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Abstract

A thiol-ene polymerization platform was used to synthesize peptide functionalized poly(ethylene
glycol) (PEG) hydrogels, which were initially characterized and compared to theoretical
predictions of Young’s modulus via a theoretical crosslinking density equation presented herein.
After thorough characterization, this material system’s utility for answering specific biological
hypotheses was demonstrated with the culture and observation of aortic valvular interstitial cells
(VICs). Specifically, these materials were used to better understand the role of substrate elasticity
and biochemical functionality on VIC a-smooth muscle (aSMA) expression and secretory
properties (i.e., de novo ECM). The Young’s moduli of the hydrogels were varied from 28kPa
(activating, 90% myofibroblasts) to 4kPa (non-activating, 15% myofibroblast) substrates, and the
biochemical functionality was tailored by incorporating three small adhesive peptide sequences,
RGDS, VGVAPG, and P15. To promote VIC adhesion, a basal [RGDS] of 0.8mM was used in all
formulations, while the [VGVAPG] or [P15] were varied to be lower, equal, or higher than
0.8mM. The substrates with 1.2mM VGVAPG and all gels with P15 led to significantly higher
aSMA expression for both stiff and soft substrates, as compared to 0.8mM RGDS alone.
Importantly, all gel conditions were significantly lower than TCPS (~4-10 fold difference). The
ECM produced significantly decreased as the total integrin binding peptide concentration
increased, but was significantly higher than that expressed on TCPS. This easily tailored material
system provides a useful culture platform to improve the fundamental understanding of VIC
biology through isolating specific biological cues and observing VIC function.
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1. Introduction

Valvular interstitial cells (VICs) are the main cell population in heart valves and are
responsible for maintaining valve homeostasis [1]. In healthy valves, VICs typically reside
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in a quiescent fibroblast state, but can become activated into myofibroblasts upon injury to
the valve [2]. In this activated state, they are known to be able to contract [1-5], proliferate
[2,3,6], and express a host of different proteins including cytokines [2,5,6], matrix
metalloproteinases (MMPs) [1,2,6,7], and extracellular matrix (ECM) molecules [2,3,6-9],
all in an effort to maintain proper valve function. However, this delicate balance of VIC
activation and secretory properties can also go awry if misregulation and repeated injuries
occur. For example, the prolonged activation and elevated ECM expression of VICs can lead
to calcific aortic stenosis [6,10-13].

The microenvironment of the valve has an acute influence on VIC phenotype and function,
and researchers are only beginning to understand how valve attributes and conditions direct
VIC behavior. Activation of VICs to the myofibroblast phenotype is known to depend on the
culture substrate stiffness [2,6,7-9,14,15] and in response to specific proteins presented on
culture substrates [1,9,11,12,16,17]. This increase in activation due to physical or
biochemical cues has also been linked to subsequent increases in ECM production [1,17,18].
Understanding the complex interplay between cellular cues and matrix interactions, and how
they influence VIC secretory properties, especially the deposition of ECM, would be
extremely advantageous, when trying to design bioactive culture platforms to probe and
eventually direct VIC function. To-date, few studies report on how VIC-material
interactions influence the composition and deposition of ECM produced by VICs [12,17,19].
This is further complicated by the fact that when VICs are isolated from valve tissue and
cultured on traditional tissue culture plasticware, essentially 100% of the VICs become
activated myofibroblasts in less than 48 hours, which causes potentially non-physiologically
relevant cellular responses [1].

To achieve precise control of VIC culture conditions, a thiol-ene step-growth
photopolymerization was employed to fabricate a highly defined culture substrate. These
materials were fabricated by reacting norbornene functionalized 8-armed PEG monomers
with cysteine (i.e., thiol) functionalized small peptides in the presence of UV light and a
photoinitiator. Through facile selection of the macromolecular precursors, the substrate
stiffness can be manipulated by altering the molecular weight of poly(ethylene glycol)
(PEG) monomers for large changes in gel modulus or performing the reaction off
stoichiometry for small modulus adjustments [20-23]. The biochemical composition of the
gel is also easily tailored to the hypothesis at hand, by simply introducing cysteine-
containing peptides that are covalently bound within the gel network based on the initial
reactant stoichiometry. By selecting integrin binding small peptides derived from larger
ECM molecules to incorporate into the gels, one can study the effects of the cell-matrix
relationship on VIC function and remove inherent confounding factors from the system,
such as cytokine sequestering [3,9,24-29]. Additionally, the use of hydrophilic PEG as the
base gel formulation creates a “blank slate” culture substrate to functionalize with specific
proteins of interest, by minimizing non-specific protein adsorption [25-27]. The small
peptide adhesion sequences, used herein, are derived from the larger ECM molecules found
in the valve tissue; fibronectin (RGDS) [30], elastin (VGVAPG) [31], and collagen-1 (P15)
[32].

