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Focal adhesion complexes function as the mediators of cell-extracellular matrix interactions to sense and transmit
the extracellular signals. Previous studies have demonstrated that cardiomyocyte focal adhesions can be
modulated by surface topographic features. However, the response of focal adhesions to dynamic surface
topographic changes remains underexplored. To study this dynamic responsiveness of focal adhesions, we uti-
lized a shape memory polymer-based substrate that can produce a flat-to-wrinkle surface transition triggered by
an increase of temperature. Using this dynamic culture system, we analyzed three proteins (paxillin, vinculin and

zyxin) from different layers of the focal adhesion complex in response to dynamic extracellular topographic
change. Hence, we quantified the dynamic profile of cardiomyocyte focal adhesion in a time-dependent manner,
which provides new understanding of dynamic cardiac mechanobiology.

1. Introduction

After decades of endeavor, many studies have demonstrated that
extracellular matrix (ECM) plays a key role in biophysical regulation of
cellular morphology, differentiation, and maturation [1-3]. Though a
variety of cell culture systems have been established to recapitulate the
complexity of natural ECM, current static platforms are not able to
investigate cell responsiveness to the ECM that is consistently changing
during tissue development and disease progression. Many approaches
have been pursued to provide dynamic cues to cell culture systems
[4-6]. Particularly, stimuli-responsive biomaterials are used to create
cell culture substrates with dynamic mechanical features, which enable
the study of how a changing extracellular microenvironment mediates
cellular development [7-9]. As a class of stimuli-responsive bio-
materials, shape memory polymers (SMP) can recover from a temporary
programmed shape to their permanent shape in response to different
external stimuli [10,11]. In particularly applications of SMP, dynamic
topography has been achieved to study cell mechanobiological
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responsiveness cell-matrix interactions
[12-14].

Cell-matrix interactions are primarily sensed and transduced through
focal adhesions to regulate cell behaviors and functions [15-19]. The
focal adhesion complexes are composed of a three-layer architecture:
the outermost signaling layer, containing integrins, focal adhesion ki-
nase (FAK) and paxillin, links cell membrane to the ECM; the innermost
layer, containing a-actinin, zyxin and vasodilator-stimulated phospho-
protein, binds to cytoskeletal actin filaments; and the intermediate
layer, containing vinculin and talin, transduces force from integrins to
the actin filaments [20]. It has been well documented that nanoscale
surface topography affects focal adhesion protein synthesis, assembly,
maturation, and disassembly, which eventually regulate cell shape,
spreading, migration and differentiation [21-23]. Particularly for car-
diomyocytes, biocompatible substrates with different topographic fea-
tures have been shown to affect the expression, distribution, and
orientation of focal adhesions to further enhance cardiomyocyte align-
ment and contractility [24-27]. However, these studies are still built
based on the static systems and unable to probe focal adhesion dynamics
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Abbreviations
ECM extracellular matrix
SMP shape memory polymer
FAK focal adhesion kinase
tBA tert-butyl acrylate
BA butyl acrylate

hiPSC-CMs human induced pluripotent stem cells-derived
cardiomyocytes

pFAs peripheral focal adhesions
PEM polyelectrolyte multilayer
PEI polyethylenimine
PSS poly(styrene 4-sulfonate)
PAA poly(allylamine hydrochloride)
tFA total focal adhesion
AFM atomic force microscopy
in vitro.

Using biocompatible programmable platforms, researchers focus on
how dynamic signals would impact cell adhesion properties [28]. For
example, by applying biaxial mechanical stretching to human mesen-
chymal stem cells, the total number of focal adhesions was significantly
increased, which further reduced the adipogenesis potential [29]. In
another study, mechanical stretching was able to induce the sliding of
focal adhesions during cellular reorganization, instead of formation of
focal adhesions de novo [30]. Compared to many traditional means of
mechanically applying external stimulation, stimuli-responsive mate-
rials can reproduce gradual and reversible changes in their mechanical
properties in response to environmental triggers. For example, a
magnetic-responsive PDMS-based substrate was fabricated to apply
dynamic forces to fibroblasts, and focal adhesions were assembled at the
regions experiencing the forces [7]. A hyaluronic acid-collagen hydrogel
with deformation-induced exchangeable hydrazone crosslinking has
been reported to be able to promote the recruitment of paxillin and
B1-integrin, indicating enhanced focal adhesion assembly in response to
the dynamic mechanical cues from the microenvironment induced by
stress relaxation of viscoelastic hydrogel [31]. A polycaprolactone
SMP-based cell culture substrate was fabricated with dynamic surface
topography, which could be changed in the orthogonal direction. Using
this dynamic substrate, focal adhesions of cardiomyocytes derived from
neonatal rats could be reoriented with surface topographic change
during shape transition [32]. In our previous study, employing tert-butyl
acrylate (tBA) and butyl acrylate (BA) copolymer, we established a
cytocompatible substrate with a dynamic flat-to-wrinkle nano-topo-
graphic surface. We demonstrated the progressive myofibril reorgani-
zation and morphological alignment of cardiomyocytes derived from
human induced pluripotent stem cells (hiPSC-CMs) in response to the
dynamic topographic change [33]. However, how focal adhesions of
human cardiomyocytes respond to dynamic extracellular topographic
changes has not yet been documented.

