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Abstract

Valvular interstitial cells (VICs) maintain functional heart valve structure and display transient
fibroblast and myofibroblast properties. Most cell characterization studies have been performed on
plastic dishes; while insightful, these systems are limited. Thus, a matrix metalloproteinase (MMP)
degradable poly(ethylene glycol) (PEG) hydrogel system is proposed in this communication as a
useful tool for characterizing VIC function in 3D. When encapsulated, VICs attained spread
morphology, and proliferated and migrated as shown through real-time cell microscopy.
Additionally, fibronectin derived pendant RGD was incorporated into the system to promote integrin
binding. As RGD concentration increased from 0 to 2000 uM, VIC process extension and
integrinayf3 binding increased within two days. By day 10, integrin binding was equalized between
conditions. VIC morphology and rate of process extension were also increased through decreasing
the hydrogel matrix density presented to the cells. VIC differentiation in response to exogenously
delivered transforming growth factor-betal (TGF-B1) was also examined within the hydrogel
networks. TGF-B1 increased expression of alpha smooth muscle actin (aSMA) and collagen-1 at
both the mRNA and protein level by day 2 of culture, indicating myofibroblast differentiation, and
was sustained over the course of the study (2 weeks). These studies demonstrate the utility, flexibility,
and biological activity of this MMP-degradable system for the characterization of VICs, an important
cell population for tissue engineering viable valve replacements and understanding valvular
pathobiology.
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1. Introduction

Valvular interstitial cells (VICs) are the main cell population of the cardiac leaflets. When these
cells are isolated from fresh tissue and plated on traditional two-dimensional plastic dishes,
they undergo a wound-healing response and begin to differentiate from quiescent fibroblasts
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to activated myofibroblasts, giving rise to a heterogeneous population [1,2]. Furthermore, VIC
monolayer contractility leads to the formation of multicellular aggregates and calcified nodule
structures on traditional culture surfaces [3-5]. Hence, a culture system that would allow VIC
characterization under conditions more reminiscent of native valve properties is highly
desirable. Polymeric 3D hydrogel materials based on a variety of chemistries have been
introduced for this purpose [6-8]. Development of appropriate 3D culture scaffolds for VIC
characterization is exceedingly important for tissue engineers to generate viable valve
replacements, in addition to providing tools for studying VIC biology and pathology in efforts
to better treat valvular disease.

In past studies, VICs have been cultured primarily in 3D matrices derived from natural
materials. The most widely studied being collagen followed by fibrin-based materials [7,9,
10]. Although these materials provide 3D scaffolds that support cell viability, their material
properties are difficult to control and cannot be loaded under physiologically relevant
conditions. Furthermore, due to the contractile and remodeling activity of VICs, collagen
matrices are quickly compacted by the cells to at least half their original size [4,10,11]. Beyond
material properties, protein matrices interact with cells in a complex manner by coupling
membrane receptors and initiating signaling cascades that direct cell differentiation,
proliferation, and migration [7,12,13]. Natural proteinaceous materials also serve as a reservoir
for bioactive molecules by sequestering growth factors and cytokines from the media [14-
16]. These intricate biological interactions make it exceedingly difficult to deconvolute the
effects of specific material interactions on VIC functions. To address these challenges, we
investigated a newly developed bioactive synthetic hydrogel [17] for 3D VIC culture.

This hydrogel system consists of four-arm poly(ethylene glycol) (PEG) chains connected with
enzymatically degradable peptides. PEG is a versatile synthetic polymer utilized extensively
for 3D encapsulation due to its bioinert nature. Moreover, PEG can be easily functionalized
with numerous reactive groups to allow cytocompatible encapsulation with light irradiation
[18-20]. Here, PEG was functionalized with norbornene reactive groups to allow radical
photopolymerization with thiol functional groups on cysteine containing peptides. In this
mechanism, gels form by radical mediated, one-to-one addition, leading to a regular polymer
network structure [17]. In these gels, a matrix metalloproteinase (MMP) degradable peptide
(GPQGIWGQ) was chosen to crosslink PEG chains to allow cell-dictated gel remodeling, as
VICs are known to secrete a wide range of these enzymes [21-23]. This peptide sequence is
derived from collagen motifs [24,25] and has been utilized previously in fabrication of
degradable networks [8,26]. Finally, this system allows incorporation of additional peptides,
such as those based on adhesion proteins (e.g., RGD) to tune integrin binding [27]. Here, we
explore these novel MMP-degradable PEG hydrogels functionalized with RGD as a potential
platform to study 3D VIC morphology, differentiation, proliferation, and migration.

