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Abstract

Poly(vinyl alcohol) (PVA) has shown promise as a biomaterial for cardiovascular application.
However, its antifouling properties prevent /n vivo endothelialization. This work examined the
endothelialization and thrombogenicity of modified PVA with different concentrations of proteins
and adhesion peptides: collagen, laminin, fibronectin, GFPGER, YIGSR, and cRGD. Material
surface properties were quantified, and the endothelialization potential was determined with
human endothelial colony forming cells. Additionally, platelet attachment was assessed /n vitro
with human platelet rich plasma, and promising samples were tested in an ex vivo shunt model.
This well-established arteriovenous shunt model was used with and without clinically-relevant
antiplatelet therapies, specifically acetylsalicylic acid (ASA) with and without clopidogrel to
examine the minimum necessary treatment to prevent thrombosis. Collagen, laminin, and
GFPGER biomolecules increased endothelialization, with GFPGER showing the greatest effect at
the lowest concentrations. GFPGER-PVA tubes tested under whole blood did exhibit an increase
in platelet (but not fibrin) attachment compared to plain PVA and clinical controls. However,
application of ASA monotherapy reduced the thrombogenicity of GFPGER-PVA below the
clinical control with the ASA. This work is significant in developing cardiovascular biomaterials
—increasing endothelialization potential while reducing bleeding side effects by using an
antiