist
isoproterenol; the LTCC blocker nifedipine; the antifungal itra-
conazole; and the selective cardiac myosin activator (myotrope)
Omecamtiv mecarbil (OM). Drug powders were dissolved in
DMSOas per themanufacturer’s instructions to a final concentra-
tion of 0.1%DMSO [36]. During the drug addition to the cells, 50%
of the well volume was replaced with the drug solution, reaching
the target concentration in each well. The same procedure was
done for vehicle control using DMSO. After 30 min incubation,
contractility and electrophysiology were recorded as before, and
cell cultures were paced at 1.2 Hz, 6ms 40 V pulses to overcome
the intrinsic rate.

2.6 Biochemistry

Cell cultures were fixed for 10 min in 2% paraformaldehyde and
washed 3 times for 3min in Dulbecco’s phosphate-buffered saline
without Ca2+ andMg2+ (DPBS–). For immunofluorescent studies,
cell cultures were fixed for 10 min in 2% paraformaldehyde (PFA)
for 10 min and washed 3 times for 5 min with PBS—(without
Ca2+ and Mg2+). Cultures were permeabilized at 4 ◦C for 5 min
in 0.5% triton-X diluted in PBS–. Block was done in 1% bovine-
serum albumin (BSA) for 30 min at room temperature. Primary
antibodies (ab) were prepared at 1:200 ab:solution in 1% BSA,
rhodamine phalloidinwas added at 1:50 in 1% BSA, and incubated
for 1 h at 37 ◦C. Cultures were washed three times with 0.5% PBST
(0.5% tween-20 prepared in PBS–), and secondary antibodieswere
added, prepared in 1% BSA at 1:200 ab:solution for 1h at 37 ◦C.
Cultures were washed 3 times in PBST. Wells were emptied and
drops of mounting mediumwith DAPI (VECTASHIELD antifade
mounting media, Vector Labs) were added until the culture was
fully covered, before a coverslip was laid on top. Samples were
flipped so cells were the closest to the coverslip side. Images were
taken with a ZEISS Axiobserver Z.1 with a 63x oil immersion
objective. Immunofluorescent images were analyzed using a FIJI
macro (see script in Appendix A).

For In-Cell Western, the same antibodies were used. Cultures
were fixed as before, and permeabilized with a perm buffer
(301 mM sucrose, 50 mM NaCl, 630 µM MgCl2, 20 mM HEPES,
0.5% Triton-X in PBS, pH 7.2), for 4 min at 4 ◦C. The culture
was further washed with 1% milk protein diluted in PBS for 1.5 h.
Primary antibodies prepared in 1% milk protein were incubated
overnight at room temperature at 1:100 (except anti-Cx43, which
was 1:500). Cultures were washed five times with 0.1% Tween20
in PBS before the secondary. Secondaries were prepared at 1:800
in 1% milk protein, 0.2% tween 20, and 1:500 Li-Cor Cell Tag
700 of the same species. Cultures were washed as before and
allowed to dry overnight at 4 ◦C, before the plate reading at
800 nm for the protein of interest and 700 nm for the cell
membrane. The data obtained was analyzed on Image Studio
Lite 5.2. For further analysis, 700 nm fluorescence was divided
by 800 nm fluorescence to correct for the amount of cell mem-
brane. Plots and statistical analysis were performed on GraphPad
Prism 9.
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2.7 Rheology

To perform rheology measurements, hydrogels were prepared in
12 mm diameter PDMS molds using 250 µl volumes and left in
PBS at 37 ◦C. Sampleswere subsequentlymeasuredwith a Physica
MCR 301 rheometer (Anton Parr) at 48 h post formation (Day 2).
Samples were characterized at room temperature (∼23 ◦C) and
sample hydration was ensured by pipetting PBS to the sides of the
hydrogel whilst performing measurements. A frequency sweep
from 100 to 1 rad/s was initially performed to determine the linear
viscoelastic (LVE) regime of the hydrogels. Then, strain sweeps
were performed at 10 rad/s in the range of 0.1% to 10%, within the
LVE regime of the gels, and the shear modulus was determined
at a gap size corresponding to a normal force of ≈0.1 N for all
gels.