In this study, we combined a SMP-based dynamic cell culture sub-
strate and human induced pluripotent stem cell (hiPSC) technology to
study the dynamic responses of focal adhesions of hiPSC-CMs to a
changing extracellular mechanical microenvironment. Three focal
adhesion proteins (paxillin, vinculin and zyxin) were investigated to
track the dynamic changes of different layers of focal adhesion com-
plexes. We found that peripheral focal adhesions (pFAs), the focal ad-
hesions near the cell edge, were reoriented with the direction of dynamic
nano-wrinkle formation. Upon flat-to-wrinkled transition from the SMP-
based substrate, we profiled a sequential series of focal adhesion
responsiveness to a dynamic nano-topographic surface. Moreover, we
quantified the dynamic behaviors of costameres, the striated muscle-
specific focal adhesions, which play an important role of transmitting
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cardiac contraction force from sarcomeres to ECM. This study would
provide detailed evidence to fill in the knowledge gap of how car-
diomyocytes receive extracellular mechanical inputs to initiate intra-
cellular myofibril alignment, which could make significant progress in
understanding the process of cardiomyocyte maturation in vitro.

2. Materials and methods
2.1. SMP fabrication and polyelectrolyte multilayer (PEM) coating

The SMPs were fabricated by UV polymerization of four components:
monomers acrylic acid tert-butyl ester (tBA) (AcRos Organics,
Ca#371130010) and acrylic acid butyl ester (BA) (Sigma-Aldrich, Ca#
234923); crosslinker, 3,6,9-trioxaundecamethylene dimethacrylate
(Sigma Aldrich, Ca# 86680); and photoinitiator, benzil a, a-dimethyl
acetal (Sigma Aldrich, Ca#196118). The monomer solution containing
95 wt% tBA and 5 wt% BA was prepared by mixing with 5 wt% cross-
linker and 1 wt% photoinitiator [34]. The SMP samples were polymer-
ized in a UV box (Black Ray, 365 nm, 2.0 mW/cmz). After 1-h
crosslinking, samples were immersed in a 50% methanol aqueous so-
lution for 6 h to rinse the excess monomers. Next, rinsed SMPs were
settled under a chemical hood for 24 h to remove moisture and further
dehydrated under —15 PSI in a vacuum oven at 40 °C for additional 24 h.
Dried samples were cut into 25 mm x 5 mm rectangles and uniaxially
stretched to 140% of their original length under 65 °C to program
strained temporal shape.

To enable the dynamic nano-wrinkle formation during SMP shape
recovery, stretched SMPs were coated with PEM thin film. To prepare
the PEM coating, polyethylenimine (PEI) (Sigma, Ca# 408727) was
prepared as a 3 wt% PEI solution. The solutions of poly(sodium 4-styr-
enesulfonate) (PSS) (Sigma Aldrich, Ca# 434574) and poly(allylamine
hydrochloride) (PAA) (Sigma Aldrich, Ca# 283215) were prepared with
final concentration at 0.1 M and pH at ~3.5 using halite (Sigma Aldrich,
Ca# 57653). The SMP with 40% strain adhered onto a glass slide vac-
uumed on the spin coater for PEM coating. The PEM coating is initialized
with one layer of PEI solution. Next, 20 bilayers of polyanion (PSS) and
polycation (PAA), with twice water purging between each coating, were
successively spin-coated on the SMP surface at 3000 rpm for 12 s (Fig. 1
a) [34].

2.2. hiPSC-CMs preparation and seeding

hiPSCs were passaged every 3 days with seeding density of 2.5 x 10*
cells/cm? in a Geltrex-coated 6-well plate (Thermo Fisher Scientific,
Ca# A1413302) and maintained in the Essential 8 media (Thermo Fisher
Scientific, Ca# A1517001). The hiPSC-CM differentiation was carried
out as previously described [35]. Briefly, two molecules, GSK3 inhibitor
(6 pM, CHIR99021; Stemgent, Ca# 04-0004) and WNT inhibitor (5 pM,
IWP4; Stemgent, Ca# 04-0036), were used to regulate the WNT
pathway for hiPSC-CM differentiation. The differentiated hiPSC-CMs
were cultured in RPMI-1640 media (Thermo Fisher Scientific, Ca#
A1517001) with B27 complete supplement (Thermo Fisher Scientific,
Ca# 17504044) (RPMI-B27-C) until Day 20. Next, the hiPSC-CMs were
disassociated and cultured in DMEM no glucose media with 4 mM
lactate, GlutaMAX (Thermo Fisher Scientific, Ca# 35050061) and NEAA
(Thermo Fisher Scientific, Ca# 11140050) for a 6-day purification.
SMP-PEM substrates were sterilized in a biosafety cabinet under UV
radiation for 30 min for each side. Sterilized SMP-PEM substrates were
put in a 48-well plate and coated with Geltrex overnight under room
temperature. 3 x 10% purified hiPSC-CMs were seeded per polymer
substrate and incubated at 30 °C with 5% CO; for two days, before
transferring the plate into a 37 °C incubator.

