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Cellular Alignment and Matrix Stiffening Induced Changes
in Human Induced Pluripotent Stem Cell Derived

Cardiomyocytes

Andrew House, Anjeli Santillan, Evan Correa, Victoria Youssef, and Murat Guvendiren*

1. Introduction

Biological processes are inherently dynamic, necessitating biomaterial

platforms capable of spatiotemporal control over cellular organization and
matrix stiffness for accurate study of tissue development, wound healing, and
disease. However, most in vitro platforms remain static. In this study, a
dynamic biomaterial platform comprising a stiffening hydrogel is introduced
and achieved through a stepwise approach of addition followed by
light-mediated crosslinking, integrated with an elastomeric substrate
featuring strain-responsive lamellar surface patterns. Employing this
platform, the response of human induced pluripotent stem cell-derived
cardiomyocytes (hIPSC-CMs) is investigated to dynamic stiffening from
healthy to fibrotic tissue stiffness. The results demonstrate that culturing
hIPSC-CMs on physiologically relevant healthy stiffness significantly
enhances their function, as evidenced by increased sarcomere fraction, wider
sarcomere width, significantly higher connexin-43 content, and elevated cell
beating frequency compared to cells cultured on fibrotic matrix. Conversely,
dynamic matrix stiffening negatively impacts hIPSC-CM function, with earlier
stiffening events exerting a more pronounced hindering effect. These findings
provide valuable insights into material-based approaches for addressing
existing challenges in hIPSC-CM maturation and have broader implications
across various tissue models, including muscle, tendon, nerve, and cornea,
where both cellular alignment and matrix stiffening play pivotal roles in tissue

development and regeneration.
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The native tissue comprises a dynamic
extracellular microenvironment (ECM),
which presents spatial and temporal cell-
instructive cues, including topographical,
mechanical, and biochemical signals.
Cells sense and react to these cues by
regulating functions such as proliferation,
spreading, migration, and differentiation./!]
Consequently, there’s a growing interest
in designing biomaterial platforms that
mimic the native ECM to modulate cellular
behavior, aiming to create in vitro tissue
and disease models.

Given that heart disease is presently
the leading cause of mortality worldwide,
there has been a notable surge in in-
terest surrounding cardiac tissue. Under-
standing the intricacies of cardiac tissue
function, development, and pathology is
crucial for developing effective treatments
and preventative measures. In cardiac tis-
sue, a highly organized collagen-based
ECM structure ensures the spatial align-
ment of cardiac cells, facilitating synchro-
nized contractility.”) However, in diseased
hearts, particularly post-myocardial infarc-
tion (MI), excessive collagen production
leads to scar formation, locally altering cardiac tissue stiffness
and organization. This alteration is known to result in progres-
sive fibrosis and ventricular dilatation.’] Hence, there is signifi-
cant interest in developing in vitro platforms capable of dynami-
cally controlling matrix stiffness and cellular alignment to study
the response of cardiac cells to post-MI cardiac tissue remodel-
ing. Such platforms hold promise for advancing our understand-
ing of cardiac disease mechanisms and for the development of
novel therapeutic interventions.

There has been sustained interest in developing dynamic in
vitro platforms capable of inducing matrix stiffening to inves-
tigate the effects of such stiffening on cellular behavior during
tissue fibrosis.[*] These platforms utilize various triggers for ma-
trix stiffening, including light,’*! temperature,l®! pH,/”] or the ad-
dition of biomolecules.!®! A recently devised alternative platform
facilitates the transfer of cultured cardiac cells from one matrix to
another with adjustable stiffness levels, offering a novel approach
to studying the impact of altered matrix stiffness.l®) However,
none of these platforms currently enable the control of cellular
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alignment alongside matrix stiffening, a critical factor for cardiac
tissue development and contraction.['% Topographical patterning
has been demonstrated to effectively influence cardiac cell align-
ment through contact guidance,' and platforms combining sur-
face topography with physiological stiffness have shown promise
in promoting cardiac cell function.'?] Nonetheless, existing plat-
forms only provide static presentation of surface patterns and
matrix stiffness.

Corbin et al. addressed this limitation by incorporating mag-
netic iron particles into a poly(dimethylsiloxane) (PDMS) elas-
tomer, resulting in a magnetorheological elastomer (MRE) capa-
ble of stiffening in the presence of cardiac cells when subjected to
a magnetic field.['*] This innovative system was further advanced
by integrating elastomer-grafted tissue arrays to simulate cardiac
afterload.l' Zeng et al. took a similar approach by creating to-
pographically patterned MRE substrates to examine the short-
term cellular responses to dynamic stiffening in aligned human
ventricular cardiac fibroblasts.['°] Despite the applied magnetic
field inducing stiffening of the MRE material, stiffness rapidly re-
verted to its original state upon removal of the magnetic field.['*]
Additionally, variations in substrate surface roughness and stiff-
ness arose due to localized differences in magnetic particle den-
sity and configuration, as well as the stiffening process itself, po-
tentially impacting cellular behavior and subsequent cellular re-
sponses to stiffening.