2. Materials and methods

2.1 Hydrogel and peptide preparation

Four arm, poly(ethylene glycol) (PEG) (20,000 1\7[“) (JenKemUSA) was functionalized with
norbornene functional groups by addition of norbornene acid by symmetric anhydride N,N'-
dicyclohexylcarbodiimide (DCC) coupling as previously described [17]. Briefly, 4-arm PEG
was dissolved in dichloromethane (DCM) with pyridine and 4-(dimethylamino)pyridine
(DMAP) (Sigma). In a separate vessel, DCC was reacted at room temperature with 5-
norbornene-2-carboxylic acid anhydride. After stirring for 30 minutes, the PEG solution was
added and stirred overnight. The mixture was then filtered, washed with sodium bicarbonate,
and precipitated in ice-cold diethyl ether. Substitution and purity of the PEG-norbornene
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product was determined to be > 95% as characterized by IH NMR with particular attention
paid to the alkene proton peaks occurring between 6.3 and 5.9 ppm

The MMP degradable peptide and adhesive RGD peptide were synthesized on solid Rink-
amide resin using Fmoc chemistry on a model 433A peptide synthesizer from Applied
Biosystems or a Tribute peptide synthesizer from Protein Technologies. Lysines were added
to the peptides to enhance solubility. All peptides were analyzed by reverse phase high-pressure
liquid chromatography (HPLC) and MALDI mass spectroscopy. When purity was less than
95%, peptides were purified with HPLC. All peptides were lyophilized from water or water/
acetonitrile solution. As peptides prepared by this method often contain substantial amounts
of bound water, true peptide content was determined by using the absorbance of the peptide
solution at 280 nm with a molar extinction coefficient for tryptophan of 5500 M—1cm™1. To
verify the absorbance results and to verify the presence and content of reduced thiols, Ellman's
assay (Pierce) was performed using a cysteine standard. The resulting PEG-norbornene and
peptide sequences are given in Fig. 1.

2.2 Cell culture and encapsulation

VICs were isolated from surgically removed aortic cardiac leaflets from porcine hearts
(Hormel) received within 24 hours after sacrifice by sequential collagenase digestion as
previously described [28]. Cells were cultured in growth media (Medium 199, 15% fetal bovine
serum (FBS), 2% penicillin/streptomycin (100 U/mL), 0.4% fungizone (0.5 pg/mL)) and
successively passaged with trypsin digestion. All experiments utilized VICs at the second or
third passage and were performed in low serum (1% FBS supplemented) media to minimize
cell proliferation except where noted. Hydrogel VIC cultures were supplemented with TGF-
B1 at 5 ng/mL where indicated.

VICs were suspended in stoichiometrically balanced monomer solutions (i.e. equal thiol to ene
ratio) comprised of either 5 or 10 wt.% PEG-norbornene and MMP degradable peptide, 0.05
wt.% Igracure 2959 (photoinitiator), and 1000 uM CRGD adhesive peptide unless otherwise
specified, in phosphate buffered saline (PBS) at a density of 15 million VICs / mL monomer
solution. The cell-gel solution was injected between glass slides separated by a 1 mm spacer
in circular molds (7 mm diameter), and exposed to UV light centered at 352 nm at 5 mW/
cm? for 10 minutes to allow complete polymerization. The resulting cell-gel polymer discs
were then transferred to cell media with indicated supplements and cultured for up to 21 days
in a humid incubator at 37°C and 5% CO,.

2.3 Live/dead staining and morphology analysis

VIC viability and morphology within the MMP-degradable PEG hydrogels were determined
by live/dead staining (Invitrogen). Briefly, hydrogels were rinsed with PBS, and placed in
phenol red-free media containing the live/dead stain for 30 minutes. VIC containing MMP-
degradable PEG hydrogels were then rinsed and imaged utilizing confocal microscopy (LSM
5 Pascal, Achroplan 10x NA 0.3W, Carl Zeiss, Inc). For each gel, three image z-stacks 200
um (10 pum slices) in height were taken and projected for image analysis. Cell area and
circularity (circularity = 4n(area/perimeter2)) were determined from projections of the live/
dead image stacks using NIH ImageJ software analyze particles feature.