3 Results and Discussion

3.1 hiPSC-CMMechanics and Electrophysiology
on PEG-Fibronectin Hydrogels

In this study, we employed a methodology for culturing hiPSC-
CMs on FN-PEG hydrogels, utilizing 6 mm PDMS molds for
hydrogel preparation (Figure 1A). A silicone stencil was applied to
the hydrogel surface, allowing for the precise insertion of hiPSC-
CMs. This approach facilitated the evaluation of cell behavior
and helped hiPSC-CMs to stay in close contact, contributing to
our understanding of cellular interactions in engineered tissue
models.

The mechanical properties of the extracellular matrix play a
fundamental role in modulating hiPSC-CMs behavior and mat-
uration [37]. To establish which hydrogels are physiologically
relevant substrates, rheological measurements were performed
(see Figure 1B–D). Hydrogels were prepared at different wt.
% using either 4-arm or 8-arm PEG hydrogels, and the shear
modulus was obtained by performing a strain sweep after a
frequency sweep was done (Figure 1B). The storage modulus (G′)
of the 5 wt. % 4-arm PEG hydrogels were found to be 4.3 kPa
± 0.5; the 5 wt. % 8-arm PEG hydrogels were 2.2 kPa ± 0.4,
and the 10 wt. % 4-arm PEG hydrogels was 4.5 kPa ± 0.3, at
0.5% strain (Figure 1C). These results confirm that the hydrogels
here developed display tunable stiffness ranging from 2–4 kPa,
which is within the range of neonatal heart tissue (3.1–13.5 kPa)
[11, 12].

Finally, there were no significant differences between the viscous
moduli (tan δ) of the hydrogels (Figure 1D).

The relationship between contraction duration (50%) (CD50)
and beating frequency (Frequency) showed that as frequency
increased, CD50 was also shorter, which means contraction is
more stable (Figure 2B-i,iii,v). This is opposed to controls where
contraction duration starts to prolong over time. On day 5, the
frequency increases more significantly in 5% 4-arm (Figure 2B-
ii,iv,vi). The percentage of single peaks is representative of a
uniform contraction in the tissue as displayed in Figure 2B-iii.
Day 2 shows this to be similar across all hydrogels and control
(2D model on glass). On day 5, the percentage of single peaks in
5%-4-arm increases to 78.4± 4.5 %, in 5 % 8-arm to 71.1± 5.9 %, and

in 10 % 4-arm to 77.8± 2.2 % from 41.6± 3.5 % in control, as shown
in Figure 2B-iv. Contraction duration increases overall from day
2–5, whereas 5 % 4-arm exhibited a shorter CD50 at 371.0 ± 33.8
ms, as well as 5 % 8-arm at 381.5 ± 46.6 ms compared to control
(566.7 ± 16.3 ms) Figure 2B-v,vi. This data shows that, at 5 days in
vitro, hiPSC-CMs cultured on 3D substrates show more uniform
and simple contractions.

Electrophysiological parameters were measured using voltage-
sensitive dyes. The duration of action potentials was measured
at 30 %, 50 % and 90 % to assess the different repolarization
phases (Figure 2B-ii–iv). Amplitude of the voltage signal was also
assessed for all hydrogels (Figure 3B-v).

It is worth mentioning that the 5 % 8-ARM gel system exhibited
substrate properties that adversely affected the hiPSC-derived
cardiomyocytes, preventing them from forming a functional
monolayer. The cells failed to spread out and form a syncytial
monolayer of spontaneously beating cells, and the voltage-
sensitive dye loading conditions were unable to restore normal
cellular behavior.

The failure—characterized by a change in morphology to spher-
ical shapes and subsequent detachment—was acute following a
Voltage-Sensitive Dye (VSD) introduction, suggesting a specific
incompatibility between the extremely soft substrate (2.2 ± 0.4
kPa) and the robust spreading required for stable syncytial
function under assay stress.

As such, no electrophysiological measurements were obtained
from this condition.