Here, we endeavor to design VIC culture platforms utilizing the above described PEG based

system to vary both substrate modulus and integrin binding events to gauge the importance
of these two culture conditions on the activation and ECM expression of VICs.
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2. Materials and Methods
2.1. Materials

Eight-armed poly(ethylene glycol) (MW: 20,000 and 40,000) was purchased from JenChem.
All amino acids and resin for solid phase peptide synthesis (SPPS) were purchased from
Anaspec and Novabiochem, respectively. Porcine hearts for VIC isolation were obtained
from Hormel Inc. All other chemicals were purchased from Sigma-Aldrich, unless otherwise
specified.

2.2. Synthesis of Eight-Armed PEG-Norbornene

Eight-armed PEG-norbornene (PEG-N, Figure 1a) (MW: 20,000 and 40,000) was
synthesized as previously described by Fairbanks et a/. [25] Briefly, the reaction was carried
out under anhydrous conditions in the organic solvent dichloromethane (DCM), where a
PEG solution was added drop-wise to a stirred solution of N,N’-dicyclohexylcarbodiimide
(DCC) and norbornene acid, and allowed to react overnight at room temperature. The
norbornene functionalized PEG in this solution was then precipitated in ice-cold ethyl ether,
filtered, and re-dissolved in chloroform. This chloroform PEG solution was then washed
with a glycine buffer and brine before being precipitated in ice-cold ethyl ether and filtered
again. The filtered PEG was then placed in a vacuum chamber to remove excess ether. The
percent functionalization of PEG arms with norbornene groups was determined using 1H-
NMR and comparing the hydrogen peaks associated with the carbon adjacent to the ester
linkage (~4.2ppm) to the hydrogen peaks associated with the PEG molecule (~3.6ppm).
Supplemental Figure 7 demonstrates typical 1H-NMR spectra along with the integrated peak
values. Only synthesis products with greater than 95% functionalization were used.

2.3. Synthesis of Adhesive Small Peptide Sequences and Non-Degradable Di-Thiol Linker

Peptide

Three peptides were chosen to include in the thiol-ene formulation, including one from
fibronectin (CGRGDS), elastin (CGVGVAPG), and collagen-1
(CGGTPGPQGIAGQRGVV) (i.e., CGP15). A scrambled peptide (CGRSGD) was also
synthesized to maintain the total pendant peptide concentration at 2mM. While 2mM of
pendant peptide is added to the monomer solution, the final concentration available for
interaction with the cells will be lower depending on incorporation efficiency and gel
swelling. Supplemental Figure 1 illustrates that the actual surface concentration is
approximately 25% of the initial 2mM (i.e., 500,M), and was not significantly different
between gels of the two moduli used for VIC culture (i.e., 28 and 4 kPa). To avoid
confusion, results are reported with the initial monomer solution peptide concentrations used
to formulate the gels, as is typical in the literature. Additionally, an MMP cleavable di-
cysteine (i.e., di-thiol) peptide derived from collagen-1 (KCGGPQGIWGQGCK) was also
selected, based on previous success in 3D cultures [25, 33—-36]. For the purpose of the
present 2D cultures, the peptide linker was rendered non-degradable to MMPs by using the
D conformation of isoleucine (I) instead of the naturally occurring L conformation (i.e., non-
degradable di-thiol linker peptide). These peptides were synthesized using solid phase
peptide synthesis (SPPS) on an Applied Biosystems model 433A or Tribute peptide
synthesizer. After a 5wt% phenol trifluoroacetic acid (TFA) cleavage and ice cold ether
precipitation, if the purity was found to be less than 95% via high performance liquid
chromatography (HPLC), then large scale HPLC purification was performed. The correct
eluate fraction, based on MW, was determined through matrix assisted laser desorption
ionization (MALDI). The HPLC buffer was removed from the peptide in solution via
lyophilization.
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2.4. Fabrication and Characterization of PEG-Norbornene Gels

Eight-armed PEG-N (MW: 20,000 or 40,000), non-degradable peptide linker, photoinitiator
hydroxyketone 2-hydroxy-1-[4-(2-hydroxyethoxy)phenyl]-2-methyl-1-propanone) (Irgacure
2959, 1-2959, Ciba), and the cysteine-containing peptide CGRGDS were dissolved in
phosphate buffered saline (PBS) to concentrations outlined in Table 1. These monomer
solutions were injected between two sigmacoted glass slides separated by 1mm rubber
spacers and placed under a 365nm UV light at 8.5mW/cm? for 10 minutes to initiate the
thiol-ene polymerization (Figure 1b). The resulting gels were allowed to swell overnight in
PBS and their swollen mass and shear moduli were subsequently characterized. The gels
were then lyophilized, and the dry polymer mass recorded. The equilibrium volumetric
swelling ratio (Q) was calculated by using [28]

M
o 22(521) @

Where, Mg, My, pg, ps, correspond to the swollen mass, the dry polymer mass, the polymer
density, and the solvent density, respectively.