2.4 Immunostaining

Hydrogel constructs were fixed with 10% buffered formalin overnight at 4°C, then transferred
to a 30 wt.% sucrose solution in PBS for an additional 24 hours at 4°C. Samples were then
mounted in cryostat mounting medium, frozen, sectioned into 30 um slices, and mounted on
glass slides for immunostaining. Slides were rinsed and permeabilized in 0.05 wt.% Tween
20-supplemented PBS. Non-specific antibody staining was blocked with 3 wt.% bovine serum
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albumin (BSA) containing PBS. Slides were then incubated with the specified primary
antibodies (mouse anti-aSMA (Abcam), mouse anti-collagen 1 (Abcam), or mouse anti-
integrin o, B3 (Abcam)), at previously determined dilutions in 1 wt.% BSA containing PBS.
Following primary antibody coupling, samples were washed and incubated with mouse-anti-
goat alexa 488 (Invitrogen) and phalloidin-tetramethylrhodamine B isothiocyanate (Sigma-
Aldrich). Slides were subsequently mounted with DAPI and imaged on a Nikon TE 2000
epifluorescence microscope. Images from each fluorescent channel were merged, and
background flattened using MetaMorph (Molecular Devices). The number of cells was counted
using the DAPI channel and ImageJ (NIH). Myofibroblasts and integrin positive cells were
counted manually by identifying cells with positive staining, normalized to cell number from
DAPI counts and expressed as a percentage.

2.5 mRNA isolation and quantifiable real-time polymerase chain reaction (QRT-PCR)

Messenger RNA (mRNA) was isolated from liquid nitrogen snap frozen VIC laden MMP-
degradable PEG hydrogels using Trizol (Sigma-Aldrich). mRNA was then column purified
with the Ambion RiboPure kit per manufacturer's instructions. Purity and amount of mMRNA
was confirmed with a NanoDrop spectrophotometer (Fisher). Reverse transcription was
performed using the iScript cDNA Synthesis kit (Bio-Rad). Polymerase chain reaction (PCR)
was then conducted using an iCycler gRT-PCR machine (Bio-Rad). Primers for GAPDH, a-
SMA, and collagen-1 (Integrated DNA technologies) were previously reported [29]. Threshold
cycle (Ct) and primer efficiency were analyzed according to the Pfaffl method and normalized
to GAPDH [30].

2.6 Real-time cell tracking

Time lapse images of cell morphology and movement were captured in 400 um z-stacks (15
um slices) every 30 min over a5 day period using a Nikon TE 2000 PFS fluorescent microscope
equipped with a motorized stage and environmental sample chamber. Images were collected
and analyzed using MetaMorph (Molecular Devices). Cell velocity was calculated from the
average x and y displacements divided by the interval time between images (30 minutes).

2.7 dsDNA assay

Double stranded DNA (dsDNA) was isolated from similarly sized hydrogel constructs by
papainase (Worthington) digestion at 60°C overnight. For each sample, two hydrogels were
combined per digest sample. The resulting digestion solution was analyzed for dsSDNA content
using the Quant-It PicoGreen dsDNA assay (Invitrogen) per manufacturer's instructions.

2.8 Statistics

3. Results

Data are presented as mean * standard error of three or more samples. A ANOVA analysis
was used to compare data sets, and the resulting p values that were used to determine statistical
significance are indicated in figure captions.

3.1 VIC proliferation in MMP-degradable PEG hydrogels

MMP-degradable PEG hydrogels form versatile ideal networks with tailorable bioactivity
through peptide incorporation (Fig. 1). Within these constructs we investigated VIC
proliferation, migration, and differentiation. VIC proliferative ability in response to serum
induced growth conditions within MMP-degradable PEG hydrogels was studied. To visualize
cell proliferation, VIC laden MMP-degradable PEG hydrogels were placed on a real-time cell
tracking microscope in high serum (15% FBS) media. A filmstrip of recorded VIC division is
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shown in Fig. 2A. In these images classic cell division is observed with the cell membrane
contraction in the middle follow by separation of the daughter and parent cell.

Quantitatively, increased cell numbers were measured through analyzing gel dsDNA content
over a two week time period. With high serum conditions (15% FBS), VIC dsDNA content
increased in each hydrogel sample over low serum control (1% FBS) after 7 days of culture
and continued over the time course of two weeks (Fig. 2B). A doubling of dSSDNA was observed
at day 7. In comparison, VIC doubling time in 2D cultures with high serum is on the order of
hours and is contact limited [28].

