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Abstract

Cardiac tissue is characterized by being dynamic and contractile, imparting the important role of
biomechanical cues in the regulation of normal physiological activity or pathological remodeling.
However, the dynamic mechanical tension ability also varies due to extracellular matrix
remodeling in fibrosis, accompanied with the phenotypic transition from cardiac fibroblasts (CFs)
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to myofibroblasts. We hypothesized that the dynamic mechanical tension ability would regulate
cardiac phenotypic transition within fibrosis in a strain-mediated manner. In this study, we
developed a microdevice that is able to simultaneously and accurately mimic the biomechanical
properties of the cardiac physiological and pathological microenvironment. The microdevice could
apply cyclic compressions with gradient magnitudes (5-20%) and tunable frequency onto gelatin
methacryloyl (GelMA) hydrogels laden with CFs, and also enabled the integration of cytokine.
The strain-response correlations between mechanical compression and CFs spreading, and
proliferation and fibrotic phenotype remolding were investigated. Results revealed that mechanical
compression played a crucial role in the CFs phenotypic transition, depending on the strain of
mechanical load and myofibroblast maturity of CFs encapsulated in GelMA hydrogels. The results
provided evidence regarding the strain-response correlation of mechanical stimulation in CFs
phenotypic remodeling, which could be used to develop new preventive or therapeutic strategies
for cardiac fibrosis.
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Introduction

Cardiac fibroblasts (CFs), one of the major cell types in the heart, act a critical role in
maintaining the function of a healthy heart.lX] Upon heart injury, e.g., myocardial infarction,
due to the generation of pro-fibrotic and inflammatory cytokines, as well as the increased
mechanical load,[?] the quiescent CFs are activated into proto-myofibroblasts.[: 4] Through
the formation of cytoplasmic actin-containing stress fibers in proto-myofibroblasts, tension
is generated.[3] In a normal healing process, this activation of myofibroblasts is transient and
reversible as ECM tension is restored after injury and takes over the mechanical load (Figure
1).[5 61 However, in conditions of elevated mechanical load or chronic injury, persistent
myofibroblast activation could lead to excessive ECM deposition, stiffening and contraction
of cardiac tissue, resulting in impairment and dysfunction of cardiomyocytes and cardiac
fibrosis. This is characterized by expressing alpha-smooth muscle actin (a.-SMA).[4: 5. 71 The
alteration of biochemical and biomechanical microenvironments in cardiac tissue
accordingly determines the fate of CFs fibrotic remodeling. Since the mechanism by which
fibrosis occurs is unclear, clarifying the underlying crosstalk between biochemical and
biomechanical cues is paramount for the development of new therapeutic strategies for
cardiac fibrosis.

In terms of biochemical cues, many soluble cytokines (e.g., transforming growth factor-f3
(TGF-B), angiotensin 11, interleukin-6, endothelin-1, basic fibroblast growth factor) have
been implicated in myofibroblast activation.[8] Among which, TGF-B acts a major role in the
activation of myofibroblasts by promoting expression of a-SMA and synthesis of extra
domain-A (ED-A) fibronectin.[%] Otherwise, the highly dynamic and contractile traits of
cardiac tissue also possess very important biomechanical factors (e.g., ECM stiffness,
mechanical strain) in the regulation of heart fibrosis and pathological remodeling.[10]
Similarly, the fibroblasts/myofibroblasts are regulated by biomechanical conditions when
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cultured in vitro. For example, due to the resistance, it provides against cell traction force,
stiff culture substrate induces myofibroblast activation.[®] Once the substrate stiffness is
lowered to a level matching in vivo tissue, myofibroblast activation can be suppressed or
reversed.[11] In the human heart, a mechanical strain is considered to be cyclic at roughly 1
Hz, ranging from 2% (loss of contractility)to 10% (physiological) to 15% (pathological) or
even 20% (hyper-pathological) depending on pathological states.[12: 131 |t has been
established that the altered mechanical properties of the myocardium are associated with
regulation of the phenotypic remodeling of CFs.[®l Various responses of myofibroblast
activation to cyclic strains have been reported. In a combined mechanical strain and hypoxia
in vitro model, compared with 2 % stretching strain (1 Hz), 8% stretching strain attenuated
both CFs remodeling and pro-fibrotic responses taking place in hypoxia.[*2] Cyclic stretch
(4% and 8%, 1 Hz) of fibroblasts on silicone membranes was shown to increase the
expression and production of collagen and fibronectin.l14] Cyclic biaxial stretch (10%, 1 Hz)
enhanced the expression of a-SMA and collagen I (Col-1) in rat CFs.[15] A higher
magnitude of 15% cyclic strain (1 Hz) was reported to either trigger cardiac fibrotic
remodeling, or induce a fibroblastic phenotype over the myofibroblast phenotype.[16]
However, different responses of myofibroblast activation with combined effects of TGF-p
and mechanical strain were also observed. Cyclic stretch (10%, 1 Hz) attenuated the
promoting effect of TGF-B1 in cardiac myofibroblast differentiation,[1”] while cyclic strain
(15%, 1 Hz) and TGF-B1 synergistically induced myofibroblastic phenotypes in aortic valve
interstitial cells.l28] The conflicting findings shown may be attributed to different cell culture
systems, mechanical strains, biological properties of substrate/matrix, or state of
myofibroblast maturity, making data comparisons between studies difficult. Additionally, in
order to clarify the impact of biomechanical cues on myofibroblast activation within
different physiological and pathological states, the strain-response correlation between
magnitudes of strain and modulation of phenotypes warrants further investigation.

The comprehensive correlations and spatiotemporal alterations of biochemical and
biomechanical cues highly demand the development of in vitro cell culture systems which
closely resemble the original cardiac physiological and biochemical microenvironment.

