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Abstract

Cardiovascular diseases remain the leading cause of death worldwide. Patency rates of clinically-
utilized small diameter synthetic vascular grafts such as Dacron® and expanded
polytetrafluoroethylene (ePTFE) to treat cardiovascular disease are inadequate due to lack of
endothelialization. Sodium trimetaphosphate (STMP) crosslinked PVA could be potentially
employed as blood-compatible small diameter vascular graft for the treatment of cardiovascular
disease. However, PVA severely lacks cell adhesion properties, and the efforts to endothelialize
STMP-PVA have been insufficient to produce a functioning endothelium. To this end, we
developed a one-pot method to conjugate cell-adhesive protein via hydroxyl-to-amine coupling
using carbonyldiimidazole by targeting residual hydroxyl groups on crosslinked STMP-PVA
hydrogel. Primary human umbilical vascular endothelial cells (HUVECSs) demonstrated
significantly improved cells adhesion, viability and spreading on modified PVA. Cells formed a
confluent endothelial monolayer, and expressed vinculin focal adhesions, cell-cell junction protein
zonula occludens 1 (Z01), and vascular endothelial cadherin (VE-Cadherin). Extensive
characterization of the blood-compatibility was performed on modified PVVA hydrogel by
examining platelet activation, platelet microparticle formation, platelet CD61 and CD62P
expression, and thrombin generation, which showed that the modified PVA was blood-compatible.
Additionally, grafts were tested under whole, flowing blood without any anticoagulants in a non-
human primate, arteriovenous shunt model. No differences were seen in platelet or fibrin
accumulation between the modified-PVA, unmadified PVA or clinical, ePTFE controls. This study
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presents a significant step in the modification of PVA for the development of next generation /n
situ endothelialized synthetic vascular grafts.
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1. Introduction

Cardiovascular disease remains the leading cause of death in the western world, causing an
increased demand for vascular grafts. Commercially available vascular grafts such as ePTFE
and Dacron® demonstrate long-term patency at > 6mm diameter,! however, their
performance is inadequate when used as small diameter vascular grafts (<6 mm) with
patency rates of only 35% (ePTFE) to 46% (Dacron®) after 5 years.? The lack of
endothelialization is considered one of the major complications in graft failure along with
the mechanical mismatch.3-> The blood vessel lumen is normally covered with a vascular
endothelial cell monolayer at the interface of blood and tissue that performs a pivotal role in
maintaining hemostasis.® Vascular endothelial cells secrete biochemical molecules that
suppress the initiation of the coagulation cascade.” For example, they secrete prostacyclin
and nitric oxide, which are potent inhibitors of platelet activation.® Endothelial cells express
ecto-adenosine diphosphatase that degrades adenosine diphosphate and inhibits platelet
aggregation.® Therefore, one of the crucial properties of the biomaterials for next generation
off-the-shelf small diameter vascular grafts is the ability to facilitate a complete monolayer
of vascular endothelial cells to obtain improved patency rates.10
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Polyvinyl alcohol (PVA) is a synthetic polymer that is being developed for several tissue
engineering applications.1! Chaouat et a/. demonstrated the crosslinking of PVA with a
food-grade crosslinker and established its potential for use as a small diameter vascular
graft.12 Since then, extensive research studies from our group and others have reported blood
compatibility of STMP-crosslinked PVA vascular grafts.13-18 Despite its admirable physical
and mechanical properties, PVA is not conducive to cell adhesion and spreading due to its
lack of cell adhesive ligands and its hydrophilic nature. Unmodified PVA surfaces showed
poor endothelial cell attachment in studies conducted Jn vitro'® as well as in vivo.12 In vivo,
the extracellular microenvironment contains several biochemical cues in the form of
adhesive proteins (such as collagen and fibronectin) in the extracellular matrix (ECM). Cell
adhesion is mediated by integrin receptors, which bind to the tripeptide RGD sequence of
adhesion proteins in the ECM.19 Several methods have been demonstrated in the literature to
improve cellular adhesion on PVA hydrogel. For instance, mixing of the cell adhesive
proteins in the PVA prior to crosslinking to biomimic the native cellular niche is one
strategy, which could improve cellular adhesion significantly.1% 17:18.20 However,
physically mixed proteins are prone to leach out of the matrix slowly in the absence of
chemical coupling, which may change the bioactivity, microstructure and mechanical
properties of the matrix over time due to gradual change in composition.16: 21 Another
method to improve cellular adhesion is to provide specific topographical cues that favor cell
adhesion. We have previously demonstrated that endothelial cell adhesion and other cellular
responses can be improved by incorporating patterned topographical cues on the substrate.
13, 22-24 Treatment of the PVA by using reactive ion plasma is another approach to improve
cellular adhesion. Reactive ion plasma has been shown to modify surface elemental
composition and surface energy, which improved cellular adhesion by potentially increasing
the adsorption of ECM proteins on the surface that facilitate cell adhesion.25: 26

Covalent conjugation of cell adhesion proteins is another widely used strategy to fabricate
bioactive surfaces in tissue engineering. Nuttelman et a/. covalently linked fibronectin on
glutaraldehyde crosslinked PVA and studied fibroblast cell attachment.2” However, the
conjugation was cumbersome as it required several steps including a dehydration step, which
can change the pore size of the hydrogel. Limited knowledge exists on covalent conjugation
of cell adhesion proteins on PVVA hydrogels to improve primary vascular endothelial cell
adhesion for the fabrication of blood compatible synthetic vascular grafts. Additionally, the
effect of covalently conjugated ECM proteins on the blood compatibility of the PVA is
largely unstudied. An essential criterion for vascular graft material is its ability to provide a
blood-compatible interface. This blood-material interaction could potentially activate blood
coagulation pathways by activating platelets, that can lead to the formation of blood clot.28
Therefore, it is crucial to conduct in-depth characterization of the blood-compatibility of a
surface engineered vascular graft.