3.2 VIC migration in MMP-degradable PEG hydrogels

In addition to proliferation, migration is an important cell process that requires a 3D matrix to
capture critical aspects of the in vivo environment (e.g., a surrounding matrix that must be
remodeled). Migration also plays a key role in VIC repair of valve tissue in response to injury
[31]. Toinvestigate VIC ability to migrate within MMP-degradable PEG hydrogels, VICs were
encapsulated with 1000 uM pendant RGD and cultured on a real-time microscope in low serum
(1% FBS) conditions to track cell movement. Images of 400 um brightfield z-stacks were
captured and projected every 30 minutes for three days. Cell paths and velocities were analyzed
with MetaMorph software and plotted on x-y scales (Fig. 3).

Cell paths indicate random migration with distances up to 30 um or ~3 cell lengths on a time
scale of hours. Further confirming the random path, cell velocities (Table, Fig. 3) were
calculated from the x-y paths and include 0 um/min showing no directional persistence. This
is most likely the result of a uniform encapsulation environment. Also, it was observed that
cells with migratory ability first achieved spread morphology that was maintained during cell
movement.

3.3 Hydrogel density influence on VIC morphology

Changing the crosslinking density of the PEG-peptide network (accomplished by adjusting the
weight percent monomer at which polymerization was performed) significantly affects VIC
morphology. Decreasing this property decreases the polymer density and the number of
peptides (or crosslinks) that must be enzymatically cleaved to permit cell spreading and
motility. When initial monomer concentrations were reduced from 10 wt.% to 5 wt.% with
estimated crosslinking densities of ~2.3 £ 0.3 mM and ~1.0 £ 0.2 mm respectively (calculated
from rubber elasticity theory [32,33]), encapsulated VICs were able to achieve a spread
morphology on a faster timescale, and almost completely spread within 7 days rather than 14
days required for VICs encapsulated in the more highly crosslinked hydrogels (Fig. 4A and
B).

From the live/dead morphology images, it can be seen that VIC spreading was increased in the
lower crosslinking density hydrogels at a more rapid rate than the hydrogels formed with 10
wt.% monomer (Fig. 4A). Furthermore when this difference was quantified by circularity
analysis using NIH ImageJ software, with 1 = perfect circle and 0 = straight line, VIC
morphology was more spread (i.e., less circular) in the gels with an inherently lower
crosslinking density. Initially, both gel compositions promoted similar VIC circularity (~0.75)
that gradually decreased with time as the cells further extended. This trend was enhanced in
the less dense gel structure and reduced to 0.26 £ 0.03, which is very similar to the circularity
of VICs on plastic substrates 0.28 £ 0.05. These results indicate that the VICs are able to degrade
and penetrate the matrix faster in less dense hydrogels.
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3.4 VIC morphology and interaction with the cell adhesive peptide RGD

VICs were photoencapsulated in MMP-degradable PEG hydrogels with varying amounts of
the fibronectin-based adhesion ligand RGD (0 um, 100 pm, 500 um, 1000 pm, and 2000 pm),
to explore the effect of pendant adhesive ligand density on VIC morphology. Cell-laden gels
were imaged by live/dead to visualize cell morphology. Representative confocal projections
(equal 200 pum sized stacks) are depicted in Fig. 5A.

Visually, VIC morphology became more extended as RGD within the network increased,
indicating enhanced cell attachment to the network. To quantify the visual results, NIH ImageJ
software was used to analyze projected cell area (Fig. 5B) and circularity (Fig. 5C).
Quantitatively, average projected cell area increased by at least two-fold from gels with 0 um
RGD to 2000 pm, while 100, 500, and 1000 um RGD calculated cell areas remained between
these values as expected (Fig. 5B). Similarly, circularity decreased (with 1 indicating a perfect
circle, and 0 a straight line) as RGD concentration increased. VICs within 1000 and 2000 um
RGD containing networks had the least circular morphology (~0.4) (Fig. 5C). Lower
concentrations of RGD, 100 and 500 um, had more circularity initially but decreased with time
(Fig. 5C). In comparison, VICs on traditional plastic substrates have a circularity of ~0.28 £
0.05, whereas VICs encapsulated within MMP degradable PEG hydrogels at the highest
concentration of RGD (2000 um) had the lowest circularity around 0.40 £0.03.

