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Abstract: Physically crosslinked poly(vinyl alcohol) (PVA)
hydrogels prepared using a low-temperature thermally cycled
process have tunable mechanical properties that fall within
the range of soft tissues, including cardiovascular tissue. An
approach to render it hemocompatible is by endothelization,
but its hydrophilic nature is not conducive to cell adhesion
and spreading. We investigated the functionalization reaction
of this class of PVA hydrogel with fibronectin (FN) for adhe-
sion and spreading of primary porcine radial artery cells and
vascular endothelial cells. These are cells relevant to small-
diameter vascular graft development. FN functionalization
was achieved using a multistep reaction, but the activation
step involving carbonyl diimidazole normally required for

chemically crosslinked PVA was found to be unnecessary.
The reaction resulted in an increase in the elastic modulus of
the PVA hydrogel but is still well within the range of cardio-
vascular tissue. Confocal microscopy confirmed the adhesion
and spreading of both cell types on the PVA-FN surfaces,
whereas cells failed to adhere to the PVA control. This is a
first step toward an alternative for the realization of a syn-
thetic replacement small-diameter vascular graft. © 2011 Wiley
Periodicals, Inc. J Biomed Mater Res Part B: Appl Biomater 100B:
1-10, 2012.
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INTRODUCTION

The most common vascular graft replacements for coronary
artery bypass surgery (CABG) are the patient’s saphenous
vein, internal thoracic artery, and radial artery from the
arm. These autologous bypasses are problematic in that
they deteriorate over time because of further advancement
of the patient’s atherosclerotic disease, they disrupt the nor-
mal vascularity, and autologous sources may not provide
sufficient native vessels for multiple bypass surgery.! The
most popular polymer-based synthetic vascular prostheses
are those derived from polyethylene terephthalate (PET)
and expanded polytetrafluoroethylene (ePTFE). These grafts
perform well as large-diameter (>6 mm) peripheral grafts
under high-flow and low-resistance conditions but are not
suitable for small-diameter (<5 mm) arterial reconstruc-
tions such as CABG because they are prone to induce
thrombus and stenosis. Another important consideration is
the mismatch in mechanical properties between the graft
material and native tissue at the suturing junction. It is
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believed that this plays a major role in postoperative com-
plications and ultimate failure.??

Graft passivation is a method of improving the patency of
these synthetic grafts by surface modification with proteins,
polymeric materials, and cells to minimize material-blood
interactions. The most common methods investigated include
treating the polymer with biological agents such as heparin,
prostaglandins, growth factors, and anticoagulant peptide
sequences.* Another approach is endothelialization of the
inner surface of the conduit to provide a nonthrombogenic
living lining to interface with blood. Most of the research in
this area is focused on modifying the surface with extracellu-
lar matrix proteins (fibronectin [FN], laminin) or adhesive
amino acid sequences Arg-Gly-Asp (RGD) to promote endo-
thelial cell (EC) attachment and migration. After modification,
autologous ECs are seeded onto the luminal surface of the
graft to allow the formation of a confluent monolayer of ECs
before implantation. Even though the surface-modified grafts
of PET and ePTFE have improved cell adhesion, their



mismatch of mechanical properties still hinders their long-
term performance as a small-diameter bypass graft.>*~’
From a structural point of view, cardiovascular tissues are
composed mainly of elastin and collagen, with elastin provid-
ing the elasticity and collagen providing the strength. Thus,
its overall mechanical behavior is nonlinear. It is also visco-
elastic and anisotropic in nature.®? Poly(vinyl alcohol) (PVA)
is a well-known biomaterial that has been investigated for
various biomedical applications.'®*® Of particular relevance
is PVA, which has controlled mechanical properties and is
formed by physically crosslinking PVA using a low-tempera-
ture thermal cycling process. The mechanical characteristics
of such PVA hydrogels are similar to that of soft tissue,
including nonlinear stress-strain relationships, elasticity, and
strength, and can be controlled by changing the PVA solution
concentration and thermal processing parameters, 10111415
Furthermore, creation of the desired amount of anisotropy in
PVA and PVA-bacterial cellulose hydrogels that mimics the
mechanical properties of porcine aorta in both circumferen-
tial and axial directions has also been reported.'®*°
Functionalization of PVA with FN to promote cell adhe-
sion has been reported.?*=>3 It generally involves three chem-
ical reactions, namely, the linkage of a long alkyl chain con-
taining an acid group to the —OH groups of PVA followed by
activation of the acid group toward nucleophilic attack with
carbonyl diimidazole (CDI). The final step is the reaction of
the PVA- CDI derivative with FN. The PVA used in these FN
functionalization reactions have all been chemically cross-
linked via the —OH groups attached to its carbon backbone.
This article describes the design and development of a
PVA hydrogel-tissue hybrid material. A physically cross-
linked PVA hydrogel made by the low-temperature thermal
cycling technique was chemically functionalized with FN, a
well-known adhesive protein. This functionalized PVA
hydrogel was evaluated for its mechanical properties and
compared with that of porcine aorta. Porcine ECs and radial
artery cells (RACs) were also seeded independently onto the
FN-functionalized PVA hydrogel to assess their cell compati-
bility and relevance to small-diameter conduit development.