We hypothesized that the residual hydroxyl groups on sodium trimetaphosphate (STMP)-
crosslinked PVA hydrogels can be activated with carbonyldiimidazole (CDI) to conjugate
cell-adhesive proteins via hydroxyl-to-amine coupling in a sequential one-pot reaction.
Gelatin was selected as the protein of choice as it has been studied for PVA vascular grafts!6
due to its cell-adhesive ligands,2° gelatin based hydrogels are widely used in tissue
engineering applications3%-32 and products using gelatin-based biomaterial have received
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FDA approval.31 We studied primary vascular endothelial cell adhesion and monolayer
formation by characterizing focal adhesions and cell-cell junction protein expression. As the
intended application for vascular grafts and to characterize the effect of covalently
conjugated gelatin biomolecule, extensive blood compatibility analysis of the gelatin-grafted
PVA was conducted using human platelet rich plasma (PRP) in multiple /in vitro assays and
whole, flowing, non-anticoagulated blood in a shunt, large animal model.

2. Materials and Methods

Fabrication of PVA hydrogels

PVA was crosslinked using sodium trimetaphosphate (STMP) and fabricated into hydrogel
films and tubes as described previously.1* Briefly, 10% PVA (Sigma-Aldrich, 85-124 kDa,
87-89% hydrolyzed) solution was mixed with 15% (w/v) STMP (Sigma Aldrich) and 30%
(w/v) sodium hydroxide and cast in petri dishes. The solution was dried for 10 days until
fully crosslinked. To fabricate PVA tubes, a 4 mm diameter cylindrical mold was dip-coated
with a layer of PDMS and air plasma treated four times for a total of 40 seconds. The molds
were then dipped in crosslinked PVA solution for 12 times and placed in ambient
temperature until fully crosslinked. The tubes were then demolded by sequential dipping in
10X phosphate buffered saline (PBS), 1X PBS, and deionized water.

Gelatin grafting on PVA hydrogel and its characterization

PVA films or tubes were dried overnight at 60°C to remove moisture. The samples were then
incubated in a 100 mg/ml carbonyldiimidazole (CDI) solution in dimethyl sulfoxide
(DMSO)for one hour at room temperature with shaking (100 RPM). Subsequently, the
samples were washed three times with DMSO and incubated in the gelatin type B (Sigma-
Aldrich) solution in PBS (10 mg/ml) overnight at 37°C to produce covalently conjugated
gelatin on PVA (PVA-CDIg). As controls, PVA, which was not activated with CDI, was
incubated in gelatin type B overnight (PVAg) and PVA with activated CDI alone (PVA-CDI)
were used. The samples were then washed 3 times with PBS. To characterize the gelatin
conjugation, the samples were analyzed using Fourier-transform infrared spectroscopy
(FTIR) spectrometer (Shimadzu Scientific) with spectral data spacing of 6 cm™1 for the
detection of gelatin specific peaks (Amide I, Amide 11).39 Additionally, X-ray photoelectron
spectroscopy (XPS) was used to study surface elemental composition. XPS measurements
were performed by Thermo-VG Scientific ESCALab 250 Microprobe equipped with a
monochromatic Al Ka X-ray source (1486.6 eV).

Mechanical properties

Burst pressure was measured by exposing the tubular grafts to increasing intramural pressure
until failure. A 4 cm segment of the graft (4 mm diameter) was cut and clamped at one end.
The other end was linked to nitrogen gas cylinder through a catheter, and a pressure
regulator was used to control the pressure supply.

Uniaxial tensile tests were measured using a Universal Mechanical Tester (UNMT-2MT,
T1377, Center for Tribology, Inc.) with a load cell of 100 kg and an extension rate of 10
mm/min. A 6 cm segment of graft was dried at 2 ends to enable adequate gripping, and a 2
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cm middle section was kept hydrated for testing. The cross-section area of the graft was
pictured and measured by ImageJ.

Primary human umbilical vein endothelial cells (HUVEC) culture and seeding on the

hydrogels

Human umbilical vein endothelial cells (HUVECSs) were obtained from Lonza. The cells
were cultured in Endothelial Cell Growth Medium (EGM-2, Lonza) with 2% fetal bovine
serum (FBS) under standard cell culture conditions (37 °C, humidified, 5% CO,
environment). Cells were passaged at 80-90% confluence by using trypsin (Gibco) and
seeded on PVA films for experiments. Prior to seeding, the PVA films were sterilized by
ultraviolet light for 30 min. HUVECSs were used at passage humber 4-5 for all experiments.
To investigate cell viability, cell spreading and cell morphology, cells were seeded at a
density of 20,000 cells/cm? onto PVA, PVAg, PVA-CDIg and glass. Cell viability was
analyzed by using Live/Dead assay (Life technologies) at 24 hrs. The samples were
incubated for 45 min with calcein AM (3.3 mM) and ethidium homodimer-1 (1.7 mM) (Life
Technologies) followed by imaging with fluorescence microscopy (ZEISS Axio Observer).
For cell adhesion studies, 24hr after seeding, cells were fixed using 4% paraformaldehyde
(PFA) for 20 min. Subsequently, staining was performed for the detection of actin and nuclei
using Alexa Fluor™ 488 phalloidin (Life Technologies, 1:500 dilution) and 2 ng mI~1 of

4’ 6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) for 30 min at room temperature. The
cell attachment was analyzed by counting DAPI stained nuclei. Three images from each
sample were analyzed and the experiments were run with triplicate samples. For cell area
analysis, the F-actin stained images were analyzed in ImageJ. The cell boundary was
manually outlined, and the area was analyzed by using the ImageJ “analyze particle”
function.