The rheometer used for shear modulus characterization was a parallel plate Ares that applied
varying strains (y) or frequencies (w) from the bottom plate and the stress transducer plate
above the gel measured the resulting displacement. Both strain and frequency sweeps were
conducted to verify that the shear modulus measurements were taken in the linear
viscoelastic regime. The strain and frequency that fell within this regime were 10% and 10
R/s, respectively.

2.5. Preparation of PEG-Norbornene Substrates for Cell Culture

In a sterile cell culture hood, eight-armed PEG-N (MW: 20,000), non-degradable
crosslinking peptide, and 2mM of pendant mono-thiol peptides were dissolved in sterile PBS
to yield a final monomer solution concentration of 5mM (i.e., 40mM [ene]), 19mM (i.e.,
38mM [linker thiol]), and 2mM [mono-thiol peptide], respectively. Eight-armed PEG-N
(MW: 40,000), non-degradable crosslinking peptide, and 2mM of pendant mono-thiol
peptides were also dissolved in sterile PBS to yield a final monomer solution concentration
of 2.5mM (i.e., 20mM [ene]), 6mM (i.e., 12mM [linker thiol]), and 2mM [mono-thiol
peptide], respectively. To these monomer solutions, the photoinitiator 1-2959 was also
added, yielding a final concentration of 0.2mM. All solutions were sterile filtered using a
20p.m porous filter before polymerization. The 2mM mono-thiol (i.e., pendant) peptide was
comprised of 0.8mM RGDS and varying concentrations of VGVAPG or P15 were added
(0.4, 0.8, and 1.2mM). A scrambled RSGD (0.8, 0.4, and OmM) was used to maintain a total
of 2mM pendant peptide, as the VGVAPG and P15 content was varied.

These monomer solutions were injected between two sterile, sigmacoted glass slides
separated by sterile Imm rubber spacers and placed under 365nm UV light at 8.5mW/cm?
for 10 minutes. The resulting gels were allowed to swell overnight in serum free media at
37°C before cell seeding.

2.6. VIC Isolation

Primary VICs were isolated from aortic leaflets, which were excised from fresh porcine
hearts acquired from Hormel within 24 hours of slaughter via a sequential collagenase
digestion as previously described by Filip et al. [4], and aliquots frozen until needed.
Briefly, the leaflets were incubated in Earle’s balanced salt solution containing 250U/mL
collagenase for 30 min to remove the endothelial lining, followed by a 60 min incubation in
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fresh collagenase solution to remove the VICs. The VIC suspension was filtered through a
100pm strainer to remove the degraded leaflets and centrifuged at 1000rpm for 10 minutes.
The pellet was resuspended in Media 199 supplemented with 15v/v% fetal bovine serum
(FBS), 2v/iv% penicillin/streptomyocin, 0.4v/v% fungizone, and 0.2v/v% gentamicin
(Invitrogen); plated on TCPS dishes; and cultured to 50% confluency at 37°C and 5% CO,.
The VICs were then trypsinized, pelleted, and resuspended in 45v/v% M199 media, 50v/v%
FBS, and 5v/v% dimethyl-sulfoxide (DMSO) to 1,000,000 cells/mL. This suspension was
transferred to cryovials, which were then placed in a slow temperature gradient freezing box
at —80°C overnight. These frozen vials were stored in a liquid nitrogen cooled tank until
needed, and then thawed and expanded on tissue culture polystyrene (TCPS) in Media 199
supplemented with 15v/v% fetal bovine serum (FBS), 2v/v% penicillin/streptomyocin, 0.4v/
v% fungizone, and 0.2v/v% gentamicin (Invitrogen) in an incubator set to 37°C and 5%
CO». Only VICs of the third passage were used for experiments.