Action potential duration remained unchanged across different
hydrogels except for 10 % 4-arm. This higher stiffness gel led to
more variability in APD50 and 90 (Figure 3B-iii,iv). The ampli-
tude of the signal was smaller on all gels compared to the control
(39.7± 1.7 a.u.), where 5 % 4-armwas 30.3± 2.3 a.u. (Figure 3B-v).
More noticeably, the signal was much smaller at 9.2 ± 1.3 a.u. in
10 % 4-arm. Due to the more uniform contractions seen on 5 %
4-arm (Figure 2B) and unchanged electrophysiology (Figure 3B),
this hydrogel was chosen for subsequent experiments, as this
formulation was deemed most robust.

3.2 hiPSC-CM FormMatrix and Cell–Cell
Adhesive Complexes on PEG-Fibronectin Hydrogels

The effective use of hiPSC-CMs in cardiac regenerative medicine
and drug screening relies heavily on their capacity to form
functional interactions with the substrate they are grown on,
mimicking the native cardiac microenvironment [38]. Figure 4A
provides a schematic of the key proteins that mediate cell-matrix
interaction [39]. Immunofluorescence images of hiPSC-CMs
cultured on 5 % 4-arm FN-PEG hydrogels revealed the formation
of well-developed cell-matrix adhesions (Figure 4B). Vinculin,
a focal adhesion protein, showed distinct localization at the
cell-substrate interface, indicating robust mechanical coupling
between cells and the hydrogel matrix [40]. Immunofluorescence
for α5 integrin, a primary fibronectin receptor, demonstrates
specific engagementwith the fibronectin-functionalized hydrogel
surface. Additionally, the expression of N-cadherin at cell-cell
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FIGURE 2 Correlation between thickness and mechanical properties of hiPSC-CMs on hydrogels of different stiffnesses. Panel (A) shows an
example record of spatial analysis done on a recording using CellOPTIQ. On the left are shown all traces from a single recording that exhibit a single
peak, which represents amore uniform contraction, and to its right are the traces showing 2 ormore peaks, representing a non-uniform contraction of the
tissue. The right figure shows how Time for contraction (Up90, purple), Time for relaxation (Dn90, orange), 50 % of contraction duration (CD50, green),
and amplitude of contraction (blue) are measured using specialized software. (B) (i) frequency and CD50 correlation on day 2 in vitro; (ii) frequency and
CD50 correlation on day 5 in vitro; (iii, iv) Contraction complexity on days 2 and 5 in vitro shown as the percentage of single peaks in a 200 × 200 um2

area using a 10 × 10 grid, respectively; (v, vi) duration of 50 % of the contraction on days 2 and 5 as a result of different stiffnesses. N = 3 platings, n >14
wells. One-way ANOVA of hydrogel vs Control. p<0.001***, p<0.05**, p<0.01 *.
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FIGURE 3 Electrophysiological behavior of hiPSC-CMs cultured on different FN-PEG gels at day 5 in vitro. Panel (A) shows an example trace
of multiple action potentials. Frequency (Hz) of contraction is measured as 1/time between the start of each action potential. The duration of action
potential is measured at 30 % or repolarization (APD30, green), 50 % (APD50, orange), and 90 % (APD90, purple). Panel (B) shows (i) spontaneous
frequency; Action potential duration at 30 %, 50 %, and 90 % repolarization shown in 11), (iii), and iv), respectively. v) Amplitude of the voltage signal
was also assessed for all hydrogels. N = 3 platings, n >14 wells. One-way ANOVA of hydrogel vs Control. p<0.001***, p<0.05**, p<0.01 *.

interfaces indicates the development of intercellular connections
necessary for synchronized cardiac function [41].

Quantitative analysis of adhesion complex morphology provided
deeper insights into the cell-matrix interactions (Figure 4C).