MATERIALS AND METHODS

PVA solution preparation

PVA (Sigma-Aldrich Co.) with a molecular weight (M,,) of
146,000-186,000, 99+ % hydrolyzed, was used in all solu-
tion preparations. PVA was added to distilled water to
obtain a 10 wt % PVA solution. This mixture was heated for
3 hr at 90°C using a setup previously reported.*¢~%%*

Samples preparation

Mechanical and cell seeding sample preparation. A 10%
PVA solution was transferred into an aluminum mold with a
1.5-mm gasket and placed in the heated/refrigerated circula-
tor, where they were cycled six times between 20°C and
—20°C to give cycle six samples, which have previously
shown to give a stable hydrogel.'®™° All samples, both
reacted and controls, were initially cut (25 x 5 mm?) for ten-
sile testing (n = 5). The PVA-FN reaction (with and without
CDI step) samples were allowed to fully reswell in phos-
phate-buffered saline (PBS) for 3 weeks before tensile testing.
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For cell seeding samples, 10% PVA solution was trans-
ferred into a custom made aluminum mold specifically
designed to make samples of ~ 150 pm in thickness. This
mold was required because 1.5-mm-thick opaque PVA sam-
ples (for mechanical testing) were too thick for visualization
using confocal microscopy after cell seeding. These samples
were cycled as described above. All samples, reacted and
controls, were initially cut in the shape of discs using an
11-mm diameter custom-designed punch for cell seeding
purposes (n = 2 for each condition). The cell seeding on
PVA controls and reacted PVA samples was performed in
three independent trials to verify reproducibility (i.e., total
n = 6 for each condition).

PVA functionalization with FN

FN functionalization of PVA hydrogels was accomplished by
adapting a procedure previously reported for glutaraldehyde
crosslinked PVA samples.”® The sequence of reactions are
shown as PATH 2, 1+2 — 3 — 4 — 5 in Figure 1, which
corresponds to PVA functionalized with FN via CDI (Sigma-
Aldrich Co.). The procedure first required the linkage of a
long alkyl chain 2 containing an acid group to hydroxyl
groups of 1. Several PVA hydrogel disks (1) were added to
20 mL of cold 3M NaOH in a reaction flask. Approximately
200 mg of 2 (Sigma-Aldrich Co.) was added to the reaction
flask, while heating to 37°C and mixing at 250 rpm for 4 hr.
The disks from each flask were rinsed with distilled H,0
several times to remove impurities forming intermediate 3.
Samples were then allowed to dry overnight in a vacuum
oven. The next step involved activating the acid group in 3
toward nucleophilic attack with CDI. For this step, dried
PVA disks (intermediate 3) were added to 20 mL of acetone
and 500 mg of CDI in the reaction flasks and allowed to
react for 4 hr at room temperature and 250 rpm. The dried
disks were then rinsed thoroughly with acetone, forming
intermediate 4. For the final reaction, the PVA disks (inter-
mediate 4) were sterilized under UV light for 1 hr in a
sterile hood. A solution of 0.1M sodium carbonate buffer
(pH 9-10) was prepared and sterilized using a 0.45-pum fil-
ter. Approximately 1 mg of FN from bovine plasma (FN;
Sigma-Aldrich Co.) was added to 20 mL of the sodium car-
bonate buffer; and the disks (intermediate 4) were allowed
to react for 4 hr at room temperature and 250 rpm. Sam-
ples were rinsed with PBS, forming product 5, and then
placed in their respective media (for ECs or RACs) overnight
to remove any unreacted FN.

FN functionalization of PVA hydrogels without CDI
(PATH 1) was also performed (Figure 1). The reaction con-
ditions to form intermediate 3 were the same as described
above for PATH 2. Similarly, the reaction conditions between
3 and 5 are the similar to the reaction conditions between
4 and 5 previously discussed.