Formation and characterization of HUVEC monolayer on hydrogels

For the HUVEC monolayer formation assay, glass, PVA, PVAg and PVA-CDIg samples
were prepared as described earlier and seeded at a higher seeding density of 50,000
cells/cm? to facilitate faster formation of the monolayer. The cells were cultured for 7 days
in EGM-2 media and fixed with 4% PFA, washed 1x with PBS and blocked with 10% goat
serum and 1% bovine serum albumin (BSA). Following blocking, primary and secondary
antibodies were used: (i) Monoclonal mouse anti - zonula occludens 1 (ZO1, 1:50 dilution,
BD Biosciences) for 1 hr at room temperature followed by incubation in 2.67 pg/ml of Alexa
Fluor 488-conjugated goat anti-mouse antibody (Invitrogen), (ii) Polyclonal rabbit anti VE-
cadherin (VE-Cad, 1:200 dilution, Cell Signaling Technology) followed by incubation in
2.67 pg/ml of Alexa Fluor 546®-conjugated goat anti-rabbit antibody (Invitrogen), (iii)
Monoclonal mouse anti-vinculin (1:400 dilution; Sigma-Aldrich) followed by incubation in
2.67 pg mi~1 of Alexa Fluor 488®- conjugated goat anti-mouse antibody (Invitrogen). The
cells were counterstained to label nuclei using DAPI. To analyze focal adhesions, vinculin
stained images were enhanced using the CLAHE algorithm in MATLAB as previously
described.22 Subsequently, the images were analyzed in ImageJ by using analyze particle
function to determine the size and density of focal adhesions.
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Characterization of platelet adhesion with SEM and LDH assay

Blood samples were collected from healthy human donors, who had not taken any
medication in the past 48 hours, in polypropylene tubes and anticoagulated with 3.8%
sodium citrate (1 ml per 9 ml blood). This study was conducted in accordance with the
tenets of the Declaration of Helsinki and received ethics clearance from the University of
Waterloo Human Research Ethics Committee. Blood was centrifuged at 200 g for 15 mins at
22°C to prepare platelet rich plasma (PRP). An /n vitro hemocompatibility assay was
performed by incubating PVA and PVA-CDIg films with PRP (200 pL). Glass coverslips,
which had been incubated overnight with 200 pL of 0.1 mg/ml bovine collagen | (Gibco)
were used as platelet activating control while commercially available expanded
polytetrafluoroethylene ePTFE (W. L. Gore) was used as a negative control. PRP (200 L)
was then added to each sample held down in a 24-well plate with silastic tubing (Dow
Corning; Medical grade). Samples were incubated on an orbital shaker for 1 h at 37 °C.
After incubation with the samples, PRP was subsequently collected for flow cytometry
analysis and real-time thrombin generation assay (TGA), while PVA films were immediately
washed in 500 pL ice cold PBS to remove loosely attached platelets. The PVA films were
then used for either scanning electron microscopy (SEM) analysis or lactate dehydrogenase
(LDH) assay.

Adhered platelets on PVA films were fixed with 2.5% glutaraldehyde in PBS for 20 min.
The films were then dehydrated using an ethanol concentration gradient (10%, 30%, 50%,
70%, 90%, 100%). Subsequently the films were incubated in 100% ethanol three times for 5
min each and left to dry at room temperature. Samples were coated with 15 nm gold coating
by using metal sputtering system (Denton Desk 11). The platelets were imaged in high
vacuum mode at 7-10 KeV by using a field emission scanning electron microscope (Zeiss
Leo 1550).

The lactate dehydrogenase (LDH) assay was used to quantify the adherent platelets on all
the samples. Adherent platelets were lysed by incubating with 1% Triton X-100 at 37 °C for
1 hr. The lysate was stored in —80°C until analysis with LDH assay kit (Roche) per the kit
protocol. Absorbance of LDH was correlated to the number of platelets adhered to the PVA
samples.14

For flow cytometry, 5 uL PRP from each sample was diluted in 50 pL DMEM (Gibco)
containing 2% FBS. Resting platelets and Phorbol-myristate-acetate (PMA; Sigma-Aldrich)
activated platelets were used as controls.33 PMA was diluted with PBS (1:10; final
concentration 2 pM), then added into PRP (10 pL into 50 pL PRP) followed by incubation at
37°C for 10 min to activate platelets. Flow cytometry samples were incubated with
fluorescein isothiocyanate (FITC)-conjugated anti-CD61 (BD biosciences) and R-
phycoerythrin (PE)-conjugated anti-CD62P (AbD Serotec) for 20 min. At the end of the
incubation, samples were diluted and fixed with paraformaldehyde (1% final concentration).
All samples were analyzed on the flow cytometer within 5 days. All data were acquired on a
Becton Dickinson FACSCalibur flow cytometer (Mountain View, CA, USA) using
CELLQuest Software (Mountain View, CA, USA). At least 10,000 platelet events were
acquired. Data analysis was performed using FlowJo post data acquisition.
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Real time thrombin generation assay

Real time thrombin generation analysis was done with Technothrombin® Thrombin
Generation Assay (TGA) kit (Diapharma) according to the manufacturer protocol. In brief,
after 1-hour incubation, 40 uL PRP was collected from the samples and added into a 96-well
plate. 50 L of the substrate solution was added into each well to initiate the thrombin
generation. The supernatant fluorescence (ex: 360 nm, em: 460 nm) was measured by a UV-
Vis spectrophotometer (Shimadzu) every minute for 2 hours at 37 °C. The starting time of
the thrombin generation (Lagtime), peak thrombin generation, and total amount of thrombin
generated were obtained from the thrombin generation curves by using the manufacturer-
provided software. The thrombin generation assay was also run in the presence of an
external activator, supplied with the kit (RCH activator) that consisted of tissue factor and
lipids. For this type of assay, 10 uL of RCH was added to 40 uL of PRP followed by the
addition of the substrate. The fluorescence readings and data analysis were performed as
described above.

Ex vivo shunt testing

PVA-CDIg and plain PVA tubes were tested in a non-human primate, ex vivo shunt model to
determine platelet and fibrin accumulation in whole blood in the absence of anticoagulants,
as described previously.! In short, PVA tubes were connected to silicone tubing in a chronic,
arteriovenous femoral shunt. Platelet accumulation on each surface was quantified every
minute for 1 hr from the radiation of autologous, In111-labeled platelets. Fibrin accumulation
was measured as an endpoint value from homologous, 1125-labeled fibrinogen after the In111
decayed. Clinical, 4mm inner diameter, ePTFE grafts (W. L. Gore) were also tested as
clinical controls (n=2-6 per group). Collagen I-coated ePTFE grafts were tested to confirm
animal reactivity to a positive control and were not included in the analyses.