[19. 20] A perspective in vitro bioreactor should involve, but is not limited to, the following
characterizations: three-dimensional (3D) cell culture, resemblance to the biological
properties of native cardiac ECM, substrate stiffness similar to cardiac ECM matrix, and
cyclic strains.[8: 191 |n our previous study, 3D cardiac fibrotic tissue was developed by
stimulating a contractile 3D cardiac tissue with TGF-B1. The cardiac tissue was fabricated
by using a mechanically tuned, ECM based hydrogel laden with cardiac cells to mimic the
mechanical stiffness of native heart tissues.[2] This mechanically tuned hydrogel has mainly
maintained the quiescent state of CFs compared with 2D stiff culture substrate that induced
myofibroblast activation. After the TGF-p1 treatment, CFs have been attributed with the
elevated deposition of ECM components that were presented to recapitulate a fibrogenic
microenvironment. Therefore, biomimicked 3D matrixes are required to define cardiac
remodeling.

A commercialized cyclic stretching device, Flexcell, is able to provide well-characterized
strain profiles (sinusoidal wave, etc.) and tunable magnitudes of strain (from 0% to 30%),
but is limited by only one magnitude of stretch which can be attained at any given time.[22]
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Similar limitations also occurred on other self-designed bioreactors.[23] A most recently
developed bioreactor was able to achieve two magnitudes of stretching strains (2% and 8%)
which were exerted on a 2-dimensional (2D) stretchable polydimethylsiloxane (PDMS)
membrane.[12] It is still a challenge to integrate a wide range of mechanical strains due to the
limited stretching strain of PDMS membrane, covering physiological and pathological levels
(5-20%), into one bioreactor that could be used to investigate the relationship between strain
and myofibroblast activation. In addition, most stretchable substrates with high stiffness fail
to mimic the mechanical properties of native cardiac ECM, which might induce
myofibroblast activation without any biochemical activation. Furthermore, most of the
stretchable devices have difficulty holding and stretching cell-laden 3D matrices due to their
weak mechanical properties, which are required to maintain proper cellular behaviors within
the 3D matrix.

In this study, a bioreactor with the ability to accurately mimic the biomechanical properties
of cardiac physiological and pathological microenvironments was developed based on our
previous study,[24] which was modified by integrating inter-connectable dynamic
compression bioreactors into one bioreactor. With the goal of recreating a more realistic in
vivo cardiac environment, microfabrication was employed to enable incorporation of
biochemical, biomaterial and biomechanical factors in one microdevice. PDMS-based
microfluidic bioreactors or chips are good candidates to develop a bioreactor integrated with
a mechanical stimulation component due to being easy and flexible to manipulate by
lithography to create a range of compression strains. By integrating 3D culture and
microfabrication, biochemical and biomechanical cues regarding fibrotic progress could be
combined in this microdevice to study the mechanical regulation of myofibroblast activation
and fibrotic remodeling, especially to uncover the strain-response relationship of mechanical
cues and CFs phenotypic remodeling. So, this microdevice can apply cyclic compressions
with gradient magnitudes onto 3D hydrogels laden with CFs. Although compression
stimulation is usually applied for bone and cartilage tissue engineering,[24: 251 jt has also
been confirmed to favor formation of cardiac muscle in vitro.[28] Additionally, the hydrogel
used for 3D cell culture can be deemed as incompressible. Therefore, vertical compression
must be accompanied by horizontal expansion, placing the surrounding gel matrix in tension
(Figure S1).[27] Chemically modified gelatin, which is desaturated collagen as an abundant
ECM component of the heart, was used to resemble biological and mechanical properties
(cellular behavior) of native heart ECM. Furthermore, TGF-B1 was applied to define the
cardiac remodeling under various compression strains.

Results and Discussions

Microdevice characterization

A microdevice was composed of an N, pressure chamber on the bottom, a medium chamber
in the middle and a cover glass on the top (Figure 2a). Similar to previous bioreactor
designs,[24 28] by varying the diameter of actuation cavities under each post (from post 1 to
4, the diameter was 8-5 mm), one single N, injection was able to create a series of vertical
displacements and form gradient magnitudes of compression (Figure 2c, d). Larger cavity
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diameters led to larger deformation of hydrogels. Compression strain of the hydrogel was
defined as the percent of deformation and calculated by the following equation:

Compression (%) = (Relaxed thickness - Compressed thickness)x100%/Relaxed thickness

M

The compression strain could also be modulated by the applied N, pressure. As shown in
Figure 2e, compression strain positively correlated with the cavity diameter of the gas
chamber under each pillar and the applied gas pressure at 1 Hz. As previously reported, the
compression strain applied to the hydrogels was not perfectly homogenous, which was
highest near the bottom of the hydrogels but lowest near the top.[24] Relatively equal
distribution of strain could be found in intermediate regions rather than the bottom or top
surfaces of the hydrogels. The highest compression strain achieved was 50% under a
pressure of 28 kPa with air filling in the medium chamber. As the medium chamber filled
with cell culture medium, the presence of cell culture medium produced resistances that
counteracted compressions to a certain extent. Resultantly, it could only generate as high as
20% strain even with a pressure of 35 kPa in a closed microdevice (FigureS2b). Notably,
when the medium tubes were left open, the cell culture medium filled microdevice generated
20% strain and a similar slope with a lower pressure of 28 kPa (Figure 2f). The opening of
the medium chamber provided a pathway to release the inner-pressure by expelling minor
amounts of the medium into tubes in a compressed state, while the pressure would be gone
in a relaxed state. Considering that the inner-pressure would accumulate inside the medium
chamber in the closed case, opening the chamber without any connecting tubes was applied
for following cyclic compression stimulations. Consequently, gradient compression strains
of 0, 5, 10, 15 and 20% were obtained across the pillars, covering the physiological and
pathological mechanical strain range of real cardiac tissue.l2: 13] The dynamic compression
stimulation achieved a sinusoidal cyclic loading strain profile with a gradual increase in
strain, which would be more favorable to the mechanical modulation of CFs (Figure 2g). A
higher compression frequency of 2 Hz also worked on this microdevice but gave rise to
strains less than 1 Hz (Figure S2a). The results certified that the microdevice was qualified
to provide tunable cyclic mechanical stimulation with gradient strains to fulfill the dynamic
mechanical demands of the in vitro 3D engineered cardiac tissue.