Vinculin area measurements (Figure 4C-i) indicated the for-
mation of substantial focal adhesions, suggesting appropriate
substrate engagement comparable with the glass control. The
vinculin length distribution (Figure 4C-ii) revealed mature focal
adhesions, though at lower levels than the glass control. The α5
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FIGURE 4 Cell-to-matrix adhesion between hiPSC-CMs and 5 % 4-arm FN-PEG gel. (A) Diagram of protein interaction between cells and matrix
(based on Salmerón-Sánchez and Dalby, 2016) [39]; (B) Immunofluorescent images of hiPSC-CMs on glass (control) and 5 % 4-arm FN-PEG gel showing
nucleus (DAPI), vinculin adhesions, alpha-5 integrin, n-cadherin, and actin. The final image ismerged. (C) (i) Vinculin area in cell; (ii) length of vinculin
protein; (iii) area occupied by alpha-5 protein; (iv) length of alpha-5.

integrin distribution analysis, examining both area (Figure 4C-
iii) and length (Figure 4C-iv), indicated effective fibronectin-
mediated cell adhesion, confirming overall cell-matrix interac-
tions comparable to those of glass controls.

The presence of well-developed adhesion complexes, coupled
with specific integrin engagement and cytoskeletal organization,
suggests that these substrates can support proper hiPSC-CM
maturation and contractile function [19].
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For hiPSC-CMs to serve as effective models for cardiac tissue
or as therapeutic agents, they need to establish robust cell–cell
adhesions that enable synchronized contractions and electrical
signal propagation [41].

Figure 5A illustrates the key molecular components involved
in cell–cell communication and mechanical coupling between
adjacent cardiomyocytes.

Immunofluorescence images revealed the formation of
N-cadherins and gap junctions on the hydrogel substrate
(Figure 5B). N-cadherin, an essential component of adherens
junctions, showed distinct localization at cell–cell interfaces,
indicating the development ofmechanical junctions necessary for
force transmission between adjacent cells. Notably, the presence
of connexin 43 (C×43) at cellular interfaces demonstrates the
establishment of gap junctions, which are crucial for electrical
coupling and ion transfer between cells [42]. Quantitative
analysis of N-cadherin expression showed substantial adherens
junction formation per cell (Figure 5C-i). Measurements
of N-cadherin protein length distributions (Figure 5C-ii)
revealed mature adherent junctions, though smaller than
those observed in the glass control. In-cell Western analysis
of N-cadherin protein levels demonstrated robust expression
of this crucial adhesion molecule (Figure 5C-iii). Similarly,
quantification of C×43 protein levels, normalized to cell
membrane expression and presented on a scale of 0–1, indicated
abundant gap junction formation (Figure 5C-iv), supporting
the establishment of electrical coupling between adjacent
cells.

These quantitative measurements provide strong evidence that
hiPSC-CMs cultured on 5 % 4-arm FN-PEG hydrogels develop
both mechanical and electrical intercellular connections. The
simultaneous presence of robust adherens junctions and gap
junctions suggests the formation of functional syncytial networks
capable of coordinated contractile activity [43]. These charac-
teristics are essential for applications in tissue engineering and
drug screening, where synchronized cellular behavior and force
transmission are critical requirements.

3.3 hiPSC-CM Response to Pharmacological
Agents on PEG-Fibronectin Hydrogels

We then sought to investigate the response of hiPSC-CM to
different known cardioactive compounds in order to assess
the drug-screening suitability of the presented 3D hiPSC-CM-
PEG-fibronectin platform (5 % 4-arm FN-PEG gel) compared to
conventional 2D glass controls.

First, we tested isoprenaline, a β-adrenergic receptor agonist that
is known to induce positive inotropic effects, such as increased
contractility through activation of L-type calcium channels [45].
Four concentrations of isoprenaline ranging from 0.03 to 1 µM
were studied in hiPSC-CMs cultured on 5wt. % 4-armhydrogels
compared to a glass control (Figure 6). Amplitude, time for
contraction, and time for relaxation were measured at differ-
ent concentrations of the drug. These are parameters of the
contraction that indicate the time for the tissue to contract spon-
taneously, to relax, and the size of the contraction (amplitude).

Contraction amplitude did not change in response to isoprenaline
treatment (Figure 6B), yet a positive trend was noted at the
highest studied concentration, 1 µM (Figure 6A). No change
in contraction time was detected in response to isoprenaline
treatment (Figure 6C), however, data showed that at 0.3 µM
isoprenaline treatment, hiPSC-CMs cultured on gel (+63.1 ± 27.8
%) and glass (−13.8 ± 9.1 %) exhibited significantly different
responses. Cardiomyocytes cultured on glass treated with 0.1 µM
(−21.6 ± 6.4 %) showed a decrease of 29 % in time to reach 90 % of
relaxation (Dn90) compared to DMSO (+7.5 ± 3.6 %) (Figure 6D).
In 3D cell culture, 1 µM isoprenaline treatment (+96.4 ±
22.5 %) led to an increase of 107 % in comparison to DMSO
(−10.1 ± 4.5 %).