To address these limitations, we present a novel dynamic bio-
material platform that integrates a stiffening hydrogel system
with an elastomeric substrate featuring strain-responsive wrin-
kling patterns. The stiffening hydrogel offers a tunable initial
stiffness akin to healthy cardiac tissue, and undergoes rapid ma-
trix stiffening within seconds upon exposure to light, mimick-
ing the stiffness characteristic of fibrotic tissue. This process al-
lows for precise spatial control and ensures long-term structural
stability. Meanwhile, the elastomeric substrate exhibits dynamic,
reversible lamellar patterns with customizable sizes and high
fidelity. When combined, this dynamic platform enables inde-
pendent control of cellular alignment and matrix stiffening. As
mentioned above, native ECM becomes stiffer due to excessive
deposition of collagen fibers. Our stiffening approach does not
mimic the change in composition of the matrix but rather mim-
ics the change in stiffness. With our platform, we explore the
effects of matrix stiffening on the behavior of human-induced
pluripotent stem cell-derived cardiomyocytes (hIPSC-CMs). Al-
though the response of CMs is known to be modulated by the
presence of other cells including fibroblasts, this feasibility study
is focused on hIPSC-CM monoculture. These cells are a preferred
choice for developing patient-specific cardiac models due to their
capacity to capture patient-specific genetic information.'®! How-
ever, achieving mature cardiomyocytes poses a challenge, as they
typically resemble immature fetal cardiomyocytes in terms of
morphology, sarcomere length, gap junctions, and conduction
velocities.['”] Despite recent advancements in culture platforms
aimed at enhancing hIPSC-CM maturation, including electrical
and mechanical stimulation,['®! cellular alignment and morphol-
ogy optimization,[') stiffness modulation,!?"! soluble factors,!?!]
and prolonged culture durations,!??! the combined effect of cel-
lular alignment and matrix stiffening on hIPSC-CM function re-
mains unexplored. Thus, our dynamic platform provides an ideal
model to investigate these phenomena.
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In this study, we first focused on developing the dynamic bio-
material platform and then demonstrated its feasibility for micro-
tissue formation using hIPSC-CMs, including investigating the
effects of patterning and stiffness on hIPSC-CM behavior. Finally,
we examined the effects of dynamic stiffening on highly aligned
hIPSC-CM micro-tissues. While our study primarily targets car-
diac tissue, our platform has broader implications for other tissue
models, such as muscle, tendon, nerve, and cornea, where cellu-
lar alignment and matrix stiffening are also crucial.

2. Results and Discussion

2.1. Fabrication of the Dynamic Biomaterial Platform

In this study, we introduce a dynamic biomaterial platform com-
prised of a stiffening hydrogel matrix integrated with an elas-
tomeric substrate featuring strain-responsive lamellar surface
patterns (Figure 1a). To achieve this, a rectangular-shaped PDMS
film (1mm thick) underwent uniaxial stretching, followed by ex-
posure to ultraviolet/ozone (UVO) and functionalization with
methacrylate moiety using 3-(trimethoxysilyl)propyl methacry-
late (TMS). A droplet of methacrylated alginate (MeAlg) solu-
tion (3wt/vol%) containing a crosslinker, dithiothreitol (DTT),
was then placed onto the stretched PDMS surface. The resultant
MeAlg hydrogel, characterized by uniform stiffness, formed via
a Michael-type addition crosslinking reaction between methacry-
lates (MeAlg) and thiols (DTT), with the methacrylates on PDMS
surface ensuring chemical attachment of the hydrogel to the
stretched PDMS film. Upon release of the PDMS film, the sur-
face buckled perpendicular to the stretching direction, generating
lamellar patterns. Notably, UVO exposure resulted in formation
of a stiffer skin layer (x5 nm) atop the PDMS film,/?}] leading
to the emergence of lamellar patterns perpendicular to the ap-
plied strain upon strain removal due to the modulus mismatch
between the skin and bulk.!?]

The equilibrium pattern wavelength (1) and amplitude (A)
could be controlled by the initial applied strain and UVO expo-
sure time.[?’! For this study, the UVO exposure time was kept
constant (3 h), while the initial applied strain was varied to ob-
tain two sets of lamellar patterns with a fixed A of ~60 pm but
varying A, with A ~ 12 pm for ¢ = 0.2, and A = 5 pm for € =
0.4.1261

Upon strain removal, the PDMS film buckled, forming
lamellar patterns perpendicular to the stretching direction,
with the MeAlg hydrogel layer conforming to the patterned
surface (Figure 1b). Additionally, flat hydrogels were fabricated
without applying an initial strain (Figure 1c). Hydrogel thickness
(~12-58 um) was controlled by the MeAlg solution droplet
volume (2-10 pL), which did not alter the pattern A (= 60 um)
but led to a decrease in A (9-5 um) with increasing droplet
volume (Figure 1d—f). It has been previously shown that cells
cultured on a thin film hydrogel, affixed to a stiffer substrate,
perceive the stiffness of the underlying substrate to a depth
of ~4 um.[?’] To mitigate the influence of the PDMS substrate
stiffness on cell behavior, the hydrogel film thickness was set to
~13 pm, necessitating only 2 pL of droplet and minimizing the
decrease in pattern A, which significantly impacts cardiac cell
alignment.[?! Furthermore, covering the droplet with a glass
slide during crosslinking ensured the formation of hydrogels
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Figure 1. a) Schematic showing fabrication of the dynamic hydrogel platform including (i) stretching of the PDMS film, (ii) UVO exposure, (iii) surface
functionalization followed by placing of a droplet of hydrogel solution, (iv) addition-only crosslinking of the hydrogel film, and (v) release of the PDMS
film for lamellar pattern formation. b, c) Confocal images showing the hydrogel film (red) attached onto PDMS film including surface (top) and cross-
sectional (bottom) views of the patterned (b) and flat (c) hydrogels. Scale bars are 200 and 20 um. Methacrylated rhodamine (red) was mixed into
hydrogel solution to visualize the hydrogel film. d) Film thickness with hydrogel solution droplet volume. e) Pattern amplitude (A) with droplet volume.
f) Pattern wavelength (1) with droplet volume. g) Hydrogel film thickness with culture time. Data are presented as mean + std for n = 3 samples and 9

total measurements.

with uniform thickness. Importantly, the initial film thickness
remained unchanged during long-term culture (Figure 1g).