Besides the cyclic mechanical strains, the stiffness of the matrix is another key factor in
creating a compliant microenvironment for the CFs to reside in the hydrogel. In our previous
study, 7% GelMA hydrogel has been shown to have the best spreading and myofiber
networking for the cardiac cells along with strong beating behavior.[2X] Upon exposure to
varying durations of UV crosslink, Young’s moduli of the 7% GelMA hydrogel after a 40 s
UV exposure was 9.8+0.6 kPa, which closely resembled the stiffness of a healthy neonatal
rat heart ECM ranging from 4 to 11 kPa (Figure S3a).[2°] The encapsulation of CFs induced
the stiffness to increase slightly to 13.3 + 4.1 kPa. However, there were no significant
differences compared to the pristine GeIMA hydrogel. In addition, we found that cell-laden
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GelMA hydrogels showed a similar Young’s modulus during7 days culture in the
microdevices along with cyclic compression under 37 °C (Figure 2h). Nonsignificant
variation was also found in terms of thickness and diameter of the cell-laden hydrogels
(Figure S3b, c¢), demonstrating the CF-laden GelIMA hydrogels were mechanically and
morphologically stable for 7 days of mechanical stimulation. Consequently, we observed
negligible degradation of the cell-laden GelMA hydrogel. The results guarantee that the
mechanical properties of the hydrogels would induce almost no impact on the following
phenotypic remodeling of CFs during cyclic mechanical stimulation for up to 7 days.

2.2. Cell proliferation and spreading behaviors

To assess the effect of cyclic compression with gradient magnitudes (0-20%) on cell
proliferation, CF-laden 7% GelMA hydrogel was fabricated and incubated for 7 days.
Fluorescent images of EdU labeled CFs in the GeIMA hydrogel were analyzed on days 1, 4
and 7 of culture (Figure 3a). The quantification of the EdU positive cells demonstrated that
the proliferation rate of CFs in the 7% GelMA hydrogel increased over?7 days of culture
(Figure 3b). Whereas varying compression strains had no significant impact on the
proliferation of CFs, suggesting that the proliferation of CFs was independent of mechanical
stimulation. For culture dimensions, 2D control exhibited a significantly higher growth rate
than 3D cells on day 1, but the superiority disappeared on day 4 and was even reversed on
day 7. Similar to the previous report, the proliferation of 2D cells showed higher rates
initially but stopped once the cells reached confluence.[3%] This is because the structure and
biological properties of the scaffold are the major factors contributing to cell proliferation
and attachment.[32 Since the optimized 3D hydrogels could provide larger space for cell
attachment, migration and spread than a 2D culture plate, the cells in the 3D hydrogels were
able to proliferate longer periods than that of the 2D culture.[32] Furthermore, dynamic
disturbance of the medium occurred in the culture chamber due to cyclic compression,
which was favorable for the diffusion of nutrients and oxygen through 3D scaffold for the
proliferation of cells for extended culture periods.

Cell spreading in response to cyclic compression was evaluated by F-actin staining of the
CFs (Figure 3e). Markedly increased amounts of spreading were found with rising
compression strain, and growing numbers of CFs varied from round shape to stellar
morphology. Quantitative determination of area and aspect ratio covered by F-actin fibers
confirmed a significant increase in cell spreading in the presence of compression (Figure 3c
and d). Physiological strains of 10% and 5%created a similar spreading area, but a non-
significant difference in aspect ratio when compared to 0%. However, the spreading area
tripled under a physiological strain of 20%, compared to a strain of 0%. The higher strain
also had a significantly varied cellular aspect ratio (Figure 3d). As compression was applied
to the hydrogels, the cells were both vertically compressed and horizontally stretched,
leading to a larger aspect ratio due to the increase in displacement along the long axis.[33!
The results demonstrated that cyclic compression significantly enabled CFs to spread and
vary their morphology in the hydrogels, both of which were shown to be dependent on
compression strain. These cell behaviors were very similar to our previous study that showed
human mesenchymal stem cells (nMSCs) under cyclic compression.[24]
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2.3. Effect of myofibroblast maturity on the phenotypic remodeling of CFs upon dynamic
mechanical strains

Based on previous studies implying that aging of the heart induces a phenotypic transition
from CFs to myofibroblastic cells,34] we questioned whether the passage number of CFs
would influence the degree of fibrosis in CFs. In order to answer this question, CFs of
passage 2 (P2) and P5 were cultured for 7 days on 2D well plates and in 3D hydrogel
microdevices to compare their phenotype shifting. This was determined by using mRNA
expression against widely used fibrosis biomarkers, a-SMA, Col-I, TGF-B, fibronectin (Fn)
and MMP-2 (Figure 4a). Cells in the high passage (P5) displayed a significantly higher
expression of the fibrotic markers than cells in the low passage (P2) regardless of culture
form, which corresponded to previous studies demonstrating that quiescent CFs
spontaneously differentiated into activated myofibroblasts with higher passage numbers.[34]
In addition, the spatial dimension of cell culture also acts an important role in the phenotype
shifting of CFs towards myofibroblastic phenotypes. Cells cultured in 3D hydrogels showed
lower expression levels of the fibrotic markers when compared to those cultured on the 2D
stiff substrate, which indicated that the mimicking of matrix elasticity in native cardiac
tissues might help to maintain their CF phenotype. Together, these results demonstrated that
CFs in the high passage might undergo a phenotypic transition to myofibroblastic cells
showing higher myofibroblast maturity, and higher levels of the phenotypic transition may
be promoted when the cells are cultured in 2D plastic substrates.

To investigate the effect of myofibroblast maturity on the fibrotic remodeling of CFs under
stimulation of dynamic compressions, P2 CFs in the GeIMA hydrogel were cultured for 7
days under dynamic compressions. CFs displayed high mRNA expression of biomarkers
towards the myofibroblast direction under higher mechanical strains (Figure 4b). Although
there was no significant difference between strains of 5% and 10% for a-SMA, Col-I, and
Fn, except for MMP-2, the maximal expression level was obtained under a strain of 20%,
which was 4-6 times higher than that of 0%. TGF-p displayed a similar trend with the
biomarkers, notably, with significant differences found even between strains of 5% and 10%.