2.7. Effect of Gel Stiffness and Integrin Binding on aSMA Expression

PEG-Norbornene gels were prepared as described above for cell culture. After a vial of
frozen VICs were thawed, grown up to 50% confluency, and trypsinized, the pellet was
resuspended to 1,000,000 cells/mL in 90p.L of primary mammalian transfection buffer
(Lonza) and added to 10pL of the same buffer containing 1jeg/million cells of an alpha-
smooth muscle actin promoter luciferase plasmid [1,14,37]. This solution was transferred to
a transfection couvette, and the plasmid was added to the VIC cytoplasm via electric shock
transfection. The transfected VIC solution was then transferred to 1mL of 15v/v% FBS
M199 growth media and incubated for 15 minutes. The cell solution was then diluted with
more 15% FBS media and seeded on top of the experimental gels at 20,000cells/cm?. After
24 hours the media was changed to 1% FBS media, to avoid significant proliferation and
cell-cell contacts. The gels and VVICs were then placed in an incubator at 37°C and 5% CO,.
After 24 hours in 1% FBS media, the VICs were lysed using the glo-lysis buffer (promega)
and frozen at —80°C for 2 hours. The lysates were then thawed and pelleted at 4°C to
remove any cellular debris, and 100p.L of the supernatant was transferred to a white 96-well
plate. 50p.L of the luciferase substrate (promega) was added to each sample and allowed to
incubate at room temperature for 5 minutes. The luminescence of each sample was recorded
as an indirect measure of the aSMA production, which is a hallmark indicator for a
fibroblast that has been activated to the myofibroblast phenotype [5,9,10,14]. This
luminescence was normalized to the amount of DNA present in the cell lysate by using a
pico-green assay (invitrogen). To demonstrate that the soft 4kPa substrates were not
selecting a senescent phenotype subpopulation of VICs, but that the VICs could still be
activated to the secretory myofibroblast phenotype, 5ng/mL of soluble TGF-p1 was added to
the culture media and aSMA expression assessed. a SMA expression was significantly up-
regulated compared to soft substrates without TGF-B1 treatment, regardless of peptide
condition identity (Supplemental Figure 4). This result would seem to indicate that the soft
substrates are not selecting for a senescent subpopulation of the seeded VICs, but they are
still able to undergo activation to the myofibroblast phenotype.

2.8. Effect of Gel Stiffness and Integrin Binding on VIC ECM Secretion

The effects of substrate stiffness and integrin binding events on VIC ECM production were
investigated through the incorporation of [3H]glycine into de novo glycosaminoglycans
(GAGS) and other glycoproteins, elastin, and collagen through a sequential enzyme
digestion, termed the TEC (trypsin, elastase, and collagenase) assay [12,19,38,39]. Standard
literature protocols were followed.

PEG-N gels were prepared, as described above for cell culture. After VICs were grown up to
50% confluency, they were trypsinized, pelleted, resuspended in 1% serum media
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containing 1.Ci/mL [3H]glycine, and seeded on the experimental gels in ultra-low adhesion
culture plates (Corning) at a density of 20,000 cells/cm?2. The supplemented media was
changed and saved every 3 days for 2 weeks. The same procedure was followed for cultures
intended for cell counting (i.e., normalization), except that the media was supplemented with
the same volume of carrier solution, minus the [®H]glycine. At day 3 and 14, the cells in the
non-radioactive samples were trypsinized and counted via a hemacytometer. The saved
radioactive media was transferred to a treated TCPS plate and incubated at 37°C overnight
to ensure equilibrium adsorption of the ECM molecules in solution. The reader should note
that there might be some variability in the adsorption of each ECM molecule secreted into
the media onto the TCPS. However, given that all of the ECM molecules are comprised of
proteins with stabilizing hydrophobic interactions, it is assumed that all of the ECM
molecules will have a high affinity of binding to the TCPS. The experimental gels were
transferred to PBS and incubated overnight at 37°C to remove any non-incorporated
[3H]glycine swollen into the gel. Both the gels and the saved media plates were subjected to
sequential digestion and incubation with trypsin, elastase, and collagenase as described in
reference 38. Each enzyme degradation sample represents the fraction of produced tissue
that is susceptible to proteolytic cleavage by each respective enzyme (i.e., non-specific
cleavage may occur). However, Supplemental Figure 5 demonstrates that each enzyme
degradation fraction contains mostly the desired ECM, with only small amounts of
undesired ECM (i.e., ~10% error). With this issue in mind and to ease reading of this
manuscript, each degradation fraction is referred to as the ECM molecule that comprises the
majority of the sample, which is approximately 90% of the total amount. Radioactivity in
samples from each gel and degradation step was measured by scintigraphy (Packard Tri-
Carb 2300TR).

2.9. Statistics

3. Results

Data are presented as mean + standard error. For rheological, equilibrium swelling ratio, and
ECM expression measurements, n=6, and for VIC aSMA expression, n=3. Data was
compared using a student’s t-test and an ANOVA (for ECM compositional results found in
Figure 5) using the software JMP 9.0, and significance was established for p<0.05.

3.1. Characterizing and Tailoring the Thiol-Ene Substrate

Gels with a wide range of moduli were synthesized with the monomer compositions outlined
in Table 1, using the monomers depicted in Figure 1, and their resulting shear moduli (G)
were quantified using parallel plate rheometry. These experimentally measured shear
modulus values were converted to Young’s Modulus (E) using rubber elasticity theory,

E=2(1+v)G (2

Here, v is Poisson’s ratio, which was assumed to be 0.5 for an incompressible material and
then plotted with the theoretically calculated Young’s Modulus (Enheo) Values, using
equations 3-5, as reported in Figure 2.