Four different groups of samples were tested for FN
covalent bonding (immunostaining) and cell seeding. The
groups were PVA control (as made), PVA soaked in FN solu-
tion (no reaction), PVA-FN without CDI step (PATH 1), and
PVA-FN with CDI step (PATH 2). PATH 1 was used as a neg-
ative control in the literature,®® but we wanted to test all

FIBRONECTIN-FUNCTIONALIZED PHYSICALLY CROSSLINKED PVA HYDROGEL



OH OH OH
Br OH
* 4
(o]
n 2
1
3M NaOH

0 OH
4

OH (0]

3

OH

(CHy),CO

OH

ORIGINAL RESEARCH REPORT

1 - Physically crosslinked poly(vinyl alcohol ) hydrogel

2 - 11 - Bromoundecanoic acid (11-BUDA)

3 - Ether intermediate

4 -N-acylimi dazole intermedi ate

5 - Product = Fibronectin attached to poly(vinyl alochol) hydrogels

OH

O NVVV glycoprotein
4

oH 0
5

FIGURE 1. Schematic of poly(vinyl alcohol) hydrogels functionalized via fibronectin by two pathways: PATH 1, without CDI (1+2 —3 — 5); PATH

2, with CDI (142 =3 — 4 — B).

possible scenarios for comparison purposes. Fourier trans-
form infrared (FTIR) characterization of PVA, PATH 1, and
PATH 2 was also investigated.

Mechanical testing

Tensile testing. The testing equipment consists of a servo-
hydraulic material testing system (INSTRON 8872) equipped
with a 1-kg load cell, as described previously.®*° Sample
thickness was measured, and testing was performed inside
a Plexiglas tank filled with PBS kept at 37°C. All the speci-
mens were secured onto custom-designed tissue grips with
a ~10-mm grip-to-grip distance, and tensile tests were per-
formed at a crosshead speed of 40 mm/s to a maximum of
65% strain. Before the tensile tests, all specimens were
preconditioned with 10 loading and unloading cycles, as
previously reported.'¢*?

The data obtained was in the form of load extension,
which was then converted into engineering stress-engineer-
ing strain, using the sample thickness and the initial gauge
length after preconditioning. The stress-strain data for all
PVA hydrogels (controls and reacted) are nonlinear and
take on the general shape of curving up toward the stress
axis. Therefore, the stress-strain data were fitted by a three-
parameter exponential growth equation. The elastic modu-

lus, at a particular strain, can be calculated by the first
derivative of this equation, as reported previously.'¢*%%*
Stress-strain data were obtained up to 65% strain,
which was still within the elastic region for the tested PVA-
based hydrogels and covers the cardiovascular physiologic
strain range. For cardiovascular applications, it is important
to design a material that is able to remain elastic at higher
strains than normal physiologic values (~20-30%) for cases
corresponding to higher systolic pressures,'*161925

Stress relaxation testing. The time-dependent properties
of all samples were assessed by a stress relaxation test.
After preconditioning and tensile testing, some samples
(n = 3) were strained to the same 65% strain used for ten-
sile testing and held at constant strain for 1 hr, while moni-
toring the load.

The raw data were collected in the form of load time
and converted to relative stress remaining time, relative to
the initial stress at time zero. The stress relaxation data
were fitted to a five-parameter exponential decay equation,
as described previously.'¢181?

Statistical analysis
For statistical comparisons, a one-way analysis of variance
was performed, as described previously.'®~%%*
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FIGURE 2. Stress-strain response of the PVA control and PATH 2
(PVA-FN with CDI) samples.

FTIR characterization

FTIR spectra were obtained from dehydrated samples of
PVA control, PVA-FN (PATH 1), and PVA-FN (PATH 2) using
a Bruker Vector 22 FTIR spectrometer (Milton, ON)
equipped with an IR Scope 2 microscope at a crystal angle
of 45°. The spectra were collected with a resolution of 4
cm™! in absorption mode. Typically, 100 scans were aver-
aged to reduce spectral noise. The spectra were baseline
corrected using OPUS-NT 3.1 software.