It has been acknowledged that elevated mechanical stress is essential to the activation of
fibroblastic cells towards the myofibroblastic phenotype.[3! In addition, TGF-B is a central
mediator in the modulation of fibroblast phenotype and gene expression.[3%] The crosstalk
between mechanical tension and TGF-p thereby acts as a key role in fibrotic phenotype
transition. In this experiment, the only difference among treatments was the level of
mechanical stimulation. Intriguingly, the ECM of CFs provides a repository for various
growth factors including TGF-B in a latent state, which can be exploited to enhance cell
signaling by extracellular activation from its protective pro-peptide. Once CFs are traced
upon exogenous mechanical tension, the latent TGF-f could be activated through traction-
mediated activation. The amount of active TGF-p released depends on the mechanical strain
applied to the ECM.[3¢] This theory confirms the finding that an increase in the expression
of fibrotic markers would also increase the levels of TGF-f expression under higher
mechanical compressions.

To gain insight into how phenotypic shifting mediated by myofibroblast maturity may exert
an influence on the fibrotic remodeling of CFs upon dynamic mechanical strains, P5 CFs
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were also cultured for 7 days under stimulation of dynamic compression. Unlike the trend
from P2 cells showing increased expression levels of fibrotic markers with increasing
mechanical compressions, fibrotic makers showed magnitude dependent expression for P5
CFs after 7 days of treatment with dynamic compression (Figure S4). Cells under static 3D
culture (0%) expressed higher levels of fibrotic markers compared to those under 5 and 10%
mechanical compression (physiological strain), while CFs were activated again towards the
myofibroblast direction under harsh mechanical tension (pathological strains, 15 and 20%)
(Figure S4b). This may be attributed to the facts shown in the passage-number dependent
levels of fibrotic marker expression. We showed that a high passage number of CFs (P5) did
own high myofibroblast maturity and exhibited more obvious proto-myofibroblastic features
(Figure S4a), which may lead to variable effects of cyclic strain on myofibroblast activation.
In addition, a previous study showed that designing biomaterials which resemble native
matrix elasticity would play an important role in the suppression or reversion of
myofibroblast activation,[11] which corresponded to the findings that decreased degree of
fibrosis was shown when proto-myofibroblastic phenotypes were cultured in a
microenvironment mimicking the natural stiffness in vivo in combination with
physiologically relevant strain (5 and 10%).

In the process of myofibroblast differentiation, three phenotypes are involved, resident
fibroblasts, conversion to proto-myofibroblasts, and finally myofibroblasts. Proto-
myofibroblasts serve as an intermediate in this process and are characterized by elevated
levels of fibronectin expression, more specifically elevated levels of an alternatively spliced
ED-A isoform, in response to mechanical tension.[37] The actin cytoskeleton of a proto-
myofibroblast incorporates stress fibers generated by cytoplasmic p and vy actin
microfilaments, which align parallel to the principal strain in a GelMA lattice (Figure 3e).
As levels of mechanical strain increase, focal adhesions which appear at the ends of the
stress fibers transform into larger and more mature adhesions, capable of detecting
mechanical tension in the ECM and transmitting it to the cells as a contractile force. The
further rise in mechanical tension, together with the activated TGF-$, induces differentiation
into the myofibroblast phenotype, whose stress fibers are formed by a-SMA (Figure 1).
[4.38] The increased expression of a-SMA verified the activation of myofibroblasts, but it
may not guarantee that the proto-myofibroblasts would be completely activated. This meant
CFs might be plastic when cultured in a more realistic 3D microenvironment with the
combination of hydrogels encapsulating cells and physiological mechanical compressions,
both of which mimicked mechanical microenvironments in vivo. This also corresponded to
the results from (1) P5 CFs displaying decreased expression levels of fibrotic markers under
the physiological condition (5% and 10%) and (2) P2 CFs showing that there was no
significant difference between strains of 5% and 10% for a-SMA, Col-I, and Fn. Future
work exploring phenotypic remodeling with CFs in different passages, or a disease model
that controls the level of proto-myofibroblasts may prove useful in discerning how
physiologically relevant mechanical strains may guide reprogramming of proto-
myofibroblasts into the fibroblast phenotype.

Aadv Healthc Mater. Author manuscript; available in PMC 2020 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kong et al.

Page 9

2.4. Mechanical and biochemical impacts on CFs phenotypic remodeling

As found above, mechanical compression enabled CFs with different myofibroblast maturity
or phenotypes develop different proto-myofibroblastic features in response to gradient
magnitudes. The latent TGF-p in CFs was activated and released by traction-mediated
activation, which would trigger CFs phenotypic remodeling but was quite dependent upon
exogenous mechanical stimulations. Methods to distinguish the impacts of biochemical and
mechanical cues and how much they respectively contribute to CFs phenotypic remodeling
still require additional research. Furthermore, what effects mechanical cues would play on
an activated myofibroblast are still unknown. Answers to such questions would not only
provide insight into the underlying mechanism of CFs phenotypic remodeling but would
also be able to provide new preventive or therapeutic strategies for cardiac fibrosis.

Upon these considerations, a fibrosis model was established by treating CFs (P5) assembled
in microdevices with 10 ng/mL TGF-B1 as model cytokine for 24 hours before mechanical
stimulation, the dose of which was sufficient to trigger fully activated myofibroblasts
according to a previous study.[3%] Fibrotic markers displayed magnitude dependent
expression for P5 CFs, rather than an increasing trend with elevating mechanical
compressions, demonstrating that P5 CFs may be plastic within fibrosis and deserve to be
clarified. In order to distinguish the roles of TGF-p and mechanical compression, 4 groups
were set up: the first group receiving only mechanical stimulation, labeled M; the second
group continuously treated with TGF-p inhibiting drug, Tranilast, and mechanical
stimulation, labeled DM; the third group continuously treated with TGF-p1 and mechanical
stimulation for 7 days, labeled TM (Figure S5a); and the last group without any mechanical
compression or TGF-p1 treatment, labeled C. The expression of fibrosis markers a-SMA
and Col-I were examined and the mRNA expression of Fn and MMP-2 were also assessed.
Mechanical compression induced intermediate upregulation of a-SMA and Col-I
expression, Tranilast and mechanical compression (DM) induced the lowest expression,
while TM induced the highest level of expression (Figure 5a).