Shunt data were collected from 2 juvenile, male baboons (papio anubus) who were cared for
at Oregon National Primate Research Center (ONPRC) following the “Guide to the Care and
Use of Laboratory Animals” prepared by the Committee on Care & Use of Laboratory
Animals of the Institute of Laboratory Animal Resources, National Research Council
(International Standard Book, Number 0-309-05377-3, 1996). Animal studies were approved
by the ONPRC Institutional Animal Care and Use Committee.

Statistical analysis

All data are presented as mean + Standard Deviation (SD). To determine the statistical
significance of multiple comparisons, one-way ANOVA with Tukey’s post hoc test was used
in GraphPad Prism. For the ex vivo shunt testing, shunt statistics were analyzed using R (R
Foundation for Statistical Computing, version 3.5.1). Platelet data were analyzed with a
multi-way repeated measures ANOVA using a fractional polynomial term (TimexLn(Time))
and interactions. Platelet data were natural-log transformed prior to analysis, to approximate
normality and improve fit. In order to avoid the exclusion of zero by the transform, 0.01 was
added to each value before the transform. Fibrin data were normalized per unit length of the
grafts and analyzed with a one-way ANOVA and Tukey’s post hoc test. Collagen ePTFE
data were not included in these analyses since only 2 datasets were collected for this group
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for the purpose of confirming animal reactivity and is not of interest for the material
comparison. The statistical significance threshold was set at p< 0.05.

3. Results

3.1. Fabrication and characterization of gelatin grafted PVA hydrogel

Gelatin grafting was achieved by using carbonyldiimidazole (CDI) to link hydroxyl group
on PVA hydrogel and amine groups on gelatin, as shown in schematic diagram in Fig 1a. We
quantified the success of hydroxyl-to-amine coupling by using FTIR. All of the FTIR
spectra (PVA, PVA-CDI, PVAg, PVA-CDIg) showed similar characteristic PVA peaks such
as broad O-H peak (~3200-3400 cm™1), C-H stretching (~2936 cm™1), C-O peak (~1142 cm
~1) and C-O-C peak (~1091 cm™1). However, differences were noted in 1500 — 1700 cm™1
region of the FTIR spectra. In the FTIR spectrum, gelatin can be identified by Amide | peak
between 1600-1700 cm~1 mainly due to the C=0 bond stretching vibration and Amide 1
peak between 1500-1600 cm~1 mainly due to the N-H bond stretching vibration. The FTIR
data showed the presence of both of these peaks (Amide | at ~1656 cm~1and Amide Il at
~1548 cm™1) in covalently-grafted gelatin PVA (PVA-CDIg), which indicated the
conjugation of gelation molecules on the PVA surface (Fig 1b). PVA alone, PVA activated in
CDI but not incubated in gelatin (PVA-CDI) and PVA incubated in gelatin (PVVAgQ) did not
show Amide 11 peak (Fig 1b). However, a small peak was present at ~1654 cm~1, which
could be due to C=0 from the acetate groups in PVA backbone.

Gelatin biomolecules also contain nitrogen (N), which could further differentiate it from the
PVA. An XPS survey scan was performed on PVA, PVA-CDI, PVAg and PVA-CDIg to
analyze the surface Only the PVA-CDIg showed a strong N1s peak (Fig 1c). Conversely,
PVA-CDI and PVAg showed weak N1s peak. Atomic percentage analysis from the XPS
survey scan showed that PVA-CDIg had 8.9+1.1% nitrogen compared to 0.7+£0.8% in PVAg
and 0.3£0.2% in PVA-CDI (Fig 1c). The small nitrogen signal in PVA-CDI could result
from imidazole carbamate, which is an intermediate active group.34 PVAg also showed only
a small amount of nitrogen, which showed that much of the gelatin was washed away during
washing steps and did not remain on the PVA surface. In PVA alone, the nitrogen could not
be determined. Taken together, FTIR and XPS data showed that the gelatin was successfully
grafted on the surface of PVA hydrogel using the CDI one-pot technique.

Previous studies have shown that the mechanical properties of the STMP-crosslinked PVA
vascular grafts closely match the blood vessels. To understand the effect of the gelatin
conjugation on the mechanical properties of the PVA, we characterized the tensile Young’s
modulus and burst pressure of the modified PVA. The results showed that the tensile
modulus as well as burst pressure of the PVA-CDIg were similar to PVAg and PVA (Fig
2a,b). This showed that the CDI based gelatin conjugation on PVA did not significantly alter
the mechanical properties of the STMP-crosslinked PVA.
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3.2. Covalently-conjugated gelatin on PVA hydrogel improved primary HUVECs adhesion,
spreading, and viability

The effect of gelatin conjugation to PVA on HUVEC adhesion was studied using films of
PVA-CDIg with controls of unmodified PVA, PVAg and glass. The phase contrast images at
4 hrs after seeding demonstrated cell attachment and spreading on PVA-CDIg and glass,
while minimal cell attachment and no cell spreading was observed on unmodified PVA or
PVAg (Fig 3a). HUVECs viability was characterized at 24 hrs after seeding with a Live/
Dead assay (Fig 3b), which showed high cell viability on PVA-CDIg similar to glass control,
validating that the cells not only attached to the PVA-CDIg, but also remained viable.
Conversely, at 24 hrs almost no cells were observed on PVA or PVAg. Live/dead assay
results showed that the side products of the CDI reactions were washed away during sample
washing and did not cause cytotoxicity for cells.