Next, we tested BayK8644, a direct L-type calcium channel
agonist which also has positive inotropic effects [46]. In the
present study, a trend toward a positive inotropic effect of
BayK8644 was seen in both gel and glass-cultured hiPSC-CMs.
The effects of 4 concentrations of BayK8644, ranging from 0.01
to 10 µM, were studied in hiPSC-CMs cultured on 5wt. % 4-ARM
hydrogels compared to a glass control. No significant change in
contraction amplitude was observed in response to BayK8644
treatment (Figure 7B), yet a positive trendwas noted at the highest
tested concentration, 10 µM (Figure 7A). BayK8644 effects on
cells were seen to be significantly different between 2D (−37.3
± 7.4 %) and 3D (+144 ± 104.5 %) cultures at 10 µM treatment
(Figure 7B). Up90 increased with 10 µM BayK8644 (+82.8 ±
21 %) in glass culture (+27.5 ± 5.4 %) (Figure 7C). Increased
hiPSC-CM relaxation time in response to BayK8644 treatment
was observed in both gel and glass conditions (Figure 7D). The
time required for cardiomyocytes to reach the Dn90 stage was
54 % and 77 % greater in cells cultured on gel and treated with
0.01 µM (+46.3 ± 8.1 %) and 0.1 µM (+66.4 ± 34.9 %) BayK8644,
respectively, in comparison to DMSO (−10.1 ± 4.5 %). Time to
reach Dn90 was increased by 88 % in 2D cardiomyocytes treated
with 10 µM (+95.2 ± 74.5 %) BayK8644 as compared to DMSO
(+7.5 ± 3.6 %).

In addition, we tested thapsigargin, which has a known nega-
tive inotropic effect through the inhibition of sarcoendoplasmic
reticulum calcium transport ATPase (SERCA), a calcium pump
responsible for Ca2+ transport from the cytoplasm into the
sarcoplasmic reticulum [47]. Four concentrations of thapsigargin
ranging from 0.3 to 10 µMwere studied in hiPSC-CMs cultured on
5wt. % 4-arm hydrogels compared to a glass control. Thapsigargin
treatment did not affect the contraction amplitude of gel or glass
conditions (Figure 8A,B). Up90 was prolonged in gel culture at
30 µM thapsigargin (+80.8 ± 12.6 %) by 64 % in comparison with
DMSO (+16.5 ± 6.9 %) (Figure 8C). Thapsigargin did not affect
hiPSC-CM relaxation time (Figure 8D). No results were obtained
from 2D hiPSC-CM culture treated with 30 µM thapsigargin due
to cell quiescence.

Finally, we tested the effects of nifedipine, an L-type calcium
channel inhibitor that exerts a negative inotropic effect by
blocking calcium entry into cardiomyocytes and preventing their
depolarization [45]. Again, four concentrations of nifedipine
ranging from 0.01 to 0.3 µMwere studied in hiPSC-CMs cultured
on 5wt. % 4-armhydrogels compared to a glass control. Nifedipine
did not affect contraction amplitude (Figure 9B), yet a negative
trend was observed at the highest nifedipine concentration on
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FIGURE 5 Cell-to-cell adhesion between hiPSC-CMs on 5 % 4-arm FN-PEG gel. (A) Diagram of protein interaction between cells (based on [44]).
(B) Immunofluorescent images of hiPSC-CMs on glass (control) and 5 % 4-arm FN-PEG gel showing nucleus (DAPI), C×43, and n-cadherin. The final
image ismerged. (C) (i) N-cadherin area in cell; (ii) length ofN-cadherin protein; (iii) protein quantification ofN-cadherin using InCellWestern; iv) C×43
quantification. All data in panels (iii, iv) were normalized by calculating F/F0 (Protein fluorescence/control fluorescence, where control was composed
of wells without primary antibody.
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FIGURE 6 Isoprenaline effects on cardiomyocyte spontaneous movements. A contraction amplitude trace showing the inotropic effect of 1 µM
isoprenalinewhen hiPSC-CMswere cultured on gel in a specific cell culturewell (A)was produced by the ContractilityTool. Threemain parameters were
used to investigate isoprenaline effects onhiPSC-CMs cultured in 2Dor onhydrogels: contraction amplitude (B), contraction time (C), and relaxation time
(D). For every parameter mean ± SEMwas plotted, n ≧2 wells. Asterisk symbols (*) mark a significant difference between different drug concentrations
and control (DMSO) treatments (blue * for glass, orange * for gel). The number sign symbols (#) mark a significant difference between gel and glass
conditions. One and two-way ANOVA analysis was performed: */# - p-value≤ 0.05; **/## - p-value≤ 0.01; ***/### - p-value≤ 0.001; ****/#### - p-value≤