For M group, strain 0% was 2.8, 2.9, 1.7 and 1.6 times higher than the control for
expressions of a-SMA, Col-I, Fn and MMP-2, respectively (Figure 5b). Strain 20% retained
the highest level that was similar to the above results. It was noteworthy that a decrease was
found in a-SMA and Col-I mRNA expression, although not significant, under strain 5%.
The results were similar to the findings ahead.

Regarding DM, the overall mRNA expression of biomarkers was dramatically reduced. All
experiments with strain 0% showed no difference with the control, implying that the
myofibroblast phenotype in static hydrogels lost their fibrotic features and returned to the
quiescent fibroblastic phenotype. Only strains of 15% and 20% displayed significantly
higher expression of a-SMA than the control, which was 3.1 and 2.4, respectively. No
statistical difference has been found between strain 20% and the control for Col-1 and Fn.
Especially, mRNA expression of Col-I was significantly downregulated under strains of 5%
and 10%. The results were attributed to the treatment of TGF-p inhibitor, Tranilast, which
was an anti-allergic drug and reported to have efficacy in attenuating TGF-f production and
secretion,[40] suppressing TGF- signaling pathway,[#! inhibiting TGF-B induced ECM
production and collagen synthesis.[42] Although it was also reported to inhibit fibroblast
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proliferation, the 50 uM Tranilast applied in our study was nontoxic for cells according to a
previous study.[43] The DM group thereby represented a bare effect of mechanical
stimulation on CFs activation without the confounding influence of TGF-f.

For TM group, continuous treatment of TGF-B1 maintained the myofibroblastic phenotype.
The quantitative mRNA expression of fibrogenic biomarkers displayed a significantly high
level, with strain 0% being 4.3, 5.1, 4.9 and 2.5 times higher than the control group for
expressions of a-SMA, Col-1, Fn and MMP-2, respectively. The overall mRNA expression
levels were dramatically increased compared with M. Apparently, mechanical compression
played a synergetic role to evolve fibrotic progress in a strain-dependent manner. As
confirmed by RT-PCR data, the mRNA expression increased with compression magnitude
and peaked under strain 20%. However, physiological strain levels, namely 5 and 10%,
triggered no significant increase compared with 0% for a-SMA and Col-I, suggesting CFs
could maintain their fibrotic status. The extent of a-SMA formation and collagen
accumulation in Figure 5a also verified the results. In contrast, larger amounts of inter-
connective stress fibers and collagen accumulation were observed under strains of 15 and
20%.

The above results suggested that we were able to distinguish the effects of mechanical cues,
representative of compression, and biochemical cues, representative of TGF-p, and
highlighted the strain-response correlation between dynamic mechanical compressions and
myofibroblast activation. In a fibrosis model, mechanical compression exerted strain-
dependent regulation of myofibroblast activation, which could maintain or attenuate the
myofibroblastic phenotype under physiological strains (5% and 10%), and promote
myofibroblast transition under pathological strains (15% and 20%). If the synthesis or action
of TGF-p was inhibited, such as in group DM, the tendency of strain-mediated fibrotic
response was unchanged, and mechanical compression alone could still activate the
myofibroblastic phenotype under pathological strains (15% and 20%). When TGF-B1 was
continuously supplied, such as in group TM, the highest fibrotic level was obtained and
mechanical compression would synergistically promote the CFs phenotypic remodeling.
Limited expression of TGF-p mRNA in the presence of exogenous TGF-B1 supplementation
regardless of M, DM or TM also verified that the endogenous synthesis of TGF-p was
inhibited (Figure S5b). At the same time, the activity of TGF-f was almost completely
inhibited by Tranilast, as evidenced by the decrease of Col-I and Fn message expression to
the control level even under strain 20%. On this point, it was suggested that promoting the
phenotypic transition from fibroblast to myofibroblast may be a complicated process
between the effects of mechanical tension and TGF-p. However, it seemed obvious that
mechanical compression played a crucial role in promoting the phenotypic transition from
fibroblast to myofibroblast with strain-dependent changes.

There is increasing evidence that TGF-p and mechanical stimulation are key regulators of
the fibroblast transition towards myofibroblasts in the myocardium. Here, we indicated that
CFs distinguished between strain magnitude dependence-induced and TGF-p induced
phenotypic remodeling, though crosstalk occurs between the actions. The differential actions
were determined by different myofibroblast maturity, and plasticity of CFs seeded in
hydrogels. Without the exogenous addition of TGF-B, P2 CFs (P2) were activated towards
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the myofibroblast direction upon increased cyclic mechanical compression through traction-
mediated activation of the latent TGF-B. While P5 CFs developed into proto-myofibroblasts,
physiological strain (5% and 10%) could restore the ECM tension and reverse the proto-
myofibroblastic phenotype into fibroblasts. Higher mechanical strains (15% and 20%) would
again promote CFs activation towards the proto-myofibroblast direction. Although the
mechanism of how TGF-p activates the expression of a-SMA is still not clearly understood,
TGF-p bioactivity was confirmed by enhanced phosphorylation of Smad2, a downstream
effector of the TGF-B signaling pathway.[*4] In the case of mature myofibroblasts activated
by exogenous TGF-p supplementation, mechanical compression would maintain or promote
active myofibroblastic tendency rather than negate the effect of TGF-p. However, if the
action of TGF-p was inhibited, CFs may be more plastic so that cells cultured under
physiological strains (5-10%) would show similar or lower levels of fibrotic markers, while
those cultured under larger mechanical load (15-20%) would prefer to express higher levels
of those markers compared to the controls. The mechanism of such mechano-regulation is
yet unknown. The results implied that mechanical compression and TGF-$ played
synergetic roles in inducing myofibroblast transition. Both of which could promote the
transition, but the mechanical compression of physiological strains could maintain or
attenuate the strain-mediated promotion, demonstrating that mechanical compression
functioned as a means of protection in CFs phenotypic remodeling. However, the effect of
mechanical compression was unable to dominate that of TGF-p.