To investigate cell interaction with the RGD sequence, 30 um slices of cell-laden MMP-
degradable PEG-VIC hydrogels were immunostained for the integrin pair af3, a known RGD
binding membrane receptor complex. At day 2, as RGD incorporation increased within the
network, positive staining for integrin o3 was observed (Fig. 6A and B). The highest level
studied (2000 um RGD) was similar to the 1000 um RGD gels with no significant increase in
integrin staining (Fig. 6B). No positive integrin staining was observed in hydrogels that
contained no RGD peptide. By day 10 however, all three conditions examined, 0, 1000, and
2000 um RGD, had similar positive staining for a3 (100% positive cells) (Fig. 6). This is
most likely the result of binding with cell-secreted matrix proteins at this later time point.

3.5 VIC myofibroblast differentiation in response to exogenously delivered transforming
growth factor-betal

VICs are known to differentiate in 2D cultures to activated myofibroblast cells in response to
various factors, the most notable being transforming growth factor-betal (TGF-f1) [11].
Furthermore, VICs are also known to differentiate in response to the modulus [34] or stiffness
of their environment. Stiff substrates (such as traditional plastic dishes) promote
myofibroblastic activity, and lower modulus or soft substrates (such as PEG hydrogel surfaces)
promote fibroblast activity [34]. Since the MMP-degradable constructs examined here are
inherently softer than traditional culture dishes, exogenous TGF-1 was delivered to VIC-laden
MMP-degradable PEG hydrogels at the standard concentration of 5 ng/mL used in 2D cultures
to test if this process was altered within the 3D gels. To examine myofibroblast differentiation,
two common markers were followed, a-smooth muscle actin (aSMA) and collagen-1
expression. Interestingly, in the absence of TGF-B1, aSMA expression initially decreased at
day 2 and then continued to rise at a slow rate (Fig. 7A, B, and C). On the other hand, TGF-
B1-treated gels had an increase in aSMA that was maintained throughout the course of the
experiments (Fig. 7A, B, and C).

Positive immunostaining for aSMA stress fibers can be seen visually at the later time points
(day 14) (Fig. 7A). Increased staining was also quantified with image analysis and revealed
elevated aSMA positive staining in the TGF-B1 treated samples compared to untreated controls
(Fig. 7B). Asignificant difference in aSMA gene expression was also observed with gRT-PCR
analysis with roughly a doubling in aSMA mRNA levels with TGF-B1 treatment (Fig. 7C).
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By comparison, TGF-B1 has also been found to induce a doubling of aSMA in 2D VIC cultures
after 48 hours [11].

In addition to aSMA expression, collagen-1 expression was also studied through
immunostaining and gRT-PCR analysis. Similarly to aSMA, TGF-B1 increased the expression
of collagen-1 at both the gene and protein expression levels (Fig. 8A and B). Collagen-1 protein
expression was markedly increased with treatment of TGF-B1 as can be seen in the
immunostaining images (Fig. 8A). Interestingly, collagen-1 expression was mostly localized
to the cell body indicating that it is not able to diffuse away from the pericellular region. This
increase in expression was analyzed quantitatively with gqRT-PCR analysis of collagen-1 gene
expression (Fig. 8B). Collagen-1 mRNA expression was roughly doubled with TGF-f1
treatment while control samples maintained a relatively constant level of expression.
Interestingly, there was a slight drop in collagen-1 expression at day 2 similar to aSMA
expression. Together, increased expression of aSMA and collagen-1 with TGF-p1 delivery
indicates myofibroblast differentiation in these 3D gels.

4. Discussion

A novel enzymatically degradable hydrogel system was evaluated as a potential 3D culture
platform for studying VIC function. This system consists of four-arm synthetic PEG chains
linked together by MMP-degradable peptide sequences. To enhance functionality, the cell
adhesive peptide RGD was also included in this system. The results show that this system
permits VIC motility, proliferation, and differentiation. Thus far, there are few studies
evaluating VIC function in 3D systems, mostly a result of the lack of available appropriate
scaffolds [9,35]. While traditional 2D culture systems are important tools for cell
characterization, there are inherent limitations in the use of such platforms. The MMP-
degradable PEG system eliminates cell polarization to a 2D surface and presents a uniform
elastic matrix that can be tuned through modification of hydrogel composition, addition of
bioactive peptides, and incorporation of soluble factors. Conceptually, this type of environment
is an enhanced mimic of the in vivo valve environment over traditional plastic dishes. This
MMP-degradable system is presented as an additional tool for the study of VIC biology to
broaden the scope of cell characterization. The study of VIC function is important for
understanding VIC cell biology, necessary information for those interested in regenerating
heart valve tissue and understanding valvular pathobiology.