The cell density and spreading were quantified by using phalloidin staining 24 hrs after
seeding (Fig 3c). A significantly higher number of HUVECs were found on the PVA-CDIg
(16.0x103 + 5.2x103 cells/cm?) compared to PVA (572 + 262 cells/cm?; P < 0.0001) or
PVAg (15454522 cells/cm?; P < 0.0001), which correlated to the live/dead assay in terms of
cell attachment on the different groups (Fig 3d). The number of cells on the PVA-CDIg was
lower than on the glass (25.7 x 103 + 3.4 x 103 cells/cm?; P < 0.05). Cell spreading is
another important parameter in cell-matrix interaction that indicates the strength of adhesion
on substrates. Cell spreading on PVA-CDIg (2023+312 um?) was comparable to that of the
glass (21424130 um?). The cellular spreading was significantly lower on PVA (424270
pm?2; P<0.001) and PVAg (913+109 um?; P<0.01) compared to PVA-CDIg. These results
showed that the surface of the gelatin-grafted PVVA was indeed more conducive to cellular
adhesion, specifically improving cell adhesion and spreading. This also revealed that the
mere incubation of the PVA in gelatin solution did not improve cellular functions, due to a
lack of adsorption on the surface of PVA.

3.3. HUVECs formed a complete monolayer and expressed functional markers on gelatin-
grafted PVA

As the lumen of the blood vessel is lined with the endothelial monolayer /n vivo, we
analyzed whether the PVVA-CDIg could support the formation of the HUVECs monolayer,
which expresses focal adhesions and cell-cell junction protein markers. After 7 days of
seeding, a monolayer was seen on both glass control and PVA-CDIg, but cells failed to form
a monolayer on the PVA and PVVAg (Fig 4a). A few clumps of cells were observed on PVA
or PVAg while most of the surface was not covered by any cells. Focal adhesions (FAS),
which indicate a stable and strong cell-matrix adhesion, were analyzed in the monolayer via
vinculin staining, a protein which is a component of the focal adhesion complex. HUVECs
on PVA-CDIg and on the glass control demonstrated characteristic punctate FAs of an
endothelial monolayer (Fig 4a). Quantitative analysis of the focal adhesions showed that the
FA size and density were similar on glass and PVA-CDIg surface (Figure 4a). FAs were not
detected on the cell clump on PVA and PVAg.

We further analyzed the expression of ZO1 and VE-Cad, which are expressed at cell-cell
junctions if the endothelial cells form a tightly knit monolayer (Fig 4b—c). On PVA-CDlIg,
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similar to observations on glass, both ZO1 and VE-Cad proteins were expressed strongly at
the cell periphery instead of the cytoplasm. PVA and PVAg were omitted from the cell-cell
junctional protein analysis due to cell’s inability to form a monolayer. The data on the
HUVEC studies showed that gelatin conjugation by CDI on the PVA hydrogel generates a
surface, which is conducive for endothelial cell adhesion, spreading, and ultimately
monolayer formation.

3.4. Effect of gelatin grafting on platelet activation

Platelet activation and subsequent platelet-platelet adhesion is a critical indicator of
thrombosis. To investigate the effect of gelatin conjugation on the blood compatibility of the
PVA, we studied platelet adhesion by SEM and an LDH assay. SEM images showed that the
platelet adhesion on PVA-CDIg was similar to ePTFE and PVA (Fig 5a). Very high platelet
attachment and deposition were observed on collagen-coated glass (glass) that was used as a
positive control (Fig 5a). To quantitatively verify the platelet adhesion on different samples,
a lactate dehydrogenase (LDH) assay was performed, which measures the amount of LDH
released from the platelets attached to the surface, and thus can be used as an indicator of
relative platelet adhesion. PVA and PVA-CDIg had significantly lower absorbance compared
to the glass (p<0.05 for both) (Fig 5b); however, the platelet adhesion on PVA or PVA-CDIg
was comparable, showing that gelatin conjugation did not alter the blood platelet adhesion
level. The LDH assay absorbance for the ePTFE control was also similar to that of PVA-
CDlg (Fig 5b). Overall, the LDH assay complemented the SEM results regarding platelet
attachment.

Platelet activation was further analyzed by flow cytometry to assess microparticle generation
and expression of CD61 and CD62P, which are upregulated on activated platelets.3® The
platelets were identified as CD61+ events in scatter plots, which are shown in supplementary
Fig S1. As expected, the expression of CD61 (also known as integrin B3 or glycoprotein
I11a) as well as CD62P (P-selectin) were significantly higher on the PMA-activated platelets
(positive control) compared to platelets in all other groups including glass, confirming that
the PMA acts as a strong platelet activator (Fig 5¢c—d). CD61 and CD62P expression was
similar on PVA, PVA-CDIg, and ePTFE. The expression of CD61 and CD62P on resting
platelets were also similar to all of the tested groups, which indicated that there was no
significant material-induced upregulation in platelet activation compared to resting control.
Platelets also produce microparticles which are shed due to loss of cytoskeleton-membrane
adhesion upon platelet activation and interactions with a biomaterial.3® Platelets on PVA-
CDIg produced almost 60% less microparticles compared to resting control and almost 66%
less microparticles compared to PVA (Fig 5e); however, the results were not statistically
significant. Microparticles formation following interactions with PVA-CDIg was comparable
to that of ePTFE. Overall, the flow cytometry analysis suggests that the gelatin conjugation
neither negatively impacted nor significantly improved the blood compatibility of PVA.