To calculate Egeo, first the theoretical equilibrium swelling ratio (Qheo) Was calculated
using [40]

v \053 B
Qmw:(b_3) NOST,-038 (3
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Where, v is the volume of one monomer unit (i.e., v :(1—2*X)*b3); b is the Kuhn length of
one PEG unit, x is the solvent-polymer interaction parameter; N is the number of PEG
repeat units between crosslinks, and ¢ is the initial volume fraction of polymer. This
equation is valid for systems where 1/Q<¢**<g, (intermediate solvent regime), where ¢**
~1NN (i.e., the critical concentration of polymer) [40].

The theoretical crosslinking density (py theo) Was then calculated using

f [ linkerthiol] )
( ene] )[PEG] Qo @

Theo

Prtheo— )

Here, fis the number of PEG monomer arms (e.g, 8 for an 8-arm PEG) and Q, is the initial
swelling ratio. Finally, the theoretical Young’s modulus (Etheo) Was calculated using rubber
elasticity theory [20]

1
E,.,=204+v)p,,,,RTQ;,, ®)

Where -v is Poisson’s ratio and assumed to be 0.5 for an incompressible material, R is the
ideal gas constant, and T is absolute temperature.

Figure 2 demonstrates that when the MW of the PEG monomer was decreased by a factor of
2 (i.e., from 40kDa to 20kDa), the resulting moduli was increased by a factor of 3, which
was a statistically significant increase. Additionally, by decreasing the ratio of thiol to ene
functional groups, the modulus for each PEG MW was significantly decreased, but to a
lower extent than by altering the monomer MW. By using both of these methods of
monomer compaosition manipulation, one is able to obtain a wide range of moduli (i.e., 1-28
kPa) to prepare cell culture substrates. These exact formulations were used for all of the
following cell culture experiments.

From this wide range of accessible moduli, two monomer compositions were selected to
yield one activating and one non-activating cell culture substrate. The measured shear
modulus values (G) and swelling ratios (Q) of the selected monomer compositions (i.e.,
activating and non-activating substrates) are summarized in Table 2, along with the
theoretical and experimental crosslinking densities (py) calculated using equation 4 and
rubber elasticity theory [28].

1
Piey= —GE“%QTE”’ ~©
Gels formed with the 20kDa PEG and reacted at 1:1 stoichiometry yielded a Young’s
modulus of 28kPa, which induced VIC activation to the myofibroblastic phenotype for 80%
of the population (Supplemental Figure 2). This monomer formulation was selected as the
stiff, activating culture substrate in all subsequent studies. The 40kDa PEG reacted at 1:1
stoichiometry hydrogels yielded a shear modulus of 9kPa, which caused VIC activation that
was not significantly lower than the 20kDa PEG gels (Supplemental Figure 2). To lower the
modulus of the 40kDa PEG gels, the stoichiometry of the thiol:ene functionalities was
reduced from 1:1 to 2:3. Step-growth polymerizations form relatively ideal networks when
reacting functionality concentrations are equal [20]. However, gelation still occurs if the
reactive functional concentration is minimally shifted (such that the average functional
group concentration (i.e., the average number of functional groups per monomer molecule
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for both monomers in the mixture [41]) remains greater than 2), rendering the resulting
polymer networks less crosslinked and leading to moderate decreases in the bulk gel
modulus. This shift in the reactive functional group stoichiometry removes a third of the
potential crosslinks throughout the bulk of the gel, which correspondingly reduces the bulk
gel modulus by a third, according to rubber elasticity theory [28]. The shear modulus of
these off-stoichiometry 40kDa (2:3) gels was reduced to 4kPa, which also significantly
reduced VIC activation to approximately 15%, as compared to the 20kDa gels
(Supplemental Figure 2). Thus, the 2:3 off-stoichiometry 40kDa PEG monomer formulation
was used as the soft and non-activating culture substrate in all subsequent studies.

3.2. Effects of Integrin Binding & Substrate Stiffness on a-Smooth Muscle Actin

Expression

To quantify aSMA expression, VICs were transfected with an aSMA promoter luciferase
plasmid, seeded on experimental gels, lysed after two days, and the luminescence measured
with a luciferase substrate and normalized to total mass of DNA. Because this assay
inherently does not distinguish between diffuse and polymerized aSMA, immunostained
images of a SMA organization were compared to both luminescence values and a western
blot of fibrous aSMA on both stiff and soft substrates in Supplemental Figure 3. These
images demonstrate the difference in aSMA organization (i.e., myofibroblast activation),
even though the luminescence for the soft substrate is not substantially lower than that of the
stiff gels, yet is significantly reduced. Moving forward with this result in mind, the
luminescence assay allows a more quantitative and sensitive measurement of aSMA
expression. Here, three small peptides were used to remove any confounding effects of
whole ECM molecules.