2.3. Substrate characterization

Atomic force microscopy (AFM) scanning was performed to
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Fig. 1. Programmable SMP-PEM substrate for study of hiPSC-CMs’ focal adhesions. (a) Schematics showing the fabrication of SMP-PEM substrate for cell seeding. (b)
AFM images showing the dynamic nano-wrinkle formation on Geltrex-coated SMP-PEM surface at 0, 15, 30, 45, and 60 min post temperature increase in a hydrated
condition. (c¢) Schematic of focal adhesion complex and confocal images showing hiPSC-CM focal adhesions on nano-wrinkled surface, including paxillin, vinculin
and zyxin together with F-actin (scale bar: 8 pm). Arrow indicate the wrinkle direction.

characterize the dynamic topography of SMP-PEM substrate during flat-
to-wrinkle transition after triggering the shape recovery in a liquid
environment. The strained SMP-PEM substrate used for AFM charac-
terization was coated with Geltrex overnight at room temperature,
washed with RPMI-B27-C media, and then transferred to 37 °C for
triggering shape recovery with the temperature switching. For the next
60 min, SMP-PEM samples were collected every 15 min. AFM (Nano R-2
from Pacific Nanotechnology), under 2 Hz scanning frequency, was then
carried out using a SizN4 cantilever (Spring constant: 5 N/m) to scan a
2500 pm? square area to probe the topographic feature of SMP during
dynamic transition.

To evaluate the surface stiffness of the polymer substates, micro-
indentation experiments were conducted using the Hysitron PI 88
SEM Picolndenter mounted inside the chamber of a scanning electron
microscope (FEI Quanta 3D FEG) to enable high precision nano-
mechanical testing. Three different substrates were used in this study,
including SMP without PEM coating (SMP only), Flat (unstrained flat
SMP-PEM) and Winkled (pre-recovered wrinkled SMP-PEM). The sub-
strates were attached to the SEM pin stub mounts (TED PELLA) with
PELCO® Pro C100 Cyanoacrylate Glue, TED PELLA). For the indentation
experiments, a flat end cylindrical punch (Hysitron TI-0145 Flat ended,
60°, 10 pm diameter) was used. The maximum force was set equal to
300 pN and maximum displacement 30 nm with 10 nm/s loading rate.
To determine the modulus, the slope of the force-displacement rela-
tionship curve S was measured at the beginning of the unloading [36].
To improve the precision of the slope measurement, the noise from the
data was filtered. To calculate the Young’s Modulus, the standard
methodology of Oliver and Pharr was used, leading to E = S/2a, where a
is the diameter of the flat punch [37].
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2.4. Immunocytochemistry

To perform immunocytochemistry, cell samples were fixed by 4%
PFA solution for 20 min. After three times of PBS washing, the samples
were immersed in 0.2% Triton (Sigma Aldrich, Ca# T8787) for 5 min for
permeabilization and then treated with bovine serum albumin (BSA;
Sigma Aldrich, Ca# A8022) for 30 min for blocking. The fixed samples
were then incubated with primary antibody solution (Table S1) for 2 h
and then secondary antibodies for another 2 h. After three times of PBS
washing to purge the unlinked primary antibody, the samples were
immersed in DAPI to stain the nuclei. The bright-field and epifluor-
escence microscopy was performed on a Nikon Eclipse Ti microscope
with a Zyla 4.2 PLUS sCMOS camera. The confocal microscopy was
performed on a Zeiss LSM 710 confocal microscope.

2.5. Quantification of focal adhesion properties

The analyses of pFAs were performed using fluorescent images of the
focal adhesion proteins (zyxin, vinculin and paxillin) from individual
hiPSC-CMs. The orientation of pFAs was measured based on the angle
between wrinkle direction and staining of focal adhesions close to the
cell periphery. For the flat surface, orientation was measured based on
the angle between staining of focal adhesions and X-axis of the image.
The length of pFA was measured based on the staining of focal adhesions
at the cell periphery. To analyze the expression of pFA, epifluorescence
microscopy was set at the same exposure (200 ms, 80% solar intensity).
Next, fluorescent intensity was measured using a square box (9 x 9, 81
pixels, 0.91 pm?) on the pFAs, and then normalized to the intensity value
of fluorescent background from the regions without cell or debris.

The analyses of costameres were performed based on the fluorescent
images of the focal adhesion proteins (zyxin, vinculin and paxillin)
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together with actin myofibrils, which were binarized by applying an
intensity threshold (Fig. S1). Total number of focal adhesions within
individual hiPSC-CMs was measured based on the particle analysis of
binarized images of focal adhesions using ImageJ. Sarcomere number
was measured based on the particle analysis of binarized images of actin.
Costamere number was measured based on the colocalization of focal
adhesions and actin. Cell area was measured using ImageJ. The pa-
rameters of costamere density, total focal adhesion (tFA) density, ratio
of costamere to total focal adhesion (costamere-tFA ratio) and ratio of
costamere to sarcomere (costamere-sarcomere ratio) were calculated as
follow:

Costamere number(count)

Costamere density = Cell area(pm?)