0.0001.

gel (Figure 9A). Contraction time decreased in glass culture by
36% and 60% at 0.1 µM (−8 ± 8.7%) and 0.3 µM (−32.5 ± 5.8%)
nifedipine, respectively, in comparison to DMSO (+27.5 ± 5.4%)
(Figure 9C). Cardiomyocytes exhibited a decrease in relaxation
time of 32% on glass (−24 ± 7.4%) and an increase of 50% on gel
(+39.7 ± 37.6%) at 0.3 µM nifedipine in comparison to glass (+7.5
± 3.6%) and gel (−10.1 ± 4.5%) controls, respectively (Figure 9D).

4 Discussion

This study demonstrates the optimization of hydrogel substrates
for culturing iPSC-derived cardiomyocytes (iPSC-CMs), yield-
ing significant improvements in cardiomyocyte physiology. We
observed that hydrogel culture significantly alters cell mechanics
and electrophysiology, promoting more physiologically relevant
properties compared to traditional 2D culture on glass (Figures 2
and 3). Furthermore, the enhanced formation of cell–cell and
cell-matrix adhesions within the hydrogel environment sug-
gests improved structural integrity and functional connectivity
(Figures 4 and 5).

These structural improvements are supported by rigorous, objec-
tive measurement modalities, including automated image analy-
sis utilizing a validatedFIJImacro for standardized quantification
of Vinculin and N-cadherin morphology, and In-Cell Western
(ICW) quantitative immunoassay. The ICW analysis specifically

provided high-throughput, bulk quantification of critical gap
junction (Connexin 43) and adherens junction (N-cadherin) pro-
tein levels, confirming robust expression essential for electrical
coupling and intercellular force transmission.

The novelty of the present study lies in the synthetic, modular,
and chemically defined nature of the FN-PEG hydrogel platform.
This PEG-based chemistry allows for the orthogonal control
of substrate stiffness—tuned precisely to the neonatal heart
range (2–4 kPa)—whilst using fibronectin specifically to facilitate
cell-matrix adhesion via the integrin pathway. This approach
enables systematic study and isolation of mechanical inputs
in a scalable 2D format designed for drug toxicity screening.
Importantly, our results demonstrate that drug responses are
mechanosensitive, with differential kinetic changes observed
between physiologically compliant hydrogels and rigid glass
substrates. This improved environment may contribute to the
observed positive inotropic effect of isoprenaline (Figure 6),
which is a β-adrenergic receptor agonist known to exhibit a
positive inotropic effect. The inotropic effect seen in our data
is also in agreement with previously published studies [48–50].
Additionally, contraction amplitude was seen to be increased
in cardiomyocytes cultured both on gel and glass, showing a
potential increase in contractile strength. An increase was also
observed in relaxation time in hiPSC-CMs cultured on hydrogel
when treated with 1 µM isoprenaline. This finding was surprising
as isoprenaline is normally known to enhance relaxation rate [51].
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FIGURE 7 BayK8644 effects on cardiomyocyte spontaneous movements. A contraction amplitude trace showing the inotropic effect of 10 µM
BayK8644 when hiPSC-CMs were cultured on gel in a specific cell culture well (A) was produced by the ContractilityTool. Three main parameters
were used to investigate BayK8644 effects on hiPSC-CMs cultured in 2D or 3D environments: contraction amplitude (B), contraction time (C), and
relaxation time (D). For every parameter mean ± SEMwas plotted, n≧4 wells. Asterisk symbols (*) mark a significant difference between different drug
concentrations and control (DMSO) treatments (blue * for glass, orange * for gel). The number sign symbols (#)mark a significant difference between gel
and glass conditions. One and two-way ANOVA analysis was performed: */# - p-value≤ 0.05; **/## - p-value≤ 0.01; ***/### - p-value≤ 0.001; ****/####
- p-value≤ 0.0001.