The initial stiffness of the MeAlg hydrogel was controlled by
the consumption of methacrylate groups during the addition-
only reaction, which was tuned by the concentration of DTT
(Figure 2a). For cardiac model studies, the initial stiffness was set
to mimic healthy cardiac tissue stiffness (~10-15 kPa),!?%! corre-
sponding to a DTT faction of 0.3, resulting in 14.7 + 3.4 kPa. This
initial hydrogel could be stiffened on demand by UV-induced rad-
ical polymerization of the remaining methacrylates when swollen
with a photoinitiator (0.05 vol/vol%, Irgacure 2959, 12959), with
the final stiffness controlled by UV exposure time (365 nm, 10
mW cm™?) (Figure 2b). Stiffened hydrogels mimicking fibrotic
cardiac tissue stiffness (x55 kPa)?!] were obtained at 2.5 min
exposure, resulting in E = 54.7 + 15 kPa. Rheological analy-
sis of the MeAlg solution confirmed crosslinking via addition-
only reaction and subsequent UV-induced radical polymerization
(Figure 2c), with stiffening initiating immediately upon UV ex-
posure and modulus equilibrating upon UV light cessation. Fi-
nally, hydrogel films with healthy or fibrotic stiffness remained
stable under long-term culture conditions (Figure 2d), consistent
with the non-degradability of the MeAlg hydrogels in vitro when
crosslinked.
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Our dynamic platform also enabled spatiotemporal control
of matrix stiffening, leading to hydrogels with patterned stiff-
ness. During stiffening process, a photomask was employed to
spatially regulate UV exposure (Figure 3a). Light penetration
through the photomask was controlled by transparent regions
featuring user-defined shapes and sizes. Introducing methacry-
lated rhodamine (MeRho, red) into healthy hydrogel prior to UV
crosslinking allowed for selective binding to the UV-exposed,
stiffened regions (Figure 3b). When employing a circular pat-
tern, AFM revealed a transition in matrix stiffness from ~15 kPa
(outside the pattern) to ~55 kPa (within the pattern) (Figure 3c),
thereby confirming the spatial control of matrix stiffening.

2.2. Human IPSC-CM Response to Lamellar Patterns and Matrix
Stiffness

2.2.1. Cellular Alignment and Cell Shape

We cultured the hIPSC-CMs on our biomaterial platform for
up to 21 days (Figure 4; Figure S1, Supporting Information) to

investigate the effect of lamellar patterns and matrix stiffness
on nuclear alignment (Figure 5a) as well as cell area and aspect
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Figure 2. a) MeAlg hydrogel film stiffness (Young’s modulus, E) for addition-only reaction with varying DTT concentration (at pH 10). b) Stiffness for
stiffened MeAlg hydrogel, addition reaction (E ~14 kPa) followed by UV-induced radical polymerization, with varying UV exposure time. c) Rheology
showing hydrogel formation for addition-only reaction (healthy, blue) and stiffened hydrogel, addition reaction followed by UV induced radical polymer-
ization (fibrotic, red). Elastic modulus (G’) and viscous modulus (G"’) are indicated by solid and open labels, respectively. (d) Stiffness for addition-only
(healthy) and for stiffened (fibrotic) hydrogels with culture time. Data for stiffness are presented mean + std (> 10 random measurements for each

sample, n = 3). Day O refers to as prepared sample.

ratio (AR) (Figure 5b). When hIPSC-CMs were cultured on
patterned hydrogels, they exhibited a preference for alignment
in the direction of the patterns, whereas on flat hydrogels,
they displayed random orientation (Figure 4). We determined
the average percentages of cells preferentially aligned with the
lamellar patterns by considering cells with nuclei orientation
angles within +20° of the pattern orientation (Figure 5a,c). For
cells cultured on healthy stiffness, ~26% of the cell population
on flat hydrogels displayed alignment, whereas on patterned
hydrogels, nuclear alignment was 57% for A =5 and 87% for A
= 12. These findings indicate a significant increase in nuclear
alignment with increasing A, consistent with our previous
results from patterned elastomeric substrates.?®! In contrast, for
cells cultured on fibrotic stiffness, nuclear alignment remained
unchanged on flat hydrogels (random, ~27%), but significantly
decreased on patterned hydrogels (=60% for A = 12). This
suggests that hIPSC-CMs exhibit preferential alignment on pat-
terned hydrogels with healthy stiffness, consistent with previous
studies.!12229]

When considering cell shape (Figure 5d.e), hIPSC-CMs
exhibited a more rounded morphology (AR = 1.7) and greater
spreading (~3200 pm?) with a wider distribution of cell area on
flat hydrogels with healthy stiffness. In contrast, cells cultured
on patterned hydrogels displayed less spreading (~2600 and
2100 um? for A = 5 and 12) with a narrower cell area distribution
and significantly higher cell AR (AR =2.3 and 3.4 for A=5 and
12). For cells cultured on fibrotic stiffness, the average cell area
(~4500 and 2800 pm? for flat and patterned) and cell area distri-
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bution were higher on flat hydrogels, with significantly lower AR
(1.6 and 2.2 for flat and patterned). This higher cell area (indicat-
ing grater spreading) observed on fibrotic stiffness as compared
to healthy stiffness is typical for cardiac cells cultured on sub-
strates with stiffness much larger than physiologically relevant
stiffness.[2%3% Although our study did not show any evidence of
this, the increase in cell area may also be due to hypertrophy,
which is associated with a reduction in CM maturation.3!]
More detailed gene analyses are required to further investi-
gate this phenomenon, which will be the focus of the future
studies.