Total focal adhesion number(count)
Cell area(pm?)

Total focal adhesion density =

Costamere density
Total focal adhesion density

Ratio of costamere to total focal adhesion =

. Costamere number
Ratio of costamere to sarcomere = ——
Sarcomere number

2.6. Contractile function analysis

Contractile function analysis of individual hiPSC-CMs was performed
using an open-source motion-tracking software, which can be reached at
https://gladstone.org/46749d811. The video of hiPSC-CM beating was
imported to the software and analyzed to output the parameters of beat
rate (beating per minute), time interval between contraction and
relaxation (C-R interval), contraction velocity (um per second), relaxa-
tion velocity (pm per second) and X/Y contraction ratio (X-direction
contraction velocity divided by Y-direction contraction velocity).

2.7. Statistical analysis

One-way ANOVA with Tukey multiple t-test was used to compare the
difference among groups. The statistical significance was determined as
p-value < 0.05 (*), <0.01(**), <0.001 (***) and <0.0001 (****),
respectively. For each condition, more than 20 hiPSC-CMs were selected
for quantification. In length measurement and orientation analysis, all
clear elongated pFAs within each hiPSC-CM were measured for every
condition. In focal adhesion expression analysis, each hiPSC-CM was
randomly selected 6 different locations for fluorescent intensity mea-
surement. Data visualization, including the violin plot and polar histo-
gram, was carried out using OriginLab.

3. Results
3.1. Nano-wrinkle formation on SMP-PEM surface

The fabricated SMP-PEM substrate was cut into appropriate size for
seeding of hiPSC-CMs (Fig. 1 a). The SMPs are able to maintain the strain
under 30 °C and return to the permanent shape under 37 °C in a hy-
drated condition [33]. The shape recovery induced the buckling of PEM
thin film to achieve nano-wrinkle formation. To characterize the dy-
namic change of wrinkle morphology, AFM was used to scan
Geltrex-coated SMP-PEM substrate every 15 min after triggering the
temperature switch for shape recovery. The time point when SMP-PEM
substrate was transferred from 30 °C to 37 °C was noted as 0 min, which
showed a flat surface. During shape recovery, SMP-PEM showed gradual
wrinkle formation on the surface. At 15 min after temperature trig-
gering, wrinkles had an average depth of ~50 nm and an average width
of ~800 nm. The wrinkle width decreased to a stable level of ~600 nm
at 30 min after temperature triggering, while the depth increased to a
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stable level of ~200 nm at 45 min (Fig. 1 b). We also conducted AFM
measurements on the SMP-PEM surface at 2, 4, and 6 h post temperature
triggering, which further proved there was no obvious topographic
change after 45 min (Fig. S2).

To characterize the surface stiffness of the polymer substrates, micro-
indentation measurements were performed for three different substrates
(SMP only, SMP-PEM Flat, SMP-PEM Wrinkled) (Fig. S3). By conducting
8 measurements on each substrate at different locations, we have the
Young’s Modulus for different substrates: Eyrinkied = 2.78 + 0.12GPa,
Epige =2.55+£0.09GPa and Egyp oy = 2.01+0.08GPa, which are
consistent with the order of magnitude reported in the literature [38]. It
was shown that wrinkle substrate was stiffer than flat substrate, which
might be related to the intrinsic stiffening caused by the wrinkle
formation.

3.2. Focal adhesions of hiPSC-CMs on different substrates

Focal adhesions of hiPSC-CMs on a wrinkled surface were stained by
paxillin, vinculin and zyxin, together with myofibril filaments stained by
F-actin (Fig. 1 ¢). The pFAs were located near cell periphery, aggregating
at the end of F-actin bundles. Focal adhesions with a repeating pattern
that were co-localized with sarcomeres were the costameres of hiPSC-
CMs. The images showed that paxillin and vinculin were more abun-
dant in the pFAs, while zyxin was more abundant in the costameres,
indicating a closer spatial relationship with myofibrils.