Immunostaining testing for FN covalent attachment

Immunostaining was used to test for the covalent attach-
ment of FN, as described previously.”® The four different
groups of samples described before were tested for FN
attachment. As noticed, FN-soaked samples were tested as
made and after soaking in media or PBS for up to 24 hr to
imitate the effect of cell culturing on the samples and clarify
the cell seeding results. In summary, all samples (reacted
and unreacted) were incubated at 37°C for 15 min with 250
uL of goat blocking serum [1% (w/v) bovine serum albumin
(BSA, Sigma-Aldrich Co.), 5% (v/v) goat serum (Sigma-
Aldrich Co.)]. A mouse monoclonal anti-FN antibody (clone
IST-3, Sigma-Aldrich Co.) was diluted 1:100 in 1% (w/v)
BSA, and 50 pL/sample was added and placed in the incu-
bator at 37°C for 1 hr. Samples were then washed with
PBS-T (1x PBS with 0.05% Triton-X100) three times for 5
min each. An Alexa Fluor® 488 goat anti-mouse IgG second-
ary antibody (Invitrogen, Canada) was diluted 1:1000 in 1%
(w/v) BSA, added at 50 pL/sample, and placed in the incu-
bator at 37°C for 1 hr. Samples were then washed with
PBS-T three times for 5 min each. Finally, duplicate samples
for each condition were mounted on coverslips with fluores-
cent mounting media (Dako, Canada) and allowed to dry at
4°C overnight. Confocal microscopy was performed on all
samples to visualize FN, given that any immunofluorescence
should convey covalent attachment of FN to the PVA surface.
A Zeiss LSM 410 laser-scanning confocal microscope system
and LSM-PC imaging software (Carl Zeiss Canada) was used
to obtain all micrographs. Desorption of FN from reacted
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samples (PATHS 1 and 2) using 70 % isopropanol before
antibody staining was also implemented in duplicates, as
described by Nuttelman et al?° Also note that serum-free
media was used for the soaking stages that did not require
cells to be present. Serum was present in the media at any
point where cells were involved; 10% fetal bovine serum
(FBS) for M199 and 5% of endothelial growth medium
(EGM).

Cell seeding of FN-functionalized PVA

FN-functionalized PVA hydrogels are expected to promote
both RACs and ECs attachment to the hydrogel surface.
Both types of primary culture cells were harvested enzy-
matically and isolated from porcine tissues, as previously
described.?®*” RACs were maintained in Medium 199
(M199) supplemented with 10% FBS (Invitrogen) and 1%
penicillin/streptomycin (Invitrogen). Vascular ECs were
maintained in EGM with 5% FBS, 1% penicillin/streptomy-
cin and a bullet kit containing rhEGF, rhFGF-B, vascular en-
dothelial growth factor, R*IGF-1, gentamicin/amphotericin,
hydrocortisone, and ascorbic acid (Lonza, Canada). All cells
were kept in an incubator at 37°C (5% CO3). Under sterile
conditions, a suspension of RACs (passages 3-6) and ECs
(passages 3-5) in their respective medium were seeded
onto all types of PVA samples at high densities (250,000
cells/cm?) and allowed to adhere. Cell spreading was
assessed using confocal microscopy in duplicates at 4, 8,
and 24 hr. Cell seeding experiments were repeated three in-
dependent times. After cell seeding for the required amount
of time, samples were fixed in 10% formalin for 1 hr at
room temperature and stored in PBS at 4°C before
immunolabeling.

RACs were stained with monoclonal mouse antismooth
muscle o-actin-Cy3-conjugated IgG2a primary (clone 1A4,
1:50) (Chemicon, CA). ECs were incubated with polyclonal
rabbit anti-human Von Willebrand factor primary IgG
(A0082, 1:50) (Dako, Canada) and AlexaFluor® 488 goat
anti-rabbit IgG secondary (1:200) (Invitrogen Molecular
Probes, OR). Cell nuclei were labeled with Hoechst 33342.
After immunolabeling, duplicates of each condition were
mounted on coverslips with fluorescent mounting media
(Dako, Canada). All immunolabeled samples were analyzed
with confocal microscopy, as previously described. Phase
contrast microscopy was initially implemented, as described
by Nuttelman et al,?® but no clear view of cells was
obtained because of the opaque nature of physically cross-
linked PVA samples.

RESULTS

Effect of FN functionalization on tensile properties
Figure 2 shows the stress-strain response of the PVA con-
trol and PATH 2 (Figure 1). The FN-functionalized material
is stiffer, but the nonlinear stress-strain relationship typical
of soft tissues is retained. For comparison, at 65% strain,
the PATH 2 samples display an elastic modulus of 1.60 =+
0.11 MPa, compared with a value of 1.02 = 0.07 MPa for
the PVA control, which corresponds to a 57% increase in
stiffness. A similar stiffening effect was seen on the PATH 1

FIBRONECTIN-FUNCTIONALIZED PHYSICALLY CROSSLINKED PVA HYDROGEL
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FIGURE 3. Stress relaxation response for the PVA control and PATH 2
(PVA-FN with CDI) samples.

samples (1.58 = 0.09 MPa at 65% strain). The effect of test-
ing in distilled H,0 versus PBS was also investigated using
the PVA control samples. No difference in stiffness was
observed. The data in Figure 2 show a statistically signifi-
cant difference at 65% strain between the PATH 2 and the
PVA control samples (p < 0.05).

Effect of FN functionalization on stress

relaxation properties

The time-dependent relaxation response of the PVA control
and the PVA-functionalized FN samples was assessed to
determine the ability of the functionalized hydrogel to relax
under tension. Figure 3 shows the stress relaxation
response for the PVA control and PATH 2 samples. It is seen
that the PVA control samples relax to a lower residual stress
than the PATH 2 samples. The data in Figure 3 show a stat-
istically significant difference of the residual stress at 1 hr
for the PATH 2 and the PVA control samples (p < 0.05).