This contradictory resultmay be due to immaturity of hiPSC-CMs
as they lack a fully developed sarcoplasmic reticulum (SR) [52].

A study by Layland and Kentish [51] supported this result as
it showed that inhibition of SR in rat cardiac tissues results in
elimination of isoprenaline positive lusotropic effects, while the
positive inotropy remained, as seen in the present study findings.

BayK8644 is a direct L-type calcium channel agonist with a
known positive inotropic effect [46]. In the present study, a trend
toward a positive inotropic effect of BayK8644 was seen in both
hydrogel and glass-cultured hiPSC-CMs (Figure 7). In gel con-
ditions, BayK8644 triggered the highest contraction amplitude
increase at 10 µM, and this effect was significantly different
from glass-cultured hiPSC-CMs; however, the overall increase in
contraction amplitude was not significant. In glass conditions,
the positive inotropy was indicated by increased contraction time
at 10 µM BayK8644. Such observations agreed with a previously
published study [53] in which contraction amplitude and time
were reported to be increased in response to BayK8644 treatment
due to increased influx of Ca2+ ions. Furthermore, in the current
study, BayK8644 was also shown to prolong hiPSC-CM relaxation
time and trigger disturbed contraction as seen from the trace
in Figure 7A. These findings may be explained by previously
reported data in the study of Sicouri et ;al. [54], where BayK8644
was shown to trigger ventricular extrasystoles and tachycardia in
cardiomyocytes.

Thapsigargin is a negative inotrope that exerts its effects through
inhibition of sarcoendoplasmic reticulum calcium transport
ATPase (SERCA), which is a calcium pump responsible for Ca2+
transport from the cytoplasm into the sarcoplasmic reticulum
[47]. In the presented research project, no definitive inotropic
effect was observed on hiPSC-CM contraction in the presence
of Thapsigargin. Contrary to what was expected, thapsigargin
was observed to increase contraction time in hydrogel car-
diomyocyte culture. This finding was also reported in Hortigon–
Vinagre et al. [48], where thapsigargin was shown to increase
the time to cardiomyocyte depolarization. The mechanistic
basis for this effect is uncertain, but this may be the basis
for the increased time to contract and, therefore, contraction
time.

Nifedipine is an L-type calcium channel inhibitor that exerts
a negative inotropic effect by blocking calcium entry into car-
diomyocytes and reducing the contribution of the current to the
plateau phase of the AP and subsequently causing reduced action
potential duration [31].

In the current study, a trend toward negative inotropy was
observed in contraction amplitude in hiPSC-CMs cultured on gel
in the presence of Nifedipine (Figure 9). Additionally, contraction
time was shown to be significantly decreased in 2D hiPSC-
CM culture in response to nifedipine. These findings were in
agreement with a study by Hortigon–Vinagre et al. [48], where
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FIGURE 8 Thapsigargin effects on cardiomyocyte spontaneous movements. A contraction amplitude trace showing the inotropic effect of 30 µM
thapsigargin when hiPSC-CMs were cultured on gel in a specific cell culture well (A) was produced by the ContractilityTool. Three main parameters
were used to investigate thapsigargin effects on hiPSC-CMs cultured in 2D or 3D environments: contraction amplitude (B), contraction time (C), and
relaxation time (D). For every parameter mean ± SEMwas plotted, n≧3 wells. Asterisk symbols (*) mark a significant difference between different drug
concentrations and control (DMSO) treatments (blue * for glass, orange * for gel). The number sign symbols (#)mark a significant difference between gel
and glass conditions. One and two-way ANOVA analysis was performed: */# - p-value≤ 0.05; **/## - p-value≤ 0.01; ***/### - p-value≤ 0.001; ****/####
- p-value≤ 0.0001.

nifedipine was reported to cause a concentration-dependent
contraction amplitude decrease in hiPSC-CMs.