Proof of proliferative ability was given by observing and recording a cell division event with
live cell imaging and by measurements of gel dSDNA content over time in response to serum
induced growth conditions (Fig. 2). Although these results suggest that VVICs are able to
proliferate within the gel matrix, more definitive assays, such as BrdU incorporation, and more
detailed studies of VIC proliferation within the gel are required to fully characterize VIC
proliferation trends within the constructs. In comparison to plastic culture dishes, VICs
proliferated at a slower rate in the hydrogel environment; VVIC doubling time is on the order
of hours on plastic and on the order of days in the MMP-degradable hydrogel [28]. Slowing
of proliferation in 3D hydrogels may possibly result from the necessity to degrade and remodel
the surrounding matrix, leading to a lag time before proliferation occurs. Despite the slower
proliferation, gels can be quite useful for long term culture. Also, VIC proliferation is contact
inhibited on plastic dishes; after the formation of confluent monolayers, VICs tend to aggregate
and differentiate into calcified structures not yet observed in in vitro 3D constructs [5]. This
process of VIC calcific nodule formation has been shown to be dependent on the aSMA
expression [4]. In the 3D MMP-degradable systems however, proliferation is not restricted in
surface area and contact inhibition was not observed, nor the formation of aggregate structures
indicating proliferation may be altered in comparison to plastic dishes.
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VIC motility was also observed within the MMP degradable PEG hydrogel constructs. The
ability to migrate in response to injury is very important to ensure appropriate wound healing
response from resident fibroblast and myofibroblast cells such as VICs [36]. Furthermore, in
tissue environments signals and cues to elicit cell migration are three dimensional in nature
along with cell response. The system presented here allows 3D cell response to signals not
attainable in traditional culture systems. Qualitatively, it was observed during tracking that
cells with migratory ability first achieved spread morphology before movement, indicating
degradation of the network is required for motility. In these studies, VIC migration was
permitted but lacked directional persistence. Directed migration may be achievable in this
system by incorporation of chemoattractant gradients and requires further investigation.
Importantly, this result shows these hydrogel platforms support VIC movement and may
provide interesting platforms to study directed cell migration in response to chemoattractants
or injury models.

Degradation of this network is through cleavage of the MMP degradable peptide listed in Fig.
1. This peptide is derived from collagen motifs and has been shown to be degradable by a host
of MMP cell secreted enzymes most notably, MMP-1, MMP-2, MM-3, MMP-7, and MMP-9
[24,25,37]. This sequence has also been used in other enzymatically degradable hydrogels for
the study of fibroblast 3D migration [8,37,38]. There is debate as to which MMPs are secreted
by VICs, but there is general agreement that VICs can produce and activate MMP-1, MMP-2,
MMP-3, MMP-9, and MMP-13 [22,23]. The profile of VIC MMP secretion most likely relies
on a number of confounding factors including cell differentiation status (quiescent or
myofibroblast), time in culture, and integrin binding. In depth characterization of VIC MMP
secretion was not examined in this communication, as MMP production and regulation is a
complex and transient system [39,40] and outside the scope of this study.

An important property of this hydrogel system is its versatility. Changing the amount of
monomer used during polymerization alters the final hydrogel material properties. By altering
gel composition, crosslinking density, and modulus, the density of the hydrogel matrix
presented to the encapsulated cells changes. Furthermore, VICs, like other myofibroblast cells
[41], are known to be responsive to matrix elasticity [34], which can be tuned in this system
to elicit specific cell behaviors. Furthermore, rates of cell migration will also be influenced by
network density [38]. In which case, migration may be tunable based on the network density.
As shown, VICs indeed responded to changes in the density of the gel system (Fig. 4). When
less dense gels were used, VICs achieved a spread morphology in 7 days rather than 14 days.
As more monomer is incorporated during gelation, VIC morphological changes are slowed, as
there is a larger barrier to process extension in the denser matrix.