3.5. Realtime thrombin generation analysis

Thrombin enzyme mediates the cleavage of fibrinogen to fibrin, which ultimately leads to
thrombus (blood clot) formation.3” Thrombus formation is a major complication for blood
contacting materials. Therefore, we assessed real time thrombin formation kinetics due to
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the activation of material-induced intrinsic pathway by using thrombin-specific fluorogenic
substrate. Typical Kinetic curves of the thrombin generation are presented in Fig S2. Various
parameters were deduced and analyzed from the thrombin formation kinetic curve (Fig 6).
Lag-time (time required for thrombin generation to begin) was shortest on glass (13.1+6.8
min), due to presence of collagen, which is known to favor the formation of thrombus.38 The
lagtime on PVA-CDIg (50.1+19.8 min) was longer than the PVVA (27.9£9.0 min) and ePTFE
(37.8+£13.5 min); however it was not statistically significant (Fig 6a). This showed that
initiation of coagulation is delayed on PVA-CDIg. We further looked at the peak thrombin
formation where the following general trend was seen: Glass > PVA > ePTFE > PVA-CDIg
(Fig 6b). Peak thrombin formation with PVA-CDIg (162.7£65.9 nM) was significantly less
compared to PVA (325.3+66.2 nM) (P<0.05) and slightly slower compared to ePTFE
(196.3+58.31 nM). Total thrombin generation, which is a balance between the hypo and
hypercoagulant components in the plasma, was lower on PVA-CDIg (2326+1432 nM)
compared to PVA (4196+729 nM) and slightly less compared to ePTFE (3253+1101 nM)
(Fig 6¢). As expected, glass had the highest total thrombin generation of all the groups. We
also studied the thrombin generation in the presence of extrinsic thrombin pathway activator
(supplied with the assay kit). The lag time further decreased and total thrombin increased
from all samples; however, the trends did not change (Fig S3). In summary, the thrombin
formation assay showed that the gelatin conjugation, which enabled endothelialization, also
improved thromboresistance on the PVA surface.

3.6. Exvivo shunt assay on tubular PVA-CDIg vascular grafts

PVA and PVA-CDIg tubular grafts were tested in a baboon ex vivo shunt assay. Platelet data
showed no significant differences among PVA-CDIg, PVA, and ePTFE samples (Fig 7a,
p=0.071). Nor were significant differences observed between fibrin accumulation in the
various groups (Fig 7b, p=0.226), although both PVVA and PVVA-CDIg trended lower than the
ePTFE control group. PVA-CDIg and PVA groups showed nearly identical platelet and
fibrin reactivity suggesting that the modifications did not increase coagulation potential ex
vivo. The lack of change from the clinical control, ePTFE, also supports the
thromboresistance seen /n vitro.

4. Discussion

This study presented a facile one-pot covalent conjugation of a cell-adhesive protein on the
PVA to facilitate endothelialization of the surface while retaining blood compatibility. The
technique presented here is generic in nature and could be performed on other hydroxyl
group containing hydrogels (e.g. freeze thaw PVA hydrogel and hyaluronic acid hydrogels).
CDI has been applied to covalently bind proteins on the surfaces of various materials.2’ This
study, for the first time, showed that CDI generates protein functionalization via covalent
grafting on PVA hydrogel. STMP crosslinking of the PVA has been well studied and the
mechanisms have been proposed.39 For the CDI-based hydroxalamine reaction, the
unreacted OH groups from the STMP-crosslinked PVA were targeted. Hydroxylamine
coupling reactions are known to proceed at a pH that is two points above the isoelectric
point of the proteins.? Gelatin type B has an isoelectric point of around 5, while the
isoelectric point of gelatin type A is between 7 to 9. Therefore, the reaction with gelatin type
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A will demand a highly basic environment. However, when gelatin type B is used,
hydroxylamine coupling could theoretically be performed in the PBS buffer (pH 7.4). We
obtained successful conjugation in PBS with overnight incubation at 37 C as confirmed by
FTIR and XPS data. This coupling method was also applied on widely used freeze-thaw
PVA hydrogels.#! Cellular adhesion was observed on freeze-thaw PVA hydrogels after the
CDI based gelatin conjugation (Fig S4). This shows that the CDI based hydroxylamine
conjugation of proteins could be performed in conjunction with other PVA crosslinking
methods as long as unreacted hydroxyl groups are available for modification.

The high failure rates of clinically-utilized small diameter synthetic vascular grafts such as
Dacron® and ePTFE are likely due at least in part to the lack of endothelialization. Recent
studies have demonstrated the applicability of PVA as a replacement of current commercial
grafts for small diameter vascular grafts applications, including studies conducted in animal
models.12-16. 42-46 \\fe had previously validated submillimeter PVA graft application for
microvascular surgery in a rabbit animal model.42 Despite these promising results, the lack
of endothelialization remains a bottleneck to further develop PVA as a viable choice for long
term success of small diameter vascular grafts.

PVA is inherently hydrophilic which prevents protein adsorption on the surface?’- 47 and, as
previously presented, no cell attachment was observed on PVA after overnight incubation in
gelatin. Therefore, an alternative strategy is required to render PVA surface biomimetic and
conducive for /n situ cellular attachment. Physical mixing of cell adhesive proteins in PVA
solution prior to PVA crosslinking is one potential method that has been demonstrated to
produce significantly improved cell adhesion.1® 17 More recently, studies showed that the
physically-mixed biomolecules in PVA hydrogels could slowly release from the graft. Close
to 50% of the mixed protein leached during a 12-week study.1® This process also changed
the pore size of the graft surface, which could additionally alter the mechanical properties of
the materials.1® The release of proteins from PVA is not surprising as there was no proven
covalent bonding mechanism between the biomolecule and the PVA in STMP crosslinking.
Previous attempts to crosslink the gelatin alone by using STMP have failed, which revealed
that STMP does not activate functional groups in gelatin.1® In another study, incorporation
of the RGD peptide motifs in PVA solution slightly improved the cell viability on PVA
hydrogel; however, the combination of the biochemical cues from an RGD peptide and
topographical cues on PVA surface acted synergistically to significantly improve the cell
viability and adhesion on PVA.14 Another notable technique to improve the PVA bioactivity
is the treatment of PVA with reactive ion plasma, which significantly improved endothelial
cell adhesion on PVA.2% 26 These studies found that the application of plasma introduced
nitrogen on the PVA surface and reduced the surface energy of the PVA, which were thought
to improve cell adhesion by increasing surface adsorption of the extracellular matrix
proteins. Building on the previous studies, the technique presented in this study
demonstrates a facile and highly efficient method to conjugate cell adhesive gelatin protein
on PVA hydrogels without interfering in the hydrogel preparation protocol.