2.2.2. Intracellular Organization of Sarcomeres

Next, we focused on the intracellular organization of sarcomeres
by examining confocal images of immunostained hIPSC-CMs
against a-actinin, revealing differences in sarcomere fraction,
Z-disk spacing and sarcomere width after 21 days of culture
(Figure 6a). When cultured on healthy stiffness, the average
sarcomere fraction (the amount of cell area taken up by the sar-
comeres divided by the total area of each cell) was higher for cells
on patterned hydrogels (0.77-0.81) compared to flat hydrogels
(~0.66), with a significant increase observed for highly aligned
cells (A = 12 um) (Figure 6b). Similarly, on fibrotic stiffness, the
average sarcomere fraction was higher on patterned substrates
as compared to flat substrates. However, for highly aligned
hIPSC-CMs, the sarcomere fraction was significantly lower for
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Figure 3. a) Schematic showing spatial control of in situ stiffening by us-
ing a photomask. b) Confocal (stitched) image showing the stiffened re-
gion with magnified images showing (i) top and (ii) cross-sectional views
of the surface patterns. Scale bars are 2 mm and 200 um. Methacrylated
rhodamine (red) was introduced prior to stiffening to visualize the stiff-
ened region as it covalently bounds to the region exposed to UV light. c)
Stiffness of the hydrogel measured by AFM along the dotted line shown in
(b). Data are presented as mean + std (> 10 random measurements for
each sample with n = 3 samples).

fibrotic stiffness (0.65+0.08) compared to healthy stiffness (0.81
+ 0.09). This reduction may be attributed to decreased cellular
alignment on fibrotic stiffness. Sarcomere expression is known
to be influenced by substrate stiffness and cellular alignment,?]
such that increased matrix stiffness leads to reduced sarcomere
definition and alignment,?%3] and cellular alignment en-
hances sarcomere expression along with an increase in a-actinin
density.[192:34]

While a noticeable difference in Z-disk spacing was observed
between the flat and patterned hydrogels, there was no statisti-
cally significant difference between healthy and fibrotic stiffness
for aligned hIPSC-CMs (Figure 6¢). Sarcomere width increased
with pattern amplitude, and hence with cellular alignment
(Figure 6d). Additionally, for highly aligned cells (A = 12 um),
fibrotic stiffness led to a statistically lower sarcomere width com-
pared to healthy stiffness. This could be attributed to decreased
cellular alignment and AR for hIPSC-CMs on fibrotic hydrogels,
which have been reported to lead to a lower sarcomere width in
the literature.[*®] For instance, cellular forces are significantly ele-
vated on physiologically relevant stiffness (~10 kPa),[>°*3¢] which
are correlated with increased sarcomere lengths and Z-disk
spacings.%]
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2.2.3. Cell-Cell Interactions

The presence of gap junctions is crucial for the depolarization
of heart muscle and the propagation of the action potentials be-
tween cardiac cells.'?! In this study, we examined the effects of
matrix stiffness and cellular alignment on gap junctions through
the localization and expression of connexin-43 (Cx43) after 21
days of culture (Figure 7). Cx43 expression here refers to rela-
tive amount of Cx43 (Figure 7e), based on a semi-quantitative
immunostaining analysis rather than direct quantitative meth-
ods. Immunostaining for Cx43 revealed abundant localization at
the cell-cell contact regions along the cell membrane, with sig-
nificantly higher expression observed for aligned hIPSC-CMs on
patterned hydrogels. The gap junctions appeared with the sub-
strate patterns. It is well-established that myocytes communi-
cate more effectively when aligned compared to randomly ori-
ented cells.3*>*% Interestingly, Cx43 expression was significantly
higher in aligned hIPSC-CMs than in randomly oriented cells,
under both healthy and fibrotic stiffness conditions. However, in
highly aligned cells, no significant differences in Cx43 expres-
sion were observed. These findings are consistent with existing
literature. For instance, Cx43 expression remained constant for
CMs cultured on PDMS substrates with varying stiffness (~2-
10 kPa), yet significant changes were observed when comparing
these cells with CMs cultured on much stiffer glass slides.!?! It
should be noted that our approach has limitations, as immunos-
taining is not a quantitative method for determining Cx43 con-
tent, and cytoplasmic and perinuclear staining could superficially
increase the calculated Cx43 content. Future studies will include
protein analysis (e.g., Wester blotting) to address these limita-
tions.

2.2.4. Cell Beating and Calcium Handling

Intracellular sarcomere organization and cell-cell interactions
via gap junctions play pivotal roles in influencing cardiac con-
tractility, synchronous cell beating, and calcium (Ca?*) handling
of CMs. In our study, we initially investigated the evolution
of synchronous beating in hIPSC-CMs by measuring beating
frequency (BF, beats per minute, BPM) over time (Figure 8A;
Figure S2, Supporting Information). Freshly thawed hIPSC-CMs
were cultured on flat or patterned hydrogels with healthy and fi-
brotic stiffness for 28 days, with measurements beginning after
1 week of culture to allow for the recovery of hIPSC-CMs from
cryopreservation.*”! The BF of hIPSC-CMs showed dependence
on culture time, with the evolution of BF (Figure 8a) and equilib-
rium BF (at 28 days, Figure 8b) influenced by the matrix stiff-
ness and cellular alignment. Specifically, BF increased signifi-
cantly with culture time, reaching an equilibrium BF where no
statistically significant differences were observed among BF val-
ues between subsequent days. This could be attributed to time-
dependent changes in intercellular organization of hIPSC-CMs
and the establishment of cell-cell interactions (Figure S3, Sup-
porting Information).*”! For randomly oriented hIPSC-CMs on
flat hydrogels, BF reached equilibrium ~20 days, independent of
hydrogel stiffness. In contrast, for aligned hIPSC-CMs on pat-
terned hydrogels, the equilibrium time was delayed to ~21-22
days, possibly due to additional time needed for cells to adjust
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Figure 4. Fluorescent microscope images of hIPSC-CMs (a-actinin (green) and nuclei (DAPI, blue)) cultured on flat or patterned hydrogel platform with

healthy or fibrotic stiffness at culture days 7, 14 and 21. Scale bars are 50 um.

their cell area and AR to conform with surface patterns during
cellular alignment. Notably, the equilibrium BF for aligned cells
on the patterned hydrogels was significantly higher than that of
randomly aligned cells (Figure 8b).