To increase VIC biological interaction with the hydrogel network, bioactivity can be added to
the system through the incorporation of additional peptides beyond the MMP-degradable
structural linkages. Here, the cell adhesive peptide RGD was included. This peptide sequence
has been widely used in 3D PEG based culture systems [42,43] and is primarily derived from
the matrix protein fibronectin [27], though it can be found in numerous other proteins including
the latent TGF-B1 binding complex [44]. Although RGD was used here, many other candidate
sequences can easily be incorporated to alter cell adhesion to the network such as DGEA (from
collagen-1) [45], IKVAV and YIGSR (both from laminin) [46,47]. Bioactivity of the network
could also be altered by including peptides that sequester specific growth factors that activate
myofibroblast VICs (e.g. WSHW binds active TGF-f1 [48]) [11], or by the addition of short
peptide sequences that mimic growth factors that prevent VIC activation (e.g. F2A4-K-NS
mimic of FGF-2 activity [49]) [50].

In this system, increasing the incorporation of RGD increased cell process extension (Fig. 5)
producing more elongated cell morphologies. In addition, increased RGD content intensified
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VIC expression of the integrin pair ayf3, @ known RGD binding integrin [27] at early time
points. This result indicates that VICs are able to sense and respond to incorporated peptides.
Interestingly, it has also been shown that this particular integrin pair can interact with MMPs
and increase their activity [51-53]. This may also explain why more elongated cell
morphologies are observed in MMP-degradable gels with large amounts of RGD incorporation.
At later time points, ayf3 integrin staining increased without RGD incorporation as well. By
this point in culture, the VICs have most likely excreted matrix proteins including fibronectin
in their pericellular space enhancing integrin activity independent of RGD [18]. It should also
be noted, however, that increased incorporation of RGDS leads to a slightly lower crosslinking
density within the hydrogels due to their pendant incorporation and may also influence the
observed VIC morphology differences between conditions.

In addition to VIC migration and proliferation, differentiation was also studied in the MMP-
degradable PEG hydrogel system in response to exogenously delivered TGF-p1, a potent
fibrotic growth factor [11]. VIC transition from a fibroblast to myofibroblast phenotype is
implicated in progression of valvular stenosis [4] and important to understanding valve biology
and function. Here, when TGF-B1 was added to the system, aSMA and collagen-1 expression
increased at both the mRNA and protein levels indicating myofibroblast differentiation (Fig.
7 and 8). This process has also been observed on traditional plastic substrates [11]. While we
observed an increase in marker expression, we did not observe hydrogel contraction as is
observed with VIC culture in collagen gels [9]. Rather all samples showed a degree of increased
swelling with time in culture as the matrix was eroded. This may be due, in part, to the lack of
fibrillar structure in our hydrogel samples; in collagen gels, VICs are able to generate force to
align collagen fibers, here no such fibers exist. Interestingly, expression of both factors
decreased initially and then gradually increased in the control conditions as well. VICs are
known to be responsive to mechanical environments, where softer or lower moduli systems
produce fibroblast-dominated populations and stiff systems increase myofibroblast
differentiation [34]. This initial drop in myofibroblast differentiation may be a response to the
mechanical change from stiff plastic to low modulus gel, but requires further investigation to
fully explain this observation. Nonetheless, VICs were TGF-B1 responsive within a week in
the MMP-degradable hydrogels suggesting that this system may be a useful tool for studied
VIC differentiation in 3D.

5. Conclusions

We have demonstrated that VVIC migration, proliferation, and differentiation are supported with
MMP-degradable PEG hydrogels systems. These networks have a defined architecture that
allows tuning of network density and ligand incorporation to control cell-material interactions,
as well as the rate of cell process extension and matrix degradation. By combining biological
and synthetic components, incredible flexibility and versatility can be achieved, making this
system a useful tool for characterizing VIC biology. In addition to the peptide sequences studied
here, many others could be incorporated to more precisely examine VIC-matrix interactions.
Three-dimensional systems for characterizing VIC function and pathobiology are increasingly
important for regenerating function valve tissue and understanding valvular disease evolution
in a model more reminiscent of the native valve environment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
MMP-degradable PEG hydrogels were synthesized from the MMP-degradable peptide

sequence and four-arm PEG-norbornene given. Networks form by alternating chain addition
and chain transfer events leading to a step-growth-like regular network structure.
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Fig. 2.