The CDI based technique demonstrated here could also be applied to conjugate other
proteins with NH, reactive groups by adjusting the reaction pH to above the isoelectric point
of the protein.
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Primary HUVECs displayed significantly improved cellular adhesion, viability and
spreading on PVA-CDIg compared to PVA alone. Spreading of the cells is an indication of
the strong cell-matrix interaction where higher cell area results in higher adhesion strength.
48 The expression of focal adhesions (FAs), which serve as anchoring points for the cells,
can be used to monitor this cell adhesion.22 Cell spreading also positively, but nonlinearly
correlates to the FAs size.*? Cells on PVA or PVAg did not express FAs in this study, which
could explain the very low cell adhesion on the PVA or PVAg. However, PVA-CDIg
demonstrated a high cell density and the adhesion area, which was comparable to the
coverslip controls. Stiffness is a well know modulator of cell spreading where a stiff
substrate leads to higher cell spreading.5% 51 Similarly, surface ligands are also shown to
control cell spreading. The glass coverslips were not functionalized with cell-adhesive
proteins, and are a stiff substrate. Therefore, cell spreading on the glass was mainly
governed by stiffness.52: 53 However, cell spreading on PVA, which is a flexible material
compared to glass, is mainly due to the presence of cell-adhesive ligands. The cells on PVA-
CDIg expressed FAs, which confirmed that the cells were readily able to bind to the RGD
sequence of the gelatin molecule and clustering of integrins led to the formation of FAs. The
FA expression of the HUVECs on PVA-CDIg was comparable to the glass, which showed
strong cell-material interaction. The cells are subject to shear force /7 vivo.>* Therefore cell
adhesion should be stable under flow. We anticipate that the cells have strong adhesion to the
PVA-CDIg to withstand the shear force induced by flow. However future studies should be
conducted to subject the adhered cells to shear flow to investigate the stability of the cells
under flow.

Mere adhesion and spreading of cells may not necessarily mean a complete monolayer will
eventually form. An incomplete monolayer may expose blood platelets to the underlying
ECM, which activates platelets.3® One of the hallmarks of tightly-knit and complete
monolayer is the expression of tight junction proteins that play an important role in tissue
integrity.5° Endothelial cells interact with each other and express transmembrane proteins
such as ZO1 and VE-Cad to maintain their barrier property, reduced permeability, and an
anti-thrombogenic state in the blood vessels.56 Therefore, regenerated monolayers on
clinically relevant graft materials should be analyzed for the expression of these tight
junctional proteins. The in vitro regenerated endothelium on PVA-CDIg showed positive
expression of ZO1 and VE-Cadherin, demonstrating the formation of the monolayer. This
validated PVA-CDIg as a material that promotes complete endothelialization of the surface.
Endothelialization performs a pivotal role in maintaining homeostasis by performing
functions such as suppressing the initiation of the coagulation cascade and inhibition of
platelet activation and platelet aggregation.”=® Inhomogeneous distribution of the gelation is
a concern which could lead to patchy cell attachment and incomplete monolayer formation.
To verify that the gelatin is uniformly distributed, we imaged HUVEC monolayer at low
magnification and used uniform cellular adhesion as a proxy for the distribution of gelatin
on the surface. The fluorescence images taken at different random regions of the samples
showed that the samples were fully covered with monolayer without any patches and cell
free areas (Fig S5. This demonstrated that the gelatin was uniformly disturbed over the
surface to allow for homogenous cellular attachment.
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While a monolayer is desired for maintaining vascular homeostasis, the underlying material
must be non-thrombogenic. Undoubtedly, blood compatibility is of utmost importance for
any materials intended to be used as vascular grafts. Any strategies that improve cellular
adhesion but compromise on the blood compatibility of the material would be unsuitable.
Therefore, blood compatibility was assessed using multiple /7 vitro assays including platelet
adhesion, activation marker expression and thrombin generation and whole blood ex vivo
testing. It was shown that gelatin conjugation improved the performance of the gelatin-
conjugated PVA as compared to the unmodified PVA, which was statically significant in
case of peak thrombin formation and considerably better but not statistically significant in
other cases (lag time of thrombin formation, ex vivo shunt assay, total thrombin formation,
microparticle generation, and fibrin accumulation). Of the different assays for blood
compatibility testing, the ex vivo shunt study is a robust model that uses whole blood under
arterial flow rates without the addition of anticoagulant to characterize material blood
compatibility. Additionally, it combines platelet activation and fibrin accumulation
examination under hemodynamically relevant conditions, which makes it more likely
representation of clinical performance. In this clinically relevant model, the PVA-CDIg
performed equivalently to the current clinical standard of ePTFE.

Gelatin is a denatured form of collagen, and therefore, has the same chemical structure as
that of collagen.>” Collagen receptors have been identified on platelets®® Exposure to
collagen is known to induce platelet activation and collagen coated glass is routinely used as
positive controls for platelet activation, therefore, such an effect of gelatin on biomaterials
hemocompatibility may seem counter-intuitive at first. Multiple studies, however, have
reported that the gelatin has either no influence or positive influence on the blood
compatibility of the biomaterials.#18: 26. 59 For example, polycaprolactone functionalized
with gelatin molecules reduced platelet activation and significantly improved anti-
thrombogenic profile of endothelial cells.89 Ino er al. showed that gelatin mixed in PVA
hydrogel reduced the platelet adherence on the surface and increased the lagtime of
thrombin generation.1® Gelatin also improved the patency rate of grafts when gelatin-mixed
PVA grafts were studied /7 vivoin a recent study.16

Several other studies have reported similar results when gelatin incorporated biomaterials
were used as blood contacting devices.# 59 61 Based on the available knowledge, it could be
speculated that the platelets respond differently to gelatin and collagen, which could
potentially be due to the presence of self-assembled structures in collagen molecules giving
rise to the fibrous topography of collagen. Three polypeptide strands of collagen coil with
each other to form the triple helix structure. These triple helical structures self-assemble to
form higher order collagen fibrils that leads to the formation of collagen fibers.%2 This self-
assembly process eventually give rise to fibrous topography of the collagen, which is lost
when collagen is denatured to obtain gelatin. Therefore, it could be speculated the platelets
could sense and respond to the fibrous structures of the collagen material, which is not
present when the platelets are exposed to gelatin biomolecules. This speculation is supported
to some extent by a study by Zhang et al. where gelatin functionalized nanofibrous scaffolds
clearly showed high platelet adhesion, which demonstrated that the nanofibrous topography
could play important role in platelet activation.>8 In short, the gelatin molecules at the PVA
surface did not reduce the blood compatibility of the PVVA grafts.
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Conclusions