To study how focal adhesions of hiPSC-CMs would respond differ-
ently to static and dynamic surfaces, we set up three experimental
groups: static unstrained flat surface, static pre-recovered wrinkled
surface, and dynamic flat-to-wrinkled surface (Fig. 2 a). To keep the
consistency of temperature conditions experienced by the three groups,
hiPSC-CMs were seeded on these substrates at room temperature,
incubated for 2 days at 30 °C for cell spreading, and then transferred to
37 °C for another 36 h incubation. First, we measured the orientation,
length and fluorescent intensity of pFAs near the cell edge. We found
that all the focal adhesion proteins (paxillin, vinculin and zyxin) showed
high percentile of anisotropic orientation along the wrinkle direction on
both dynamic and static wrinkled surface, while random orientation on
the static flat surface (Fig. 2 b-d). By measuring in-situ expression of pFAs
based on the fluorescent intensity of three proteins, we found that zyxin
showed highest difference between wrinkled surface and flat surface,
followed by vinculin, while no difference was observed from paxillin
(Fig. 2 e). Using length of pFA staining as focal adhesion maturity, we
found that only zyxin showed significant longer structure on the static
wrinkled surfaces, but no difference for paxillin and vinculin (Fig. 2 f).
The analysis of pFA indicated that the surface with wrinkle topography,
both static pre-recovered substrate and dynamic flat-to-wrinkle sub-
strate, could effectively aligned the pFAs along the wrinkle direction,
but nano-topographic feature had more significant impact on the
innermost layer of pFAs on focal adhesion expression and maturation.

To examine how costameres of hiPSC-CMs would respond to
different substrates, we measured the tFA density, costamere density,
costamere-tFA ratio and costamere-sarcomere ratio. By measuring the
numeric change of tFAs, we only found that zyxin showed significantly
higher tFA density on static substrate than static wrinkled and dynamic
substrates, but no difference for paxillin and vinculin (Fig. 3 b). For the
other parameters specifically related to the costamere dynamics, we
found no significant difference either among three different focal
adhesion proteins (paxillin, vinculin and zyxin) or among three different
substrates (Fig. 3 c-e). These numeric analyses of cardiomyocyte cos-
tameres suggested that costamere structure was not altered significantly
by different topographic features.
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Fig. 2. Responsiveness of pFA of hiPSC-CMs on different substrates. (a) Schematics showing experimental procedures for the investigation of focal adhesions on
different substrates. After 2 days spreading under 30 °C, hiPSC-CMs cultured on static flat substrate, dynamic flat-to-wrinkle substrate, and static wrinkled substrate
were cultured under 37 °C for another 36 h to investigate how focal adhesions would respond to different substrates. The alignment of pFAs on different substrates
was measured by the pFA orientation distribution of (b) paxillin, (c) vinculin, and (d) zyxin. The pFA orientation is defined as the angel between pFA and wrinkle
direction. Note boxes demonstrate the percentile of pFA within 30°. The in-situ expression of pFAs on different substrates was characterized based on (e) pFA relative
fluorescent intensity of paxillin, vinculin and zyxin. The maturation of pFA was measured based on (f) pFA length of paxillin, vinculin and zyxin. Median of each
group was labeled by the dash line, while 25% quantile and 75% quantile was labeled by short dash lines in each violin plot. ****p < 0.0001.

3.3. Responsiveness of pFAs of hiPSC-CMs to dynamic surface
topography

To investigate focal adhesion dynamics, we profiled the respon-
siveness of focal adhesions of hiPSC-CMs to the topographic changes.
Upon triggering the dynamic wrinkle formation via temperature switch
as the first time point (Hour 0), samples were collected every hour
within next 6 h to analyze both pFAs and costameres. From the orien-
tation distribution of pFAs, we found that the percentile of paxillin and
vinculin increased from 30% to over 50% as an anisotropic alignment,
which indicated a prominent reorientation of paxillin and vinculin
occurring at Hour 3 after triggering wrinkle formation. In contrast, zyxin
did not show clear reorientation during the first 6 h in response to the
dynamic topographic change (Fig. 4 b-d).

To examine in-situ expression of pFAs, we found that fluorescent
intensity of paxillin from Hour 1-6 was significantly lower than Hour 0,
though the intensity had a clear trend of increase from Hour 3, indi-
cating that the change of extracellular microenvironment induced a fast
disassembly and a progressive recovery of outermost layer of pFAs
(Fig. 4 e). In reverse to paxillin, fluorescent intensity of vinculin at Hour
2-4 was significantly higher than Hour 0, and then returned to the
original level at Hour 6 (Fig. 4 f). This indicated that topographic change
increased the mechanical transduction at intermediate layer of focal
adhesions right after the wrinkle formation, requiring a temporal
upregulation of vinculin. The fluorescent intensity of zyxin showed a
similar trend of paxillin of a decrease at early timepoint followed by an
increase at later timepoint, as we seen from the previous results that
nano-topographic feature had a long-term impact on the innermost layer
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of pFAs (Fig. 4 g). To examine the maturity of pFAs, we found that length
of paxillin showed a similar trend as its fluorescent intensity measure-
ments of early disassembly and then reassembly at later timepoints
(Fig. 4 h). Similarly, vinculin length also showed such dynamic pattern
of disassembly and reassembly at Hour 3. However, the length of vin-
culin at Hour 6 was still significantly lower than Hour 0, indicating in-
termediate layer of pFA was not able to mature within 6 h after dynamic
topographic transition (Fig. 4 i). Last, we found that zyxin length was
shorter at Hour 3 & 4 in comparison to Hour 5 & 6, indicating a growth
and maturation of the innermost layer of focal adhesions without
obvious disassembly at earlier hours (Fig. 4 j).