Additionally, in accordance with data shown in this work, a
decrease in contraction amplitude in response to nifedipine
treatment in hiPSC-CMs and isolated guinea pig hearts was also
reported in Ref. [55].

Overall, drug testing revealed distinct differences in drug
responses between iPSC-CMs cultured on hydrogels (3D) and
glass (2D), indicating that hydrogel substrates can provide amore
representative in vitro model for cardiotoxicity screening and
drug discovery.

These findings are particularly significant given that previous
studies have shown that the use of standard glass/plastic (inflex-
ible) substrates for monolayer studies causes heterogeneous and
abnormal contraction/relaxation events, which our results with
flexible hydrogel substrates help to address [56].

The advantages of the cell monolayer configuration employed in
this study are evident in our results: (i) the industry standard
format ensured adequate oxygenation of the cell layer under stan-
dardised conditions, contributing to consistent drug responses;
(ii) the monolayer structure allowed cell structures to be visible
using normal microscope optics and served as reference points
for contraction measurements; (iii) the confluent monolayer
ensured that all cells were electrically coupled and functioned
as an electrical syncytium, enabling coordinated responses to

pharmacological interventions; (iv) the access of the cells to drugs
in an aqueous serum freemedium ensured the cells were exposed
to a known free concentration of the drug, providing reliable dose-
response relationships that would be uncertain in a 3D aqueous
gel structure given the various chemical partition coefficients of
organic molecules.

Whilst we recognise that longer culture periods (beyond one
week) are generally preferred for achieving advanced hiPSC-CM
maturation necessary for complex disease modelling, our study
was technically constrained to a 7-day culture due to limitations
inherent to the commercially sourced hiPSC-CMs within this
novel synthetic matrix. Crucially, this 7-day period was sufficient
to establish the primary conclusions of the work: defining the
role of physiological stiffness (2–4 kPa) in normalizing contractile
behavior (improved uniformity) and demonstrating that drug
responses are mechanosensitive, as evidenced by the profound
differential kinetic changes observed with isoprenaline and
nifedipine compared to the rigid control. Thus, the study achieved
its objective of validating the FN-PEG platform as a superior
model for early-stage, predictive cardiotoxicity screening. While
our results demonstrate that hydrogel substrates provide more
physiologically relevant mechanical properties compared to tra-
ditional glass substrates, it is important to acknowledge that
these alternative substrates may introduce additional chemical
andmechanical interactions that could influence drug responses.
Some of these processes may be physiological, while others may
be unique to the gel format used. In both cases, these interactions
and their modulation by drugs add an additional layer of com-
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FIGURE 9 Nifedipine effects on cardiomyocyte spontaneous movements. A contraction amplitude trace showing the inotropic effect of 0.3 µM
nifedipine when hiPSC-CMs were cultured on gel in a specific cell culture well (A) was produced by the ContractilityTool. Three main parameters
were used to investigate nifedipine effects on hiPSC-CMs cultured in 2D or 3D environments: contraction amplitude (B), contraction time (C), and
relaxation time (D). For every parameter mean ± SEMwas plotted, n ≧2 wells. Asterisk symbols (*) mark a significant difference between different drug
concentrations and control (DMSO) treatments (blue * for glass, orange * for gel). The number sign symbols (#)mark a significant difference between gel
and glass conditions. One and two-way ANOVA analysis was performed: */# - p-value≤ 0.05; **/## - p-value≤ 0.01; ***/### - p-value≤ 0.001; ****/####
- p-value≤ 0.0001.

plexity to the mechanical and electrical response of cardiomy-
ocytes, which requires further investigation and consideration
in drug discovery and screening applications. These findings
highlight the potential of optimized hydrogels to create more
predictive and relevant platforms for cardiac research and drug
development.

Macro FIJI for Immunofluorescence Analysis:
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setOption("BlackBackground", false); 
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