On healthy substrates, BF significantly increased with increas-
ing cellular alignment (or pattern amplitude) such that BF was
~25,47,and 54 BPM for nuclear alignment of ~#26% (A =0, flat),
57% (A =5) and 87% (A = 12). Although a similar trend was ob-
served on fibrotic stiffness (~24 BPM for A =0 and ~39 BPM for
A = 12), the BF of aligned hIPSC-CMs was significantly higher
on healthy stiffness (Figure 8b). Next, we investigated the calcium
handling dynamics of hIPSC-CMs by measuring the calcium flux
(Figure 8c¢) using fluorescent microscopy of a cell-permeable Ca®*
indicator (Fluo-4 AM). Our results indicated a slight decrease
in 50% decay (T50) and a significant decrease in 90% (T90) for
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hIPSC-CMs cultured on patterned hydrogels as compared to flat
hydrogels (Figure 8d), attributable to cellular alignment. These
observations align with the trends observed for BF, indicating
that cellular alignment led to an increase in BF along with faster
Ca’* transient decay. We note that BF alone is not a highly in-
formative metric of cardiomyocyte phenotype; rather, it is used
here as a relative metric to compare cellular behavior on differ-
ent substrates. Overall, our results clearly demonstrate that syn-
chronous cell beating and Ca?* handling were significantly en-
hanced in highly aligned hIPSC-CMs cultured on substrates with
healthy stiffness. These findings are consistent with the previous
reports that show cellular alignment and physiologically relevant
stiffness enhance electrophysiology of CMs.[2#!] The Ca?* han-
dling metrics are frequency dependent and could be affected by
the changes in BF due to substrates conditions. These metrics
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Figure 5. a, b) Representative fluorescent microscopy images of (a) cell nuclei and (b) cell surface area used to measure nuclear alignment, cell area,

and cell aspect ratio. The hIPSC-CMs were cultured for 21 days on healthy flat (HF) and patterned (HP with patte
=12 um), and fibrotic flat (FF) and patterned (FPP, A = 12 um) hydrogels. c) Nuclear alignment for hIPSC-CMs. *
for HP vs HF and FF, and for FPP vs HF and FF (n = 135 cells from 3 different batches). d) Cell area for hIPSC-CMs.

A =5 pm and HPP with pattern A
“ p < 0.0001 for HPP vs all groups,
“ p < 0.0001 for HPP vs FF, ™ p

< 0.005 for HP vs FF, ™ p < 0.05 for FPP vs FF (n = 135 cells from 3 different batches). e) Cell aspect ratio for hIPSC-CMs. *** p < 0.0001 for HPP vs
all groups, ** p < 0.005 for FF vs FPP and HP, ™ p < 0.05 for HF vs FPP and HP (n = 135 cells from 3 different batches).

could be studied in response to external pacing to decouple the
effects of BF, which will be one focus of our future studies.

2.3. The hIPSC-CM Response to Temporal Matrix Stiffening

To investigate the cellular response to matrix stiffening, we em-
ployed our dynamic stiffening hydrogel platform with wrinkling
patterns, transitioning matrix stiffness from ~15 kPa (healthy,
addition-only) to ~55 kPa (fibrotic, stiffened) as a model system.
In situ matrix stiffening studies involved culturing hIPSC-CMs
on healthy patterned (A = 12 um) matrix for 28 days, during
which the hydrogel was stiffened at different times — day 14 (dy-
namic, Dyn D14) and day 21 (Dyn D21). Stiffening involved intro-
ducing a solution of the 12959 photoinitiator in media for 30 min
followed by UV light exposure for 2.5 min to stiffen the matrix to
fibrotic stiffness in the presence of cells. Control groups included
hIPSC-CMs cultured on static healthy and static fibrotic pat-
terned matrices. To assess the effects of experimental parameters
during stiffening process (12959 and UV exposure as well as their
combination), a detailed viability study was performed, includ-
ing mitochondrial activity and membrane permeability (Figure
S4, Supporting Information). 12959 incubation followed with 10
min of UV exposure was used as a positive control for damage.
No detrimental effects on hIPSC-CMs behaviour were observed,
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providing evidence of negligible damage to the cells during the
stiffening process.