3.4. Responsiveness of costameres of hiPSC-CMs to dynamic surface
topography

Clear cardiac costameres were observed from all three focal adhesion
proteins (paxillin, vinculin and zyxin) with co-localization of sarcomere
structures (Fig. 5 a). First, we found that tFA density showed significant
dynamic changes only from vinculin with a higher density at Hour 4-6,
which was consistent with previous results of vinculin pFA fluorescent
intensity (Fig. 5 b). However, we found no significant difference on
costamere density for all three proteins within 6 h post shape recovery
triggering, though a slight progress of costameres disassembly-
reassembly was observed from vinculin and zyxin (Fig. 5 c¢). To
further illustrate the dynamic relationship between costameres and
tFAs, we analyzed the costamere-tFA ratio, which indicates how many
focal adhesion sites involve with force transduction through costamere
structures. The costamere-tFA ratio showed a decrease trend at early
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timepoints from all three proteins, while zyxin was the first one reaching
to the lowest ratio, followed by vinculin and then paxillin. At later
timepoints, the costamere-tFA ratio showed an increase trend starting at
Hour 4 with paxillin and vinculin, followed by zyxin at Hour 5. These
results suggested that the disassembly of costameres followed an inside-
out process starting from innermost layer of costameres, while reas-
sembly of costameres followed an outside-in process (Fig. 5 d). Finally,
we used the costamere-sarcomere ratio to determine how many sarco-
meres anchor to the ECM via costameres. All three proteins showed no
significant difference among different timepoints within the first 6 h
post shape recovery triggering (Fig. 5 e). Since the costamere structure
plays an important role in regulating contractile function of car-
diomyocytes, the beating videos of hiPSC-CM contraction were used to
analyze contractile functions for hiPSC-CMs on the dynamic substrate
with the same timeline of focal adhesion analysis (Movie S1). We found
no significant change on beat rate, C-R interval, contraction and relax-
ation velocity, and X/Y contraction ratio (Fig. S4 b-f), which might be
directly related to consistent level of costamere-sarcomere ratio during
this 6-h time frame.

Supplementary data related to this article can be found at https://doi
.org/10.1016/j.bioactmat.2021.08.028.

4. Discussion

Previous work in the past decades increasingly demonstrated that
extracellular mechano-structural cues direct biological responses at both
cell and tissue level [39,40]. It was only in recent years, however, that
dynamic cell culture platforms based on smart biomaterials have begun
to enable in-depth investigations of dynamic cell-matrix mechanobiol-
ogy [41-43]. With recent advances in stimuli-responsive biomaterials, it
is now possible to design and fabricate cytocompatible substrates with
dynamic nanoscale properties to investigate how the structural cues of a
changing extracellular microenvironment influence cellular develop-
ment [32,33]. To further enhance our understanding of cardiac dynamic
mechanobiology, we employed a biocompatible SMP-PEM substrate,
which enabled dynamic topographic transition from a flat surface to a
nano-wrinkled surface. Using this dynamic system as cell culture
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substrate, we successfully profiled the responsiveness of focal adhesions
of hiPSC-CMs at initial stages of cellular processes in response to the
dynamic change of extracellular microenvironment.

Focal adhesions are assembled upon integrin clusters binding to ECM
ligands that further initiate the signaling cascade for stabilization and
maturation of focal adhesion complexes [44,45]. Our results suggested
that different components of focal adhesion complexes had distinct dy-
namic profiles in response to the changing extracellular microenviron-
ment. As one of the earliest proteins during focal adhesion assembly,
paxillin serves as a structural hub in the outermost layer of focal adhe-
sion architecture and plays an essential role in regulating the focal
adhesion turnover [46,47]. In our study, rapid change of surface
topography led to a lower affinity of integrin-ECM binding, which
caused the disassembly of paxillin pFAs shown as a fast decrease of
in-situ expression and length at early timepoints (Fig. 4 e,h). Next, focal
adhesions re-established based on the surface topographic features
starting with paxillin, manifesting as the unidirectional reorientation of
paxillin pFA with gradually increased length and intensity from Hour 3.

As the force transducer of focal adhesions, vinculin dynamics are
intimately related to the mechanical tension. Recruitment of vinculin
could be compromised when the tension is lower than the normal level
[48]. We found that vinculin involved in pFAs showed higher fluores-
cent intensity during Hour 2-5, indicating high expression of vinculin
associated with the increase of mechanical signaling from dynamic
wrinkle formation. In contrast, reduction of vinculin pFAs length sug-
gested lack of mature pFA formation due to the disassembly of paxillin.
Absence of paxillin could alter the spatial distribution of vinculin, which
accumulated at force transduction layer and actin regulatory layer of
focal adhesions [49]. This indicated that our high expression of vinculin
accumulated at force transduction layer and did not form mature pFAs
until reassembly of paxillin at the outermost layer (Fig. 4 ). In com-
parison to the dynamic profile of paxillin pFAs, vinculin dynamics
exhibited a time-shift delay in pFA length measurement, indicating a
slower recovery for vinculin in mature pFAs (Fig. 4 i).