Concentrations and combinations of three different small integrin-binding peptides, RGDS,
VGVAPG, and P15, were varied, and the effect of epitope composition on aSMA
expression was measured (Figure 3). The condition with the highest concentration of
VGVAPG had significantly increased luminescence (i.e., aSMA expression) as compared to
all other conditions for both the stiff and soft substrates. This result demonstrates that a
culture substrate with a higher amount of VGVAPG, as compared to RGDS, can cause a
marked increase in aSMA expression, which agrees with previous whole ECM activation
studies [16]. When RGDS was combined with the collagen-1 derived P15 peptide at any
ratio, the a SMA expression was significantly higher than the 0.8mM RGDS control for both
stiff and soft substrates. Additionally, the level of aSMA expression on both of the two
substrate stiffnesses was an order of magnitude lower (p<0.01) than that observed on
uncoated TCPS (dashed line).

3.3. Effects of Integrin Binding and Substrate Stiffness on VIC ECM Expression

To understand how biophysical and biochemical cues might be used to direct de novo tissue
deposition of VICs, activating and non-activating substrates were again used in conjunction
with three different integrin binding small peptides, RGDS, VGVAPG, and P15, and the
ECM produced, as well as its composition, were assessed using the TEC assay after 14 days
in culture [12,19,38,39]. Figure 4 shows the differences in ECM production for each peptide
and stiffness condition. On the stiff substrate, when P15 was combined with RGDS, the
amount of ECM being produced decreased as the total available integrin binding peptide
concentration increased. A similar result was observed for both VGVAPG and P15 on the
soft substrates. All conditions were significantly higher than the amount expressed on
uncoated TCPS (dashed line).

Figure 5 demonstrates the differences in composition of the expressed ECM. The stiff and
soft substrates generally selected for collagen expression over elastin or GAGs/

Acta Biomater. Author manuscript; available in PMC 2013 March 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gould et al.

Page 9

glycoproteins, regardless of peptide identity, with percentages being ~70%, ~30%, ~20%,
respectively. However, the soft plus 1.2mM VGVAPG caused elastin to be expressed at a
level not statistically different than that of collagen (Figure 5c). Interestingly, the fraction of
collagen expression was significantly reduced from that on TCPS (solid line) for all of the
soft substrate conditions and the stiff experimental conditions (i.e., not control).

4. Discussion

Thiol-ene photopolymerization has recently been established as a robust route for the
synthesis of peptide functionalized PEG hydrogels [25]. In addition, Benton et al. recently
demonstrated the usefulness of this gel system for the three-dimensional culture of primary
porcine VICs [42]. Here, the ability to control the biochemical functionality (i.e., small
peptide sequence incorporated) independently from the biomechanical properties or gel
modulus via PEG monomer MW selection was exploited to better understand how these
parameters influence aSMA and ECM expression properties of VICs. Towards this goal,
two eight-armed PEG monomer molecular weights were chosen, 20 and 40kDa, to vary the
substrate modulus from 9 to 28 kPa. As the PEG molecular weight is increased, the distance
between crosslinks is effectively increased, which correspondingly decreases the bulk gel
modulus, according to rubber elasticity theory [28]. Because of the direct correlation
between crosslinking density and resulting gel modulus, reacting the step-growth thiol-ene
networks off stoichiometry (i.e., removing potential crosslinks) causes corresponding
decreases in the resulting gel modulus. For example, if the monomers were reacted at a ratio
of 1:2 thiol to ene functionalities, then the predicted modulus is only one half of a gel
formed from a mixture that is reacted at 1:1 stoichiometry. This characteristic of the step-
growth networks allows for facile manipulation of the bulk gel physical properties.

Experimental modulus values for the higher molecular weight 40kDa monomer condition
showed good agreement with the theoretically predicted values, with only minor deviations.
However, the lower MW 20kDa PEG monomer conditions were consistently lower than the
theoretically predicted values. This discrepancy may be attributed, in part, to the shorter
PEG arms that may lead to a reduced local reaction volume and increased probability of
reacting back with an arm on the same PEG molecule, forming loops and/or dangling ends
(i.e., non-idealities) within the network structure. These loops and dangling ends remove
potential crosslinks within the network structure (i.e., 2 and 1, respectively), which
ultimately decreases the bulk modulus achieved. Regardless, the ability to adeptly control
the bulk substrate modulus through controlled variations in the initial monomer formulations
is extremely important when trying to shift the phenotype of VICs to an activated
myofibroblast or render them to the native quiescent fibroblast state [2,6,7-9,14,15]. Small
variations in the level of VIC activation can have a significant influence on VIC behavior
and function, such as contractility [1,10] and ECM expression [1,17,18].