Since cardiac tissue is highly dynamic and contractile, when a mild mechanical load or
inflammation is applied, the activation of myofibroblasts could be attenuated via self-healing
capacity from the cardiac physiological rhythm. In the case of pathological mechanical load
elevation and chronic injury, drug intervention is necessary to reduce cytokine level and
consequently modulate the mechanical stress in the diseased region. Any other strategies that
could attenuate local mechanical tension could also be considered to alleviate the symptoms.

However, we recognized the limitations of this cardiac fibrotic remolding model, as it lacks
the involvement of cardiomyocytes and their interplay with fibroblasts to recapitulate the
native micro-environment in cardiac fibrosis remodeling. Moreover, characterization of
fibrosis hallmarks and functional studies of the fibrotic tissues needed to be evaluated.
Further study required to verify the effect of mechanical stimulations on fibrotic remodeling
using a more physiologically biomimetic model in the future.

3. Conclusion

In this study, we developed a microdevice capable of accurately and simultaneously
mimicking the biomechanical properties of the cardiac physiological and pathological
microenvironment. The microdevice could apply 1 Hz cyclic compressions with gradient
strain, ranging from 5% to 20%, onto 3D cultured CFs. CFs could proliferate within the
cyclic mechanical compression applied on GelMA and displayed strain-mediated spreading
behavior. Strain-dependent cardiac myofibroblastic activations were found after 7 days of
mechanical compression, which also strongly relied on the myofibroblast maturity of the
CFs seeded. Physiological strains (5-10%) could maintain or attenuate the myofibroblast
activation, while pathological strains (15-20%) would significantly promote the phenotype
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transition towards myofibroblasts, demonstrating the crucial role which mechanical cue
played in CFs phenotypic remodeling. Furthermore, mechanical compression and TGF-f
played synergetic roles in CFs phenotypic remodeling, demonstrating close crosstalk lying
between them. The strain-response of mechanical stimulation in cardiac myofibroblast
activation may not only be favorable in the understanding of the mechanism of CFs
phenotypic remodeling but would also provide new preventive or therapeutic strategies for
cardiac fibrosis.

4. Experimental Section

4.1.

Preparation of GelMA

GelMA was prepared following the method described previously.[45] Porcine skin gelatin
(Type A, Sigma-Aldrich) was added in DPBS (Sigma-Aldrich) at a concentration of 10%
(w/v) at 50°C. Then, methacrylic anhydride (Sigma-Aldrich) was added by drop while being
stirred at 50°C with a concentration of 5% (v/v). After a 2hour period of reaction, the
solution was dialyzed to remove the unreacted reagents using dialysis membrane tubes
(molecular weight cut off:12-14 kDa) against deionized water for 7 days at 40°C. The
obtained solution was freeze-dried for 5 days to obtain medium degree methacrylate (MM)
GelMA.

4.2. Mechanical Properties of GelMA Hydrogels

7% MM GelMA and 0.25% (w/v) photoinitiator (Igracure 2595, Sigma-Aldrich) were
dissolved in DPBS. In order to figure out the optimal mechanical stiffness, different UV
exposure times were applied to photo-crosslink GelMA and subjected to Young’s modulus
measurements. Disc-shaped hydrogels were fabricated by sandwiching the pre-polymer
solution (200 pL) between 1 mm thick spacers. This pre-polymer solution was exposed to
UV light (50 mwW/cm?) for 30, 40, 50 or 60s. The crosslinked hydrogels were punched into
small discs with diameters of 6 mm and detached from the glass slide. After removing
excess liquid, the gels were compressed uniaxially on Instron (5542, USA) at Imm/min. The
Young’s modulus was then obtained by calculating the slope from 0% to 10% strain (n=5).

4.3. Microdevice Fabrication

A microdevice is composed of an N, pressure chamber on the bottom, a medium chamber in
the middle and a cover glass on the top (Figure 2a). The N pressure chamber consisted of
aligned cylindrical cavities with varying diameters that were connected by channels (1.5 mm
in width) for applying pressure from one gas inlet. The medium chamber was patterned with
a lower part of 5 aligned posts (Diameter: 3.5 mm) and an upper part of sidewalls. The
cavity was designed with one narrow end and another wide end to save the amount of
hydrogel and cells afterward. The height of the posts (1.5 mm) was lower than that of the
sidewalls (3 mm) to allow the formation of 3D hydrogels between the posts and the cover
glass. The thickness of the medium chamber bottom membrane was 300 um. The medium
and N, pressure chambers were prepared by pouring a mixture of polydimethylsiloxane
(PDMS) base and curing agent into their individual poly(methyl methacrylate) (PMMA)
molds. After a 1hourcuring period at 80 °C, they were carefully peeled off from the molds
and adhered together using O, plasma with the posts aligned to the gas chambers. Especially
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noted, the narrow end of the medium chamber had to be oriented towards the gas port with
the fifth post located on the gas channel rather than the cavity (Figure 2d). The plasma
bonded PDMS constructs were then incubated at 80 °C for 30 min. Fluidic and gas ports
were first pierced by a needle and inserted with a stainless connector (1 mm in diameter).
The PDMS construct was then combined with a 3-(trimethoxysilyl) propyl methacrylate
(TMSPMA) coated glass through plasma treatment. The inlet and outlet ports were
connected using tubes.

4.4. Cardiac Fibroblast Isolation and Culture in Microdevices

4.5.