With a direct binding to the actin filaments, zyxin is critical in
maintaining the cytoskeletal integrity [50]. It has been reported that the
delocalization of zyxin preceded to both vinculin and paxillin during


https://doi.org/10.1016/j.bioactmat.2021.08.028
https://doi.org/10.1016/j.bioactmat.2021.08.028

H. Shi et al.

a pFA measurement

Orientation
measurement

Length
measurement

e e
Wrinkle direction

e 144
e, h
“?6 12
02 3 F—
2 8¢ 310 veny FRE
& c =
® e B 8
=] S 6
= 83 -
-
5 £ =
e 92 =
él T 24
a
0 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Timeline (h) Timeline (h)
f i
36 RS ik P E 8 * LR T
23s - 2,
w9 =
2 Ea &
[ 9,
£ g3 £
s 9 5
£ gz £ 2
>3, s
=
0 0 T
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Timeline (h) Timeline (h)
g 0 . -
. j -
8
> 6
‘g’ xx ‘ -
2 36 ES
S e £
© £ 5 =
R kS
£E, 7
£ g3
X @ =
S @3 e
S 2 £2
o x
52 >
= Ny
1
0. T T T 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Timeline (h) Timeline (h)

Bioactive Materials 10 (2022) 367-377

b paxillin Vinculin d Zyxin
~30°: ~30°:
o 90 80 44 90 80 4, 30°: 90 80 49 °
° 60 0257 —— o 31.8% | °®7 — 6 25.2%
0.20 0.20 0.20
40
015 0.15 20 0.15
3 o 0.10 2 0.10
= 0.05 n.os /7 ¥ a‘os
10
+ Z=
0.00 0.00 0 0.00
0.
oz, 28070 ~30° . ~30°:
ERE 46.9% | °* 0287 ——10 30.8%
50 30.8%
- 020 020 020 "
\=- 0.15 0.15 0.15 L 30
o o 20 0.10 0.10 vy ’{’) \20
I oo =, 10 0.05 0.05 L////(- ‘\m
0.00 == 0 0.00 0.00 = 0
0. -~ 3
074 ~30°: % 30° ~30°:
0257 ——0 70 80 70 o, 9080 59
o0 146.8% | o027 — 39.0% | o257 — 60 129.8%
o 020 - 020 o 0.20 &0 —
i 40 40 40
E 0.15 30 015 30 015 30
o o1 PN \20 0.10 I»’;, g 2 010 / 4> 20
I oos W/“ 110 0.05 ,// ) \10 oos{ )2 \10
0.00 = lo 0.00 — 0.00 = [
o.
T ~30° - ~30° % 80 44 ~30°:
5 — o ol 025
- o0 [53.9% | oz o 137.8% g0 [34.9%
o o 40 020 % 928 4
s 0.15 30 0.15 30 0.15 30
o 0.10 \20 0.10 / v \n
0.05 0.05 10 0.05 > 10
x | ="\
0.00 0.00 0 0.00 [}
O -~ 0.
0% 90 80 ., ~30°: 90 g0 30°
; 025 = 70 025 70 & o
020 020 45.9% 020 w [35.5%
< ’ ’ ° X
o 015 015 018 30
g 0.10 0.10 LN 6 0.10 / 20
0.05 0.05 o 10 001 [} A \‘0
A e
T 0.00 0.00 e | 0 0.00 =T o
~30°: ~30°:
035 027 2270 g o .0 7 4
i - > s |52:1% 0257 —[ o 39.1%
uwn 025 0.20 p 0.20
‘5 020 015 30 018
o " 0.10 0.10
e 0.0
I 0.08 X 0.05
0.00 0.00 0.00
028 025 025
O o2
- 020 020
5 o 015 015
o o0 0.10 0.10
I oos

0.00

Fig. 4. Responsiveness of hiPSC-CMs’ pFA on dynamic SMP-PEM substrate. (a) Fluorescent images of focal adhesions to demonstrate the measurements of pFA
orientation, relative fluorescent intensity and length. (scale bar: 8 pm). The pFA orientation distribution of (b) paxillin, (c¢) vinculin and (d) zyxin in response to
dynamic flat-to-wrinkled surface. In-situ expression of pFA in response to the dynamic substrate was analyzed by quantifying the relative fluorescent intensity of (e)
paxillin, (f) vinculin and (g) zyxin. Matuation of pFAs in response to the dynamic substrate was analyzed by the length measurement of (h) paxillin, (i) vinculin and
(j) zyxin. Median of each group was labeled by the dash line, while 25% quantile and 75% quantile was labeled by short dash lines in each violin plot. *p < 0.05, **p

< 0.01, ***p < 0.001 and ****p < 0.0001.