VICs were able to proliferate in response to high serum (15% FBS) within MMP-degradable
PEG hydrogels (synthesized from 10 wt.% monomer formulations) containing 1000 pM
pendant RGD. (A) Filmstrip of cell division event recorded with a real-time cell tracking
microscopy. Time stamp presented as hours:minutes and scale bar indicates 25 um. (B) dsDNA
content of of digested VIC hydrogel solution (2 hydrogels per sample) cultured under the
indicated serum conditions. n = 3.
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Fig. 3.

VICs exhibited a random migration pattern within MMP-degradable PEG hydrogels
(synthesized from 10 wt.% monomer formulations) containing 1000 uM pendant RGD under
low serum conditions. Cells were imaged and tracked on a real-time microscope. Images of
400 pM brightfield z-stacks were captured every 30 minutes at different points in multiple
hydrogels over a three day period and compressed to one plane with MetaMorph software. x—
y plots represent five cell paths in three different gel positions over the time course of the
experiment. Cell velocities were calculated from the x-y paths (n = 5) and include 0 pM/min.
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VIC process extension and spreading was more rapid in less dense pMP-degradable PEG
hydrogel networks containing 1000 pM pendant RGD. (A) VIC laden uMP-degradable PEG
hydrogels synthesized from 5 and 10 wt.% monomer solution were fabricated and imaged by
live/dead staining with confocal microscopy. Presented images are 200 uM confocal z-stack
projections where the scale bar indicates 200 uM. (B) Circularity was measured using NIH
ImageJ software analyze particles function from the set of live/dead confocal images captured
over the time course of the experiment. For each time point, three different hydrogels each had
three pictures taken from various regions of the gel giving n = 3.
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Fig. 5.

VIC morphology was influenced by varying pendant RGD peptide (0— 2000 uM) incorporation
within MMP-degradable PEG hydrogels (synthesized from 10 wt.% monomer formulations).
(A) Representative live/dead stained confocal z-stack projections originally 200 uM in height.
Images shown were captured 10 days after initial encapsulation with the indicated RGD
concentrations. Scale bar indicates 200 uM. (B) Projected cell area was calculated from live/
dead confocal stack projections using NIH ImageJ software analyze particles feature. Each
time point and concentration had three pictures taken for 3 hydrogels for a total of nine pictures
with n = 3 independent samples. Concentrations are given in uM. (C) Average circularity of
cells was calculated by NIH ImageJ from the live/dead image set used for part (B).
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Fig. 6.

VICs interacted with the pendant RGD peptide within MMP-degradable PEG hydrogels
(synthesized from 10 wt.% monomer formulations) through integrin pair a3 binding
interactions. (A) Representative immunostaining images for a3 staining where green =

ay B3, red = F-actin, and blue = nuclei. Enlarged inlays are shown to highlight staining. Scale
bar indicates 100 uM. (B) Image analysis of integrin pair a3 immunostaining. Positive

ay B3 immunostaining was manually counted and normalized to total cell number from nuclei
staining as counted by NIH ImageJ software. n = 5.
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Fig. 7.
VICs encapsulated in uMP-degradable PEG hydrogels (synthesized from 10 wt.% monomer
formulations) with 1000 uM pendant RGD incorporation expressed aSMA in response to
exogenously delivered TGF-B1 (5 ng/mL). (A) Representative immunostaining images of
aSMA stained hydrogel sections where green = aSMA, red = F-actin, and blue = nuclei. Inlay
sections show enlarged cells to highlight aSMA presence. Scale bars indicate 100 pM. (B)
Image analysis of immunostained sections. VICs were first counted from nuclei stains using
NIH ImageJ analyze particles. Cells positive for aSSMA were then manually counted and
normalized to nuclei counts. n = 5. (C) GAPDH normalized gRT-PCR analysis of gene
expression from control and TGF-B1 treated gels. Results have also been normalized to Day
0 control time point to show relative changes. n = 5.
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Fig. 8.

VICs encapsulated in MMP-degradable PEG hydrogels (synthesized from 10 wt.% monomer
formulations) with 1000 uM pendant RGD expressed collagen-1 in response to exogenously
delivered TGF-B1 (5 ng/mL). (A) Representative immunostaining images of helical collagen-1
stained hydrogel sections where green = collagen-1, and blue = cell nuclei. Inlay sections show
enlarged cells to highlight helical collagen-1 presence. Scale bars indicate 100 uM. (B) GAPDH
normalized gRT-PCR analysis of gene expression from control and TGF-p1 treated gels.
Results have also been normalized to Day 0 control time point to show relative changes. n =
5.
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