FTIR characterization of PVA-functionalized FN samples
FTIR was used to characterize the PVA hydrogel before
functionalization with FN. In particular, it was used to iden-
tify the presence of functional groups characteristic of FN.
The spectra of the PVA control, PATH 1, and PATH 2 sam-
ples are shown in Figure 4. As expected, in all samples,
major peaks associated with PVA were observed. These
include a broad stretching band between 3150 and 3550
cm ! (—OH) and stretching bands at 2923 and 2842 cm *
(C—H; asymmetric and symmetric). Another characteristic
band for PVA was located between 1100 and 1200 cm .
The peak at approximately 1100 cm~' (C—O0) is indicative
of the PVA’s crystallinity. 2 Success of the functionalization
reactions and the positive identification of FN comes from
the presence of the amide I and amide Il bands. The sharp
peak at 1650 cm ™ ??3% represents amide 1 (C=0 vibration),
and a weak neighboring peak at 1580 cm™'?° is associated
with amide II (C—O stretching and N—H bending), which
are absent in the PVA control sample, thus confirming
attachment of FN to the PVA hydrogel.
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Immunostaining of PVA-FN

Immunostaining was used to confirm FN covalent attach-
ment to the PVA backbone. Figure 5 shows the micrographs
of PVA, PVA soaked in FN, PATH 1 samples, PATH 2 samples,
and PVA soaked in FN samples followed by immersion in
media (M199) for 4 and 24 hr. Indirect immunofluorescence
of the attached FN was observed mainly in the reacted sam-
ples, PATH 1, and PATH 2 samples. Some fluorescence was
initially observed in the PVA soaked in FN (physical absorp-
tion), but this fluorescence disappeared after soaking in
either media or PBS (data not shown) for 4 and 24 hr.
These results are consistent with the observations in the
cell seeding results section. Desorption of FN from reacted
samples (both PATH 1 and 2) using 70% isopropanol before
antibody staining, but no difference in fluorescence was
observed compared with non-isopropanol treated samples
(data not shown).

Cell seeding of FN-functionalized PVA samples

Figure 6 shows the confocal micrographs of RACs
seeded onto PVA control [Figure 6(A-C)], PVA soaked in FN
[Figure 6(D-F)], PVA-FN samples prepared via reaction
PATH 1 [Figure 6(G-I)] and PATH 2 [Figure 6(J-L)] for 4, 8,
and 24 hr. RACs clearly adhere and spread well over both
PVA-FN sample surfaces (PATH 1 and PATH 2), indicating
that the CDI activation step may not be necessary. At all
time points used (4, 8, and 24 hr), the PVA control and the
PVA soaked in FN samples only showed a few randomly
spaced rounded cells, indicating poor adherence and no cell
spreading. Figure 7 shows the confocal micrographs of ECs
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FIGURE 4. Fourier transform infrared spectra: (A) PVA control sample,
(B) PATH 1 (without CDI) samples and (C) PATH 2 (with CDI) samples.
All samples were washed three times with 60 mL of PBS. [Color
figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Immunostaining of Fibronectin (FN)
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FIGURE 5. Confocal micrographs of PVA, PVA soaked in FN, PATH 1 (without CDI) samples, and PATH 2 (with CDI) samples, including results of
soaking the PVA soaked in FN samples for 4 and 24 hr in media. Fifty-micrometer scale bar. Note: Serum free media was used for the soaking
stages that did not require cells to be present. Serum was present in the media at any point where cells were involved; 10% FBS for M199 and
5% of EGM. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

seeded onto PVA control [Figure 7(A-7C)], PVA soaked in
FN [Figure 7(D-F)], PATH 1 [Figure 7(G-I)], and PATH 2
[Figure 7(J-L)] samples for 4, 8, and 24 hr. The results are
similar to the RACs results in Figure 6, indicating the suc-
cess of the FN functionalization reaction by both PATHS 1
and 2 and the necessity of FN for cell compatibility of the
PVA hydrogel.

DISCUSSION
For a biomaterial to be useful for tissue replacement, it is
important to ensure that it is both biocompatible and pos-
sesses mechanical properties similar to the surrounding
host tissue.>*! If the material is in direct contact with blood
as in the case of vascular grafts, the added criteria of hemo-
compatibility has also to be satisfied. Of the currently
approved synthetic graft materials such as Dacron and
ePTFE, there is a large mechanical mismatch with the aortic
tissue being replaced, which may contribute to intimal
hyperplasia and ultimate failure.*®

In addition, these materials are not truly hemocompati-
ble and as a result they can only be used for large-diameter
replacements (>5 mm). A small-diameter (<5 mm) conduit
made of synthetic biomaterial suitable for use in CABG is
yet to be realized. As a first step toward the development of
a biomaterial suitable for consideration for small-diameter
vascular grafts, we investigated the use of a biomaterial that
is tailored to have mechanical properties closely mimicking
that of aortic tissue as the substrate and demonstrate endo-
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thelization of its surface via functionalization with FN for
attachment of ECs.