When cultured on static matrices for 28 days, hIPSC-CMs on
healthy matrix exhibited high alignment in the direction of pat-
terns (~90%), statistically larger cell aspect ratio (~3.5), relatively
higher sarcomere fraction (~0.8), wider sarcomere width (x6.5
um), and significantly higher Cx43 expression (%9%) compared
to cells on fibrotic matrix (alignment = #66%, aspect ratio = ~2.7,
sarcomere fraction = ~0.7, sarcomere width = ~5, and Cx43 ex-
pression = ~7%). The hIPSC-CMs on healthy matrix reached an
equilibrium BF of 56 BPM compared to ~35 BPM on fibrotic
matrix. When hIPSC-CMs were cultured on healthy matrix for 21
days followed by stiffened fibrotic matrix for 14 days (Dyn D21),
no statistical differences were observed in cell function, includ-
ing nuclear alignment, sarcomere width, Z-disk spacing, sarcom-
ere fraction and Cx43 expression, except for a decrease in cell
AR, compared to cells on healthy static matrix (Figure 9a—f). For
hIPSC-CMs cultured only 14 days on healthy matrix followed by
21 days on stiffened matrix (Dyn D14), cellular function was sim-
ilar to that of cells cultured on static fibrotic matrix for 28 days.
The evolution of BF for hIPSC-CMs on Dyn D14 and Dyn D21
was similar to that of cells cultured on static healthy and fibrotic
stiffness, respectively (Figure 9g). However, the equilibrium BF
of cells significantly differed for each condition. Notably, on Dyn
D14 matrix, the equilibrium BF (=39 BPM) was closer to that of
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Figure 6. a) Representative fluorescent microscopy image of an hIPSC-CM stained for a-actinin (green) and nuclei (blue). Inset shows a zoomed in
region (white dotted box) to visualize sarcomere width and Z-disk spacing. The hIPSC-CMs were cultured for 21 days on healthy flat (HF) and patterned
(HP with pattern A =5 um and HPP with pattern A = 12 um), and fibrotic flat (FF) and patterned (FPP, A = 12 pm) hydrogels. b) Sarcomere fraction,

the amount of cell area taken up by the sarcomeres divided by the total area of each cell, for hIPSC-CMs.

FF, ™ p< 0.005 for HPP and FPP, * p< 0.05 for HPP vs HF (n = 135 cells from 3 different batches). c) Z-disk spacing for hIPSC-CMs
for HP vs HF and FF, “* p < 0.01 for HPP vs HF and FF (n = 135 cells from 3 different batches). d) Sarcomere width for hIPSC-CMs. **

™ p < 0.0001 for HP vs FF and for HPP vs
“ p <0.0001
p < 0.0001 for

HPP vs HF, FF and FPP, ™ p < 0.005 for HP vs HF and HPP (n = 135 cells from 3 different batches).

cells on fibrotic matrix (235 BPM), whereas cells on Dyn D21 ma-
trix, the equilibrium BF (~52 BMP) was closer to that of cells on
healthy matrix (~55 BMP) (Figure 9h). These results underscore
that matrix stiffening decreased hIPSC-CM function, with the ex-
tent of this decrease being more pronounced for stiffening at ear-
lier culture times. The current study focused on dynamic matrix
stiffening on highly aligned hIPSC-CMs on patterned hydrogels
with A = 12 pm, while not considering the effect of pattern am-
plitude (or the degree of cellular alignment) on hIPSC-CMs’ re-
sponse to matrix stiffening. Despite recent studies indicating the
effect of change in matrix stiffness on CM function('**?] and car-
diac fibroblast activation,®!] we believe that our results are signif-
icant as no previous studies have been reported on the effects of
matrix stiffening on the function of highly aligned hIPSC-CMs
during long term culture.

3. Conclusion

In summary, we introduced a novel dynamic biomaterial plat-
form that precisely controls cellular alignment and temporal ma-
trix stiffening, mimicking the dynamic processes observed in bi-
ological systems such as tissue development and disease progres-
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sion. By employing lamellar surface patterns and a sequential
crosslinking process, our platform allows user-controlled cellu-
lar alignment and rapid, well-defined matrix stiffening with long-
term stability. This study specifically investigated the behavior
of human induced pluripotent stem cell-derived cardiomyocytes
(hIPSC-CMs) in this dynamic microenvironment, a notable shift
from conventional static tissue culture platforms. We examined
how hIPSC-CMs respond to temporal changes in matrix stiff-
ness, simulating conditions akin to tissue maturation.

Our findings demonstrate that while cellular alignment and
physiologically relevant matrix stiffness enhance hIPSC-CM
function, matrix stiffening negatively affects their performance.
Notably, early stiffening events resulted in reduced cellular align-
ment, increased cell area, and diminished sarcomere length,
Cx43 expression, and beat frequency, emphasizing the detrimen-
tal effects of premature stiffening.

We acknowledge certain limitations in our study, particularly
the need for more direct quantitative methods to assess hIPSC-
CM phenotype and maturation, as well as gap junction func-
tionality. These will be the focus of future studies. Additionally,
incorporating cardiac fibroblasts could significantly enhance our
in vitro model, as fibroblasts play a crucial role in cardiac fibrosis.

© 2024 Wiley-VCH GmbH
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Figure 7. a—d) Representative fluorescent microscopy images of hIPSC-CM immunostained for connexin-43 (Cx43, red) and stained for nuclei (blue).
Scale bars are 50 pm. The hIPSC-CMs were cultured for 21 days on (a) healthy flat (HF), (b) fibrotic flat (FF), (c) healthy patterned (HPP with pattern
A =12 pm), and (d) fibrotic patterned (FPP, A = 12 um) hydrogels. €) A representative zoomed image showing Cx43 distribution on a cell membrane
used for quantification of Cx43 content. f) Cx43 expression for hIPSC-CMs cultured on healthy flat (HF) and patterned (HP with pattern A =5 um and
HPP with pattern A = 12 um), and fibrotic flat (FF) and patterned (FPP, A = 12 um) hydrogels. Data are presented as mean = std with n =9 (3 cells for
3 different batches). Statistical significance is indicated: “**p < 0.0001, “*p < 0.005, ** p < 0.05 (n =9, 3 cells for 3 different batches).