Previous studies have demonstrated that both the substrate stiffness [14] and adhesive
protein [1,9,11,12,16,17] can influence the activation of VICs. However, most of the latter
studies were completed on tissue culture polystyrene (TCPS) coated with whole ECM
molecules individually. There is growing recognition, however, that while the TCPS culture
platform allows for facile experiment implementation, the extremely stiff modulus causes
cells to respond in a potentially non-physiologically relevant manner [43]. To address this
issue, several alternative culture platforms, both natural [3,12,19], and synthetic
[7,10,14,23,25,27,33-37,42], have been developed. Here, the facile manipulation and
tailorability of PEG hydrogels has been demonstrated. The chemistry used to form these
hydrogels also allows for user-defined selection of biochemical cues covalently linked
within the gel network [25]. While whole ECM molecules may be entrapped within the
network structure, small peptides are a very attractive alternative to alleviate potential
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confounding factors associated with whole ECM molecules, such as cytokine sequestration
[5]. These small peptides can span a wide range of properties, from integrin binding [30-32]
to specific cytokine affinity binding sequences [44,45]. Here, sequences from fibronectin
(RGDS), elastin (VGVAPG), and collagen-1 (P15) were used in conjunction with activating
(stiff, 28kPa) and non-activating (soft, 4kPa) substrates. The baseline of 0.8mM RGDS
caused moderate a SMA expression, with organization into fibers only being seen on the
stiff substrates. The combination of RGDS and 1.2mM elastin derived VGVAPG caused
significantly increased aSMA expression over the control. This result is in agreement with
whole ECM coated TCPS work [16], where elastin caused significantly more activated VICs
than the uncoated control. Interestingly, the combinations of RGDS and P15 were all
significantly higher than the control, regardless of substrate stiffness. To our knowledge, no
study has included both fibronectin and collagen-1 coated surfaces to observe changes in
VIC activation or aSMA expression. Additionally, as the concentration of P15 was
increased, a SMA expression was significantly decreased, which also agrees well with the
activation reducing potential of collagen-1 on TCPS [16]. The dramatically increased
activation of RGDS combined with P15 over the 0.8mM RGDS control could suggest that
the combination of these two integrin binding events causes a pathological intracellular
signaling cascade, only present as collagen expression pervades the entire leaflet during the
onset of aortic stenosis.

It is also important to note that the levels of a SMA expression on all gel conditions were an
order of magnitude lower than the levels observed on uncoated TCPS (p<0.01). This result
demonstrates the non-physiologically relevant level of activation caused by the GPa stiffness
of the TCPS, and this super-activated VIC population probably does not respond to
biological stimuli as they might /n vivo.

The sensitivity of VICs to the slight differences in mechanical and biochemical activation is
extremely evident in not only the aSMA expression, but also in the composition of ECM
produced. When VICs are activated to the myofibroblast phenotype, this phenotypic change
appears to be correlated with the fraction of collagen being secreted, as the fractions of
collagen on the soft substrates are significantly lower than those found on the stiff (as
determined via an ANOVA statistical analysis). This result agrees with disease progression
in vivo [6,46], which is attributed to collagen-1 pervading throughout the entire valve
leaflet, causing impaired valve flexibility and function. It appears that only the VICs on soft
substrates are able to produce levels of other ECM molecules, like elastin, that are no longer
significantly different from the collagen fraction. This result suggests that gels (i.e., culture
substrate stiffnesses closer to that of the native microenvironment) may reduce the
percentage of collagen being expressed and allow for other matrix molecules, like elastin,
found in healthy, functioning valves to be expressed. This knowledge may prove extremely
important for the directed regeneration of aortic valve tissue for transplantation treatments.

It is also interesting to note that the levels of collagen expression on all of the gel
formulations were lower than that found on uncoated TCPS. This result suggests that culture
of VICs on TCPS may lead to very different biological observations, and ultimately promote
a disease-like phenotype and behavior, limiting its utility as a platform for studying and
understanding healthy VIC biology.

Interestingly, as the total available integrin-binding peptide concentration was increased (not
the total [pendant peptide], as this is held constant at 2mM), the amount of ECM produced
significantly decreased for both the stiff and soft culture substrates. This result suggests that
as the amount of cell-matrix interactions are increased, VICs are directed to express less de
novo ECM, which could have major implications in valve tissue regeneration. Additionally,
it is important to note that the less activated VICs (i.e., cultured on gels) are able to express
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significantly higher amounts of ECM than the highly activated VICs on TCPS. This result
may also be related to the amount of cell-matrix interactions the VICs are experiencing on
the TCPS. Collectively, these studies suggest the need for a deeper understanding of how
microenvironmental signals could be used to direct increased amounts of de novo tissue
deposition, while retaining healthy valve compositional ECM control.