To obtain primary cardiac fibroblasts (CFs), we isolated hearts from neonatal Sprague
Dawley rats (two-days old) following a protocol approved by the Institution’s Committee on
Animal Care.[46] The extracted hearts were cut into small pieces, incubated in trypsin
solution at 4 °C overnight and were subjected to collagenase digestions. After separating the
cardiomyocytes, the attached CFs were cultured in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco, USA) along with 10% fetal bovine serum (Gibco, USA) and 1% penicillin/
streptomycin (Gibco, USA) in an incubator at 37° C and 5% CO,. CFs were used in no more
than 5 passages. CFs were trypsinized and resuspended in GelMA pre-polymer solutions at a
ratio of 6 x 10° cells/mL. The GelMA pre-polymer solutions with cells were injected
through the tube into the medium chamber of the microdevice. A photomask was then
covered on the top of the microdevice and then UV light (50mW/cm?) was applied for 40
seconds to crosslink the cell-laden GelMA polymer solution above the posts. The
uncrosslinked GelMA polymer solution was then withdrawn from the medium chamber and
refilled with cell culture medium (Figure 2b). The microdevices with cell-laden GeIMA
hydrogels were cultured in an incubator at 37° C and 5% CO,. Using a WAGO controller
and a customized MATLAB program to control solenoid valves, N, gas was propelled into
the pressure chamber via the gas inlet.[4”] Cyclic compressions of 1 Hz were applied to the
crosslinked hydrogel within the microdevices for 7 days of culture.

MicrodeviceCharacterization

The microdevice was subjected to varying dynamic compressive strains actuated by cyclic
gas pressure. In order to quantify the compression strain of hydrogels in response to the
cyclic loading pressure, time-sequential images were taken from a side view of hydrogel
patterned microdevices. For each post, 10 cycles of compression were taken. ImageJ
software (NIH) was employed to measure displacements (minimum3 measures per cycle and
5 cycles per post) and calculate the average strain. Parameters including actuation pressure
(14-35 kPa), cyclic frequency (1-2 Hz), the fullness of the medium chamber (air or DMEM)
and openness of connection tubes was considered for their impacts on the compression
strains.

4.6. Cell Laden Hydrogels Degradation Assay

During the process of cell culture in the presence of cyclic compressions for7 days, GelMA
hydrogels underwent degradation. In order to evaluate how much the degradation would
affect the mechanical properties or the morphology of the hydrogels, hydrogels were
detached from the cover glass at days 1, 4 and 7 and photos were taken for analysis using
ImageJ. Dimensions (thickness and diameter) of hydrogels from each post were measured
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and then the Young’s modulus was determined on Instron (minimum 3 measures per post of
5 different devices).

4.7. Cell Proliferation Assay

Cell proliferation within 3D hydrogels (n=4) at days 1, 4 and 7were assessed qualitatively
and quantitatively using Click-iT Plus EdU Alexa Fluor® 488 Imaging Kit (Thermo Fisher
Scientific). Cell-laden hydrogels were incubated with 10 uM EdU at 37°C for 24 hours. The
samples were then fixed with 4% paraformaldehyde (PFA) for 30 min and permeabilized
with 0.5% Triton X-100 (Sigma-Aldrich) for 40 min. Click-iT Plus reaction cocktail was
added into the samples and incubated for 40 min in the dark. After another rinse with 3%
bovine serum albumin (BSA), the samples were stained using Hoechst 33342 (1:2000) at
room temperature. CFs cultured on 2D well plates (5000 cells/well, n=4) were taken as
control. A confocal microscope (Leica SP5 X MP, Germany) was used to take fluorescence
images of the samples. Acquisition parameters were not changed throughout the imaging of
each experiment. The amount of EdU positive cells and Hoechst positive cells were analyzed
using the ImageJ program, respectively. The value obtained from the EdU positive cells
divided by the total number of Hoechst positive cells was determined to be the percentage of
cell proliferation.

4.8. Cell Spreading Analysis

Cell spreading of CFs in hydrogels in response to varying compression strains was assessed
through visualization of the stained F-actin fibers inside cells. After 7 days of mechanical
stimulation, the cell-laden hydrogels (n=4) were incubated at a dilution of 1:100 in 1% BSA
under shaking conditions with Alexa Fluor 488 Phalloidin (Invitrogen) for 2 hr. To stain cell
nuclei, 4’,6-diamidino-2-phenylindole dihydrochloride (DAPI; Vector Laboratories) at 1:100
dilution in 1% DPBS was used for 2 hours. Fluorescence images were taken by a confocal
microscope and two random regions were chosen for quantitative evaluation of cell
spreading (n=8). In total, no less than 100 cells in each hydrogel per condition were
manually selected for cell area and respect ratio measurement using ImageJ software.

4.9. TGF-B Activation and Inhibition Assay

After the fabrication of microdevices patterned with cell-laden hydrogels, the CFs were
treated with TGF-p1 (10 ng/mL) as model cytokine supplemented DMEM for 24 hr.
Subsequently, the microdevices were divided into 3 groups (n=4) and subjected to cyclic
compression with a frequency of 1 Hz for 7 days: (1) TGF-p1 activation + mechanical
stimulation group (TM), CFs were treated with TGF-B1 supplemented culture medium; (2)
TGF-B1 inhibiting drug + mechanical stimulation group (DM), CFs were treated with 50
uMTranilast (Sigma), an inhibitor of TGF-B1, supplemented culture medium; (3)
mechanical stimulation group (M), CFs were treated with DMEM culture medium. CFs
cultured in DMEM without any mechanical stimulation, or TGF-1 treatment were taken as
a control group (C). All the mediums for culture were changed every 48 hr. The samples
were collected after 7 days and total RNA was extracted for RT-PCR analysis. Meanwhile,
the fibrosis markers were immunostained to visualize their expression under different TGF-
Blevels and varying cyclic compressions strains.
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4.10. Immunofluorescence Staining

CFs in hydrogels, activated in response to varying compression strains, were immunostained
for cardiac fibrotic biomarkers. The cell-laden hydrogels were fixed in 4% PFA for 30 min,
permeabilized with 0.1% Triton X-100, and blocked with 1% BSA. The samples were
incubated with 200 times diluted primary antibodies in 3% goat serum, monoclonal rabbit
anti-a-SMA (Abcam, ab5694), monoclonal mouse anti-collagen I (Thermo Fisher, 1—
26771), polyclonal rabbit anti-fibronectin (Abcam, 23751), and polyclonal rabbit anti-
MMP-2 (Abcam, 37150) overnight at 4 °C while under shaking. The 200 times diluted
secondary antibodies (goat anti-mouse AlexaFluor 594 (Invitrogen, 1107474), goat anti-
rabbit Alexa Fluor 488(Life Technology, 1515529) or goat anti-rabbitCy5 (Abcam)) in 3%
goat serum were applied to the samples for2 h at room temperature while under shaking.
DAPI (1:100) was used to stain the nuclei for 2 h. Fluorescence images were obtained from
the middle of each hydrogel by a confocal microscope to eliminate edge effects. Two
randomly-selected regions in each hydrogel per condition and four samples were imaged
(n=8). The images were processed with ImageJ software. For a better comparison of
different groups, the intensities of detection channels (photomultipliers or PMTs, Leica)
were optimized and kept unchanged throughout the imaging. CFs cultured on 2D well plates
(5000 cells/well, n=4) were taken as control.