Overall, this work illuminates the intricate relationship be-
tween cellular behavior and microenvironmental cues, under-
scoring the value of dynamic biomaterial platforms for advanc-
ing our understanding of tissue development and disease. Fu-
ture studies using this platform hold potential for uncovering
complex mechanisms driving tissue maturation and pathology,
potentially leading to innovative therapeutic approaches.

4. Experimental Section

Macromer Synthesis: Methacrylated alginate (MeAlg) was synthe-
sized following previously established methods.[*3] Initially, alginic acid
sodium salt from brown algae (Sigma—-Aldrich) dissolved in Dulbecco’s
phosphate-buffered saline (DPBS, Sigma-Aldrich) at a concentration of 3
wt/vol%. Methacrylic anhydride (Sigma-Aldrich) was added to the solution
(8 vol/vol%) under magnetic stirring for 12 h at 4°C while maintaining the
pH between 8 and 9 using 2M NaOH (Sigma-Aldrich). Subsequently, the
solution underwent filtration, followed by dialysis for 7 days (Spectra/Por
dialysis membrane, 6-8 kDa molecular weight cutoff, Fischer Scientific).
After dialysis, the solution was frozen at -80 °C, and lyophilized (Labconco
FreeZone 4.5L, Fisher Scientific).

Fabrication of the Devices: Poly(dimethylsiloxane) (PDMS, Sylgard
184 Elastomer Kit, Dow Corning) sheets (1 mm in thickness) were
fabricated using 10 to 1 weight ratio of precursor base to curing agent
mixture cured in a 150 mm plastic dish at 60 °C. PDMS sheet was cut into
10x40 mm rectangle films. Each film was clamped onto a custom-made
sample holder and stretched uniaxially (20% or 40% of their initial
length) or left unstretched (as a control). The top surface of the films
was exposed to UV/ozone (UVO, T16x16/OES, UVOCS Inc.) for 3 h, and
functionalized with 3-(trimethoxysilyl)propyl methacrylate (TMS) (Sigma-
Aldrich) overnight.[44] After the excess TMS was rinsed with ethanol,
films were immersed in 70% ethanol solution for 30 min, rinsed with
DPBS, and exposed to germicidal lamp inside the biohood for 1 h. MeAlg
solution in PBS (3 wt/vol%) containing 0.2 M triethanolamine (at pH 10,
Sigma-Aldrich), a photoinitiator (0.05 wt/vol%, 12959, Sigma-Aldrich),
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and a crosslinker dithiothreitol (DTT, 30 wt/vol% except for variable DTT
investigation, Sigma-Aldrich) was sterile filtered and pipetted onto the
film surface (2-10 um droplet). The droplet was covered with a glass
slide and incubated for 1 h at room temperature to obtain a crosslinked
hydrogel via Michael-type addition reaction. To control stiffness with
photopolymerization, films were then exposed to ultraviolet light (10
mW cm~2) for varying exposure times. An oligopeptide, GRGDSPC
(GenScript) was added into the macromer solution before DTT addition
and reacted for 30 min to couple RGD adhesion moiety into the MeAlg
with a final concentration of 1 mM.I5343] For imaging purposes, 2ug mL™!
methacrylated rhodamine (MeRho, Thermo Fischer Scientific) was added
to the macromer solution. After hydrogel formation, the devices were
soaked into DPBS to gently lift the glass coverslip. Devices with surface
patterns were formed when the stretched films were released gently
using a custom-made stretching device. Devices with flat surfaces were
formed from unstretched films. Each device was removed from sample
holder, cut into 10 X 10 mm square from the center location, placed
into a 24-well plate (Costar non-treated, Corning), and fixed with an
O-ring (10.2 mm in diameter with 2.6 mm wall size, FETFE Ace O-rings,
Sigma-Aldrich).

Characterization of the Devices: AFM was used to characterize the sur-
face topography and stiffness of the devices. AFM studies were done using
a Dimension ICON AFM (Bruker) in air for PDMS films, and in PBS using
an immersion chamber for the devices (hydrogels equilibrated and sub-
merged in PBS). Surface topography scans were done using ScanAsyst
mode (Bruker) to determine the amplitude and wavelength (peak to peak
distance) of the patterns. Stiffness measurements were done using Peak-
ForceQNM mode with an MLCT-Bio probe tip with pyramidal geometry
(0.03 N m~", Bruker) for hydrogels and an RFESP-75 probe tip with ro-
tated (symmetric) geometry (0.30 N m~', Bruker) for PDMS. Confocal
microscopy was used to characterize surface patterns and hydrogel film
thickness using hydrogel devices containing MeRho. Measurements were
done using Image| (NIH).

Cell Culture Studies: The human induced pluripotent stem cell-derived
cardiomyocytes (hIPSC-CMs) (iCell Cardiomyocytes 01434, FUJIFILM Cel-
lular Dynamics, Inc.) were used in this study. As-received hIPSC-CM vial
(1% 10° cells/vial) stored in liquid nitrogen was incubated in a water bath
at 37°C for 5 min. The vial was sprayed with 70% ethanol, and cell suspen-
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Figure 8. a) Beating frequency of hIPSC-CMs cultured on heathy flat (HF), healthy patterned (HP with A = 5um and HPP with A = 12um), fibrotic flat
(FF) and fibrotic patterned (FPP with A = 12 um) hydrogels for 28 days. Data are presented as mean + se with n =9 (3 cells for 3 different batches).
b) Equilibrium beating frequency of hIPSC-CMs at day 28. Box plots are generated for n > 60 cells from 3 different batches. Statistical significance is
indicated: ™ p < 0.0001, “* p < 0.05, ns = no significance. c) Fluorescent intensity of calcium stain from hIPSC-CMs cultured on fibrotic patterned
hydrogels depicting the time to 50% (T50, blue) and 90% (T90, orange) decline. d) T50 and T90 values plotted for hIPSC-CMs cultured on HF, HP, HPP,
FF, and FPP for 28 days. Data are presented as mean + std with n = 9 (3 cells for 3 different batches) and statistical significance is indicated: ** p <