5. Conclusions

VIC aSMA and ECM expression were studied on culture substrates of varying stiffnesses
and adhesive peptide combinations and concentrations. VICs significantly up-regulated
aSMA expression when cultured on gels with 1.2mM VGVAPG and for all formulations
with P15, regardless of substrate stiffness, when compared to the 0.8mM RGDS control.
Most importantly, all gel conditions were an order of magnitude lower than the uncoated
TCPS, which suggests that gel platforms could allow for a much more physiologically
relevant microenvironment for VIC expansion and characterization. ECM produced
decreased as total available integrin-binding peptide concentration was increased, and all gel
conditions were significantly higher than TCPS. The ECM composition was mostly
collagen, regardless of peptide identity, on both substrate stiffnesses. However, the fraction
of collagen expression on the gels was significantly lower than that on the TCPS.
Collectively, these results suggest that both the substrate stiffness and integrin binding
events may play an important role in directing the level of VIC activation, as well as the
amount and composition of ECM produced by VICs. This work also demonstrates that the
thiol-ene PEG based system is easily tailorable in both modulus and biochemical
functionalization, and provides a useful cell culture system to introduce selected cues to
answer specific biological questions.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviation Glossary

aSMA alpha-smooth muscle actin

ECM extracellular matrix

GAGs glycosaminoglycans

MMPs matrixmetalloproteinases

MW molecular weight

nd-linker peptide non-degradable linker (i.e., dithiol) peptide
PEG poly(ethylene glycol)

PEG-N norbornene functionalized poly(ethylene glycol)
RLU relative light units

TCPS tissue culture poly(styrene)
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TEC Assay Trypsin, elastase, collagenase assay
TGF$1 transforming growth factor-p1
VICs valvular interstitial cells
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(a) Monomers used for the fabrication of peptide functionalized PEG gels. The

\

(a)

CGRGDS
CGVGVAPG
CGP15
CGRSGD

"\ Pendant Adhesive Peptides:

Page 15

Non-Degradable Di-Thiol Linker Peptide:

KCGGPQGI(d)WGQGCK

8-armed PEG-Norbornene (PEG-N):

macromolecular precursors included; 8-armed PEG-N (where n=125 and 250 for 20 and
40kDa PEG, respectively), the non-degradable di-thiol linker peptide (where d denotes
reversed chirality of the lle), and the adhesive and scrambled pendant peptide sequences.
These macromolecular monomers copolymerize to form a crosslinked network, as depicted
with the idealized schematic of a relatively uniform mesh size. (b) Depiction of the reaction
of a cysteine containing thiol with the norbornene functionality. R, R”, and R” denote PEG,

and the two adjacent amino acids in any of the peptide sequences, respectively.
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Figure2.

Theoretical (lines) and experimental (points) Young’s Modulus as a function of the thiol to
ene functionality group ratio for two different PEG monomer molecular weights 20kDa
(open circles and solid line) and 40kDa (filled cirlces and dashed line). All gels were
swollen to equilibrium before measurements. A wide range of moduli is achieved by simple
variations in the monomer composition.
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Figure 3.

Normalized a SMA expression (RLU/ng DNA) as a function of integrin binding peptide
identity (VGVAPG, white bars and P15, gray bars) and concentration. The dashed line
represents expression levels on uncoated TCPS. Elasticity effects were also examined using
(a) 28kPa stiff gels and (b) 4kPa soft gels. VIC were cultured for 2 days in 1% serum media
at a density of 20,000 cells/cm?. (* and # p<0.05 higher or lower than the 0.8mM RGDS
control, respectively. ** p<0.05 lower as compared to the 0.4mM P15 condition).
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Figure 4.

ECM produced per cell as a function of integrin binding peptide identity (VGVAPG, white
bars and P15, gray bars) and concentration for gels of two different stiffnesses (28kPa, (a)
and 4kPa (b)). The dashed line represents expression levels on uncoated TCPS. VICs were
seeded at a density of 20,000 cells/cm? in 1% serum media and ECM production was
measured on day 14. ECM produced on both the stiff and soft substrates decreased with
increasing total available integrin binding peptide concentration. (* p< 0.05 as compared to
0.8mM RGDS control).
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Figurebs.

The composition of ECM (Trypsin susceptible/GAGs and glycoproteins (white bars),
elastase susceptible/elastin (light gray bars), and collagenase susceptible/collagen (dark gray
bars) being produced as a function of integrin binding peptide identity (VGVAPG (a & ¢)
and P15 (b & d)) and concentration on both 28kPa stiff (a & b) and 4kPa soft (¢ & d) gels.
The solid line represents collagen expression, the dashed line represents elastin expression,
and the dotted line represents GAG/glycoprotein expression on uncoated TCPS. VICs were
seeded at a density of 20,000 cells/cm? in 1% serum media and ECM composition deposited
was measured on day 14. On the stiff substrates, collagen was significantly more expressed
than elastin or GAGs/glycoproteins. On softer substrates, the composition of the ECM being
expressed was still mostly collagen, with the exception of the 0.8mM RGDS + 1.2mM
VGVAPG condition, which had fractions of collagen and elastin that were no longer
significantly different being produced. (* p<0.05 as compared to GAGs/glycoproteins and
elastin fractions for the same stiffness and peptide composition condition).
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