The substrate we chose to use was physically cross-
linked PVA prepared by the freeze-thaw method'* as
opposed to chemically crosslinked PVA. It consists of net-
works held together by molecular entanglements and/or
secondary forces such as hydrogen bonding, Van der Waals
interactions, and intramolecular hydrophilic associations,
and it has a heterogeneous structure with phase-separated
domains. In the initial freeze-thaw cycle, ice crystals in the
amorphous regions force the polymer chains into regions of
high local polymer concentration, forming crystallites. Fur-
ther cycling increases the overall crystallinity by increasing
the size of primary crystallites, as well as forming additional
smaller secondary crystallites, transforming the microstruc-
ture into a fibrillar network. The crystallites have dimen-
sions of about 3 nm and are separated by amorphous
regions of approximately 20-30 nm in size within the
polymer-rich regions. These polymer-rich regions are sur-
rounded by polymer-poor regions (macropores) with
dimensions of >100 nm."”*%** The porous structure arises
from the existence of the polymer-poor regions, which are
essentially filled with water.'” Chemically crosslinked hydro-
gels are covalently crosslinked networks that are inhomoge-
neous due to clusters of molecular entanglements. In chemi-
cal crosslinking, chemicals are added to create crosslinks.
For PVA hydrogels, typical crosslinking agents used include
glutaraldehyde, ethylaldehyde, formaldehyde, hydrochloric,
boric, and maleic acid. The main drawback of using

FIBRONECTIN-FUNCTIONALIZED PHYSICALLY CROSSLINKED PVA HYDROGEL
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PVA-FN (no CDI)
PATH 1

FIGURE 6. Confocal micrographs of RACs seeded onto PVA control, PVA soaked in FN, PVA-FN (without CDI), and PVA-FN (with CDI) samples.
Cytoskeleton (red) was labeled with antismooth muscle a-actin (SMA)-Cy3-conjugated IgG2a primary and cell nuclei (blue) were labeled with
Hoechst 33342. Note: 50 um scale bar. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

chemically crosslinked PVA is that residual crosslinker will
remain in the PVA matrix and eventually leach out.’® These
crosslinkers are bioincompatible, making this form of PVA
undesirable for in vivo translation.

PVA is a well-known biomaterial that has been investi-
gated for a broad range of biomedical applications.'®!"®
This microstructure provides the PVA hydrogel with elastic
mechanical properties similar to that displayed by several
soft tissues,'?1*167192434 including cardiovascular tissues,
making it a logical choice as the biomaterial for this
study."®'” Physically crosslinked PVA hydrogels are stable
up to approximately 70°C. The advantage of physically
crosslinked PVA is the ability to control the mechanical
properties of the resulting hydrogel. Because the physiologic
temperature is ~ 37°C, we and others have investigated this
hydrogel material for various medical implant applica-
tions.'®**!® Control of mechanical properties to mimic natu-
ral tissues, including cardiovascular tissues and cartilage,
can be achieved via controlling the PVA solution concentra-
tion, number of freeze-thaw cycles, and freezing and thaw-
ing rates.!®'® Similar to Dacron and ePTFE, PVA is nonde-
gradable. The ability of tuning its mechanical properties to
avoid problems arising from mechanical mismatch at the
anastomosis site is envisioned as an advantage over Dacron
and ePTFE.

The reaction schemes for surface functionalization of
PVA by FN are shown in Figure 1. Two pathways, PATH 1
and PATH 2, as shown in the figure have been investigated.
The difference between these two pathways is the incorpo-
ration of an additional step using CDI in the formation of
intermediate 4 in PATH 2. Our results show that both path-
ways lead to successful FN functionalization of the PVA sur-
face. In the process of applying the FN functionalization
reaction reported in the literature?° to our physically cross-
linked PVA, we discovered that it was possible to use an al-
ternative, simpler pathway without the need of an activating
step involving CDI (Figure 1). This is rather unexpected, and
considering that most chemical crosslinking reactions use
an excess of crosslinking agents and that physical crosslink-
ing does not involve chemical reaction of the —OH groups
in PVA, this would lead to a maximization of carboxylic acid
groups in the PVA hydrogel in 3 (Figure 1). This is sufficient
to drive the FN functionalization reaction leading to the
direct formation of 5 (Figure 1) as evidenced by the FTIR
(Figure 4) and cell seeding results (Figures 6 and 7).