4.11. Real-Time Polymerase Chain Reaction

RNA was isolated from mechanically disrupted cell-laden hydrogels (n=4) using TRIzol
reagent (Life Technologies). NanoDrop (Thermo Scientific) was used to measure the amount
of RNA. Reverse transcription of RNA was carried out using the QuantiTect ® Reverse
Transcription kit (Qiagen). RT-PCR was conducted using iTag™ Universal SYBR® Green
Supermix (Bio-Rad, USA) and predesigned KiCqStart™ SYBR® Green primers (Sigma)
targeting the genes of fibrosis markers: TGF-p (catalog #KSPQ12012G), Collagen1A1l
(catalog #KSPQ12012G), Fibronectin (catalog #KSPQ12012G),a.-smooth muscle actin
(catalog #KSPQ12012G), and Matrix metalloproteinase-2 (catalog #KSPQ12012G).
Relative expressions were calculated by the AACt method and then normalized by
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) gene expression.

4.12. Statistical Analysis

We used a mean + standard deviation for all quantitative data. One-way analysis of variance
(ANOVA) was used for statistical analysis along with a Turkey significant difference post
hoc test using GraphPad Prism 5.02(*p < 0.05, **p < 0.01, and ***p < 0.001).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.
Activation of CFs towards cardiac myofibroblast phenotypes. Interstitial fibroblasts are

characterized by the production of fibronectin and the absence of filamentous-actin, a-SMA,
and ED-A fibronectin. Under mechanical stress or inflammatory cytokines, fibroblasts are
activated into proto-myofibroblasts. The proto-myofibroblast produces ED-A fibronectin,
contains stress fibers and focal adhesions, but does not yet contain the contractile a-SMA
thus representing an immature myofibroblast. The increasing mechanical stress and TGF-p
promote the modulation of proto-myofibroblasts into mature myofibroblasts. Mature
myofibroblasts show abundant production of ED-A fibronectin and F-actin and are
characterized by the presence of a-SMA. The transition from fibroblasts to proto-
myofibroblasts is reversible.
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Figure2.
(a) Schematic illustration of bioreactor fabrication consisting of N, pressure chamber,

PDMS membrane with pillars, medium chamber and TMSPMA coated glass from the
bottom up. (b) Flowchart of bioreactor assembly, loading CFs with GelMA pre-polymer
solution, UV exposure to cure cell-laden gels along PDMS pillars. (c) Side view of five
hydrogels (Diameter: 3 mm) patterned on top of pillars in the bioreactor and sequential
photographs showing the compression and relaxation of a patterned hydrogel under cyclic
compression. Scale bar = 4 mm. Green dye was incorporated into the hydrogel to aid in
visualization. (d) Schematic illustration of bioreactors in a static state (top) and actuated
state (bottom) by injection of gas to generate a different strain of compression upon
hydrogels, the hydrogels were normalized with numbers 1-5 indicating cavity diameter 8-5
mm of gas chambers. (e-f) Experimental data of compression strainas a function of hydrogel
position and applied N, pressures at 1 Hz in (e) air and (f) culture medium that filled inside
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the bioreactor leaving the medium tubes open (n=5). (g) Characterization of the dynamic
compression response of a patterned hydrogel upon actuation of a post by applied pressure.
(h) Young’s modulus of hydrogels after different incubation days of mechanical
compression under 1 Hz actuation. (n=5)
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Figure 3.
(a) Representative confocal images of EdU Click-iT labeling (green) of CF-laden 3D

GelMA hydrogels with different compression strains at days 1, 4, and 7. (b) Representative
quantification of proliferating cells inside CF-laden 3D GelMA hydrogels as determined by
the percentage of EdU positive cells at days 1, 4, and 7 of culture (n=6). CFs cultured on 2D
well plates were taken as control (n=6). (c and d) CFsspreading area and aspect ratio after 7
days of mechanical stimulation(n=8). (e) Representative confocal images of Actin/DAPI
results under different compression strain from 0 to 20%. Data depict Mean + Standard
deviation. *p<0.05.
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Figure 4.
RT-PCR of relative mRNA expression of a-SMA, Col-I, TGF-B, Fn and MMP-2 of (a) CFs

of P2 or P5 which were cultured on 2D TCPS cell plate or in 3D hydrogels in microdevices;
(b) CFs of P2 cultured in 3D GelMA hydrogels after 7 days cyclic compression stimulation
of different strain from 0 to 20% (n=4). Data depicts fold-change + standard deviation.
x|

p<0.05.
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Figureb.
A cardiac fibrosis model was established by treating CFs (P5) in the microdevices with 10

ng/mL TGF-B1 for 24 hours prior to compression stimulation, the first group receiving only
mechanical stimulation, labeled M; the second group continuously treated with TGF-p
inhibiting drug, Tranilast, and mechanical stimulation, labeled DM; the third group
continuously treated with TGF-p1 and mechanical stimulation for 7 days, labeled TM; and
the last group without any mechanical compression or TGF-B1 treatment, labeled C. (a)
Representative confocal images of immunofluorescence stained a-SMA (green) and
collagen-1 (Col I, red) after 7 days cyclic compression stimulation with different strains from
0 to 20% (n=4). (b) RT-PCR of relative mRNA expression of a-SMA, Col-I, Fnand MMP-2
ofCFsafter 7 days cyclic compression stimulation of different strain from 0 to 20% (n=4).
Data depicts fold-change + standard deviation. *p<0.05, ** p<0.01, *** p<0.001.
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