0.0001.

sion was pipetted into a 50 mL centrifuge tube inside a biohood. The vial
was rinsed with 1 mL of plating medium (iCell Cardiomyocytes Plating
Medium, FUJIFILM Cellular Dynamics, Inc. (FCDI)) at room temperature
to recover residual cells from the vial, and the solution was pipetted into
the centrifuge tube dropwise. To ensure high cell viability, cell suspension
was not centrifuged and pipetted directly onto the surface of the devices
(~250 pL cell suspension per device, #63x10% cells cm~2). Devices were
placed into the cell incubator and incubated for 2 days before plating me-
dia was replaced with the maintenance media (iCell Cardiomyocytes Main-
tenance Medium, FUJIFILM Cellular Dynamics, Inc.). Maintenance media
was refreshed every other day.

Cell Staining: Cells were fixed in formaldehyde solution (4%) for 15
min and washed in DPBS (2x). For immunostaining, fixed cells were in-
cubated in a blocking buffer (prepared by diluting nonfat dry milk to 3%
(w/v) and TritonX-100 to 0.1% (v/v) in DPBS) for 15 min at RT and stained
with mouse anti-sarcomeric alpha-actinin (ABCAM) and/or rabbit anti-
connexin 43 (Sigma) in blocking buffer (1:100 dilution) at 4°C overnight.
Cells were then washed with DPBS (2x) and incubated in corresponding
secondary antibodies (1:500 dilution) such as donkey anti-mouse Alexa-
Fluor 488 (Invitrogen) and donkey anti-rabbit Alexa-Fluor 647 (Invitrogen)
for 30 min at RT, and then stained with DAPI (1:1000 dilution, Sigma-
Aldrich) for 5 min at RT. Fluorescent images were acquired using a fluo-
rescent microscope (Olympus IX81) and/or a confocal microscope (Leica
TCS SP8).

Quantification of Cell Alignment and Shape: Cell nuclei images were
used to quantify the nuclear alignment with respect to the direction of the
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lamellar patterns. Histograms were generated using an inhouse MATLAB
script. Alignment percentage was calculated by dividing the number of
nuclei aligned within +20 degrees of the pattern direction by the total num-
ber of cells. Histograms were produced by binning the angles in intervals
of 10 degrees. F-actin staining images were used to determine cell area
and aspect ratio. Image] (NIH) was used for measurements (3 randomly
selected locations for n = 3) with total number of measurements > 100
cells.

Imaging-based Quantification of Cell Functionality: Immunostaining
images (20x and 40x) were used for sarcomere and connexin-43 analysis.
Sarcomere fraction, Z-disk spacing, and sarcomere length were quantified
using Image) (NIH). Sarcomere fraction was determined by calculating
the amount of cell area taken up by the sarcomeres, divided by the
total area of each cell. Z-disk spacing was taken as the average distance
between each Z-disk. Sarcomere length was taken as the average length
of each Z-disk running perpendicularly to the direction of the Z-disk
spacing. Analysis of the gap junction was made using an in-house
MATLAB script. First, Cx43 immunostaining images were imported
into MATLAB. A threshold is used to enhance the contrast of the Cx43
stain and the background, and the image is converted into a binary.
The Cx43 ratio is determined by dividing the stained area of the cell
with the total cell area. For these measurements, 3 random locations
per image for 3 replicates were used (~15 cells leading to ~135 total
measurements).

Beating Analysis and Calcium Transient Measurements: Live cell
imaging was conducted using Olympus [X-81 microscope under 20x
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Figure 9. The effect of matrix stiffening from healthy to fibrotic stiffness on hIPSC-CM behavior, including (a) nuclear alignment, (b) cell aspect ratio,
(c) cell area, (d) Z-disk spacing, (e) sarcomere length, (f) Cx43 expression, (g) beating frequency and (h) equilibrium beating frequency. The substrate
condition is denoted by Dyn D21 and Dyn D14 for dynamic stiffening hydrogels at culture day 21 and 14, respectively, while Healthy and Fibrotic represent
static controls. Box plots in (a-f) and (h) are generated for n = 9 at culture day 28, and data in (e) are presented as mean =+ se for n = 9. Statistical
significance is indicated by asterisks: “*p < 0.0001, “*p < 0.005, ** p < 0.05 (n = 9). Here, n represents total number of cells from 3 different batches.

magnification using the cellSens Dimension software. Cells were observed
for a period of 30 s (3 movies per sample for n = 3 replicates) to determine
the beating frequency. Calcium activity was recorded with the intracellular
calcium-sensitive dye fluo-4 AM (Molecular Probes, Eugene). Briefly, 50 ug
of the dye was mixed in 10 uL DMSO, and the mixture diluted in 15 mL
of maintenance media. Cells were incubated in this medium for 30 min at
37°C and washed with fresh maintenance media (2x). A custom MATLAB
script was used to calculate the normalized times to 50% (T50) and 90%
(T90) decay in transients following literature.[350:4]

Statistical Analysis:  The results are reported as mean + standard devi-
ation. If not stated specifically, three samples per each group was used.
Whenever appropriate, comparisons among multiple groups were per-
formed by analysis of variance (ANOVA). A two-tailed Student’s t-test was
used to discern the statistical difference between two groups, where a
probability value (p) of less than 0.05 was considered significant.
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