The tensile mechanical properties of the PVA hydrogel
before and after FN functionalization using PATH 2 are com-
pared in Figure 2; it can be seen that there is a small stiff-
ening effect in the PATH 2 samples compared with the PVA
control. This stiffening is most likely due to the dehydrating
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FIGURE 7. Confocal micrographs of ECs seeded onto PVA control, PVA soaked in FN, PVA-FN (without CDI), and PVA-FN (with CDI) samples.
ECs were incubated with polyclonal rabbit anti-human Von Willebrand factor primary IgG and AlexaFluor® 488 goat anti-rabbit IgG secondary
and appear green. Cell nuclei (blue) were labeled with Hoechst 33342. Note: 50 um scale bar. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]

step required for the CDI reaction. Some of the pores in the
PVA hydrogel collapse during the dehydration-rehydration
process and do not reswell to the same level as before
dehydration, an effect that has been reported for a similar
type of PVA hydrogel.***® We have also tested the dehydra-
tion-rehydration of PVA hydrogel in distilled H,O and
observed a similar stiffening effect (data not shown). The
increase in stiffness of the FN-reacted sample is therefore
mainly due to the dehydration-rehydration of the PVA
hydrogel and not the reaction with FN. Thus, to obtain a tar-
geted mechanical response, the initial PVA hydrogel, before
FN reaction using PATH 2, should be of a lower stiffness
than desired. The elastic modulus within the physiologic
range (i.e., at 30% strain) for porcine aorta in the circumfer-
ential direction is approximately 0.2 MPa.'® At this same
strain, the PVA control displays a modulus of 0.32 MPa com-
pared with 0.50 MPa for the PVA-FN samples. These values,
although higher than porcine aortic tissue, are much more
realistic compared with the currently available vascular
graft biomaterials such as ePTFE (elastic modulus of ~500
MPa) and Dacron (elastic modulus of ~14,000 MPa). Both
these materials have elastic moduli that are orders of mag-
nitude larger than PVA, PVA-FN, and the intended tissues
they are replacing.?
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The viscoelastic response of PATH 2 samples compared
with that of PVA control are shown in Figure 3. The func-
tionalized PVA-FN relaxes at a rate comparable to the aortic
tissues and the PVA control.'®'® Although the PVA control
samples relaxed to a lower residual stress than PVA-FN, the
PVA-FN values are in between the aortic tissues, indicating
the ability of the functionalized PVA-FN to recover as fast
as the native tissue within a cardiac cycle.

Successful FN functionalization of the PVA hydrogel is
confirmed by the presence of the amide I peak at 1650
cm™' in the FTIR spectra shown in Figure 4 for PATH 1
[Figure 4(B)] and PATH 2 [Figure 4(C)] samples, but not in
the PVA control [Figure 4(A)]. The amide II peak at 1580
cm ! is too weak to be discernable [see inset in Figure
4(C)]. Because the FTIR of product 5 is identical for both
pathways, we would expect the bonding and chemical struc-
ture resulting from these pathways to be the same. More-
over, using an immunostaining method described by Nuttel-
man et al,’ FN fluorescence was clearly seen on both
reacted samples from PATH 1 and PATH 2 at 24 hr. In con-
trast, unreacted PVA showed no fluorescence at 4 and 24 hr.
Although some fluorescence was initially observed on the
PVA samples soaked in FN solution (Figure 5), when they
were placed in media, no fluorescence was observed at

FIBRONECTIN-FUNCTIONALIZED PHYSICALLY CROSSLINKED PVA HYDROGEL



4 and 24 hr (Figures 5), demonstrating that FN does not
adsorb to the unreacted PVA surface. Another approach to
confirm the FN functionalization reaction is via desorption
using 70% isopropanol. Fluorescence of PVA-FN samples
via PATHS 1 and 2 remained unchanged after the desorp-
tion step, thereby confirming that FN was covalently
attached to the PVA substrate. The observation of FN fluo-
rescence on the PATH 1 samples was rather unexpected.
CDI acts to activate the —COOH end group of the side
chains toward nucleophilic attack from the primary —NH,
groups present at the N-terminus of the lysine residues of
FN. Our results can be contrasted with FN functionalization
of PVA reactions that require the incorporation of the CDI
step (PATH 2).2°7% This difference may be a result of the
way the PVA is crosslinked. Chemical crosslinking using
reagents such as glutaraldehyde consumes a significant pro-
portion of the —OH groups in PVA, leaving a relatively small
amount of free —OH groups for reaction with 11-bromoun-
decanoic acid (BUDA). Thus, the lower concentration of
—COOH group may require the CDI reaction to ensure effec-
tive reaction with FN. Our physically crosslinked PVA hydro-
gel does not suffer from —OH reduction, and its reaction
with FN is effective even without the CDI activation step.
Thus, our results open a faster pathway toward attachment
of a protein (FN, laminin) or peptide sequences Arg-Gly-Asp
(RGD) to facilitate cell attachment to a physically cross-
linked PVA hydrogel with the proper mechanical properties
tunable to that of soft tissues.