focal adhesion disassembly by inhibiting ROCK signaling [51]. How-
ever, our results did not indicate an obvious disassembly of zyxin in pFAs
in comparison to vinculin and paxillin (Fig. 4 j). We believe that, unlike
direct inhibition of myosin contractility, outside-in mechanical signaling
from extracellular topographic changes only relocated zyxin from focal
adhesions to actin stress fibers [52,53], rather than inducing disas-
sembly of zyxin at focal adhesion sites. Previous studies also showed that
actin stress fiber remodeling caused by mechanical signaling was
mediated by the recruitment and accumulation of zyxin at focal adhe-
sions [54,55]. This indicated that increased length and intensity of zyxin
at pFAs (Fig. 4 g,j) is the prerequisite of actin reinforcement within
cardiomyocytes, which may initiate myofibril remodeling and cell
morphological change.
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The costamere is a striated muscle-specific structure connecting
sarcomeres to ECM for force transmission [56,57]. The myofibrillo-
genesis is initiated when Z-bodies were recruited at immature costamere
sites, driven by mechanical loading [58]. Disorganization of non-muscle
myosin that disrupts the force transmission could result in costamere
deficiency [59]. Similar to pFAs, assembly and maintenance of cos-
tameres are also regulated by external mechanical signaling, whereas
related research on costamere mechanotransduction is still very limited.
Substrate stiffness and static stretching was found to regulate costamere
assembly via non-muscle myosin [60-62], though molecular mechanism
has not been fully elucidated. Moreover, the responsiveness of cos-
tameres to dynamic topographic change is still underexplored. From our
study, sharing a similar profile of pFA length results, costamere density
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Fig. 5. Responsiveness of hiPSC-CMs’ costameres on dynamic SMP-PEM substrate. (a) The fluorescent images of repeating costameres of hiPSC-CMs associating with
F-actin (scale bar: 5 pm). The responsiveness of costameres to dynamic substrate was profiled by (b) tFA density, (c) costamere density, (d) costamere-tFA density and
(e) costamere-sarcomere ratio of paxillin, vinculin and zyxin. Median of each group was labeled by the dash line, while 25% quantile and 75% quantile was labeled
by short dash lines in each violin plot. *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001.

(Fig. 5 ¢) and costamere-tFA ratio (Fig. 5 d) decreased at early time-
points and then increased at late timepoints, suggesting that costameres
shared similar characteristics as mature focal adhesions. This also sug-
gested that dynamic topographic changes caused unstable cell-ECM
binding, triggering the disassembly and reassembly of costameres.
Though costameres are tightly related to sarcomere growth and stabi-
lization, we found no significant change on costamere-sarcomere ratio in
response to the changing extracellular microenvironment (Fig. 5 e),
suggesting that the change of costameres was dynamically correlated to
the sarcomere remodeling. The costameres served as a mechanical
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buffer between extracellular microenvironment and intracellular myo-
fibrils, thus the mechanical input from dynamic surface topography
could be absorbed by the costameres to avoid a direct impact on
myofibril structure and contractile function.

For our programmable tBA-co-BA SMP system, we demonstrated that
full wrinkle formation can be achieved within 30 min at 42 °C under dry
condition, and within 45 min at 37 °C under liquid condition, suggesting
that the recovery rate of SMP can be modified with different triggering
temperatures. The shape recovery behaviors of thermo-responsive SMP
can be affected by the volume fraction of components [63], and more
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importantly, by the difference between external triggering temperature
and its intrinsic glass transition temperature [64]. The glass transition
temperature of this thermo-responsive SMP can be modified by fabri-
cating the SMP with different ratios of tBA and BA components, which
enables great potentials of this SMP system for various applications that
might require different triggering temperatures [65]. In the current
study, temperature-based shape changing stimulus is sufficient for
investigating the cellular development of human cardiomyocytes, since
it is relatively easy to provide biological controls under in vitro condi-
tions to rule out the thermal effect on the cells. Despite the in vitro ap-
plications of SMP, emerging potentials of SMPs in biomedical
applications might require more physiologically relevant stimuli to
trigger the shape recovery under in vivo conditions [66]. It has been
reported that the shape recovery behaviors of polyurethane-based SMP
can be actuated with ethanol/water treatment under body temperature,
which could largely broaden the in-vivo feasibility of SMP [67].

5. Conclusions

In this study, we used a SMP-based platform to study how car-
diomyocyte focal adhesions would respond to the dynamic nano-
topographic cues from extracellular microenvironment. This SMP-PEM
system can achieve a flat-to-wrinkle topographic change within 45
min, triggering a dynamic mechanical input to the hiPSC-CMs. In
response to dynamic nano-wrinkle formation, focal adhesions of hiPSC-
CMs, including pFAs and costameres, demonstrated a pattern of disas-
sembly at early timepoints and reassembly at later timepoints. Proteins
from different layers of focal adhesion complexes showed distinct dy-
namic responsiveness profiles: paxillin (outermost integrin signaling
layer) showed the fastest response to the topographic changes, followed
by vinculin (force transmission layer), whereas zyxin (innermost actin
regulatory layer) did not show an obvious dynamic change. In future,
additional characterization on other components of focal adhesion
complex (e.g., non-muscle myosin II, desmin, myomesin and talin) in a
time-dependent manner will provide more comprehensive evidence for
complementing the focal adhesion responsiveness profile.
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