This study detailed a new method of covalent conjugation of proteins on the PVA surface in
a simple one-pot reaction where the protein was grafted at physiological temperature and
pH. The conjugation strategy developed in this study could also be applied to other types of
hydrogels with hydroxyl groups such as hyaluronic acid and polysaccharides-based
hydrogels. Gelatin presentation on the PVA surface did not alter the mechanical properties of
the PVA. The resulting gelatin-conjugated PVA supported vascular endothelial cell response
in terms of adhesion, spreading, and development of a confluent monolayer with strong cell-
cell interactions, while demonstrating hemocompatibility comparable to a clinical gold-
standard control. Fabrication of such PVA synthetic vascular grafts that facilitate
endothelialization without increasing thrombosis could lead to remarkable progress for the
development of next generation off-the-shelf small diameter synthetic vascular grafts with
high patency rates.
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Figure 1:

1duosnue Joyiny

(a) Schematic diagram of the reaction to conjugate gelatin onto PVA via hydroxyl-to-amine
coupling. Carbonyldiimidazole (CDI) was used to activate the hydroxyl groups on the PVA
(b) Fourier-transform infrared spectroscopy (FTIR) graph showing the Amide | and Amide
11 peaks in the gelatin-conjugated PVA (PVA-CDIg). (c) X-ray photoelectron spectroscopy

(XPS) survey scan of PVA, PVA-CDI and PVA-CDIg. The table shows the atomic %age of
carbon, nitrogen and oxygen and SD (n=3). N.D. = Not determined
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Figure2:

Effect of gelatin conjugation on the (a) burst pressure and (b) tensile Young’s modulus of the
PVA, PVAg, and PVA-CDIg. n=3. Data are not statistically significant different.
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Figure 3:
(a) Phase contrast images showing the attachment of primary Human umbilical vein

endothelial cells (HUVEC) attachment after 4 hrs of seeding on glass, unmodified PVA,
PVA incubated in gelatin (PVVAg) and gelatin-grafted PVA (PVA-CDIg). Inset shows
magnified view. (Scale bar=200 um) (b) Results of the live-dead assay on glass, PVA, PVAg
and PVA-CDIg to assess the viability of the cells after 24 hrs of seeding. Dead cells are
stained red. (Scale bar=200 pm) (c) Cell spreading was analyzed by phalloidin staining of
the cell (green). Inset shows magnified view. (Scale bar=200 pm) (d) Quantification of the
cell area and density by using phalloidin stained image analysis in ImageJ. * represent
statistical significance compared to glass control. Statistical significance between different
groups (if any) is shown by connecting lines. *P < 0.05, **P < 0.01, ***P < 0.001, ****P <
0.0001 (n = 3, ANOVA, Tukey post-hoc)
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Figure 4:
(a) Focal adhesion (FAs) expression as investigated by vinculin staining (green). HUVECs

on gelatin-grafted PVA (PVA-CDIg) expressed focal adhesions, which were comparable to
HUVECs on glass controls. HUVECs grown on unmodified PVA or PVVAg did not express
focal adhesions. Panel on the right display magnified view of vinculin FAs on glass and
PVA-CDIg. Bar graphs on the right display semi-quantitative analysis of FA size and density
on glass vs PVA-CDIg, which were comparable (n = 3). (b) Tight junctional protein zonula
occludens 1 (ZO1) expression on glass and PVA-CDIg. HUVECs on unmodified PVA and
PVAg were not analyzed because cell attachment was poor. (c) VE-cadherin (VE-Cad)
expression on glass and PVA-CDIg. HUVECs on unmodified PVA and PVAg were not
analyzed because cell attachment was poor.
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Figure5:
(a) SEM images of platelet adhesion and morphology on ePTFE (clinical control), collagen

coated glass (positive control), PVA and PVA-CDIg. Platelets adhesion on PVA-CDIg was
comparable to PVA and ePTFE. (b) Lactate dehydrogenase (LDH) assay for relative
quantification of platelets adhesion on different materials. Absorbance in LDH assay
correlates with the platelet adhesion. Flow cytometry analysis of the platelets activation in
suspension in terms of (c) Mean fluorescence intensity (MFI) of CD61 (also known as
integrin B3 or glycoprotein 111a) (d) Mean fluorescence intensity (MFI) of CD62p (P-
selectin) and (e) Microparticles (MPs) generated as percentage of CD61+ platelets. *
represent statistical significance compared to glass control (LDH assay) or compared to
PMA control (Flow cytometry data). *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001
(n=3)
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Figure6:

Results of the fluorescence measurement based real time thrombin formation assay. Human
donor platelet rich plasma collected after incubation with different samples for 1 hr was used
to analyze the thrombin formation. (a) Lagtime, which represents time taken before the
thrombin generation can be observed after the assay is started. Higher lagtime shows a lower
tendency of blood plasma to form thrombus (b) Peak thrombin formation, which was
significantly lower on PVA-CDIg compared to PVA (c) Total thrombin formed during the
assay. * represent statistical significance compared to glass control. Statistical significance
between different groups (if any) is shown by connecting lines. *P < 0.05, **P < 0.01, ***P
<0.001, ****P < 0.0001 (n = 3, ANOVA, Tukey post hoc)
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Figure 7:

PVA-CDIg, plain PVA, ePTFE, and collagen-coated ePTFE tubes were tested in a chronic,
ex vivo shunt model in a well-established non-human primate model. (a) Platelet
accumulation was measured dynamically for 1hr. (b) Fibrin accumulation was tested and
normalized per cm of graft length and showed no significant differences between any of the
groups. Fibrin accumulation on PVA-CDIg and PVA was comparable (n = 2-6).
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