Cell response to the FN-functionalized PVA surfaces was
assessed using two types of primary vascular cells (RACs
and ECs). RACs were used to establish cell compatibility,
whereas ECs would provide indication of the possibility of
the formation of a nonthrombogenic surface via endotheliza-
tion. Figures 6 and 7 show cell culture results for RACs and
ECs for 4 to 24 hr on the PVA control [Figure 6(A-C) and
Figure 7(A-C)], PVA soaked in FN [Figure 6(D-F) and Figure
7(D-F)], PATH 1 [Figure 6(G-I) and Figure 7(G-1)], and
PATH 2 [Figure 6(J-L) and Figure 7(J-L)] samples. Both
type of vascular cells clearly adhered to the reacted samples
(PATH 1 and PATH 2), but not to the PVA control or the
PVA soaked in FN samples. RACs and ECs formed cell exten-
sions on both reacted samples, which was a clear indication
of good adhesion to the substrate. The few cells observed
on the PVA control and FN-soaked PVA samples had a
rounded morphology, which indicated poor adhesion to the
surface, and it was expected of highly hydrophilic surfaces
such as the PVA hydrogel.37® Cells used for both RACs and
ECs were from known sources that have previously been
phenotypically characterized.>®?” Cell type-specific immu-
nostaining was performed to establish cell adhesion; thus,
the aim of this procedure was not to indicate cell pheno-
type. PVA crosslinked using various chemical approaches
has previously been investigated as a hybrid synthetic tis-
sue®® or as functionalized PVA-tissue hybrids.*=** All these
approaches show promising results. There have been sev-
eral attempts to covalently attaching cell-adhesive proteins
to PVA surface to render it more cell compatible. Schmedlen
et al.*! reported a photocrosslinkable PVA for minimally
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invasive in situ polymerization, which was functionalized
with the cell-adhesive peptide Arg-Gly-Asp-Ser (RGDS) and
found to support fibroblast attachment and spreading in a
dose-dependent manner. Nuttelman et al.?® reported the
attachment of FN to glutaraldehyde-crosslinked PVA hydro-
gels, promoting 3T3 fibroblast adhesion, proliferation, and
migration. This hydrogel was recommended as a possible
candidate for tissue engineering scaffold. The same group
later developed a photocrosslinkable, degradable PVA-poly-
lactic acid copolymer with controlled degradability.*® Zajacz-
kowski et al.?? used this same approach to show cell-matrix
adhesions to the FN-functionalized hydrogel. They visualized
and quantified the focal adhesions formed by human fibro-
blast on FN-functionalized PVA and concluded that this bio-
active polymer can selectively induce specific cell-matrix
adhesions important in several tissue engineering applica-
tions. Grant et al.?® recently reported a PVA hydrogel with
an adsorbed layer of hyaluronic acid and chemically cross-
linked FN or laminin, using CDI activation, toward the adhe-
sion of chondrocytes on the hydrogel surface for a tissue-
engineered cartilage replacement. All these results indicate
the promise of PVA-tissue hybrid as a material system for
tissue replacement. Our results further demonstrate that it
is possible, through a judicious choice of physically cross-
linked PVA with tunable mechanical properties and a two-
step FN functionalization (PATH 1), to create a PVA-FN-EC
hybrid that could be hemocompatible, thus providing a first
step toward an alternative for the realization of a synthetic
replacement small-diameter vascular graft.

CONCLUSIONS

The PVA tissue hybrid proposed here is a biomaterial that is
expected to not only behave in a manner mechanically simi-
lar to the tissue it is replacing but will also have a confluent
layer of ECs that may provide the long-term nonthrombo-
genic characteristics required for blood-contacting applica-
tions. The successful FN functionalization of PVA without
the CDI activation step was rather unexpected and is likely
due to the ample availability of —OH groups in physically
crosslinked PVA versus the traditional approach of chemical
crosslinking. This opens up a faster and simpler pathway to-
ward the attachment of a protein (FN, laminin) or peptide
sequences (RGD) to facilitate cell attachment to a physically
crosslinked PVA hydrogel with mechanical properties match-
ing that of the tissue it is replacing. A broad range of func-
tionalized PVA-tissue hybrid can be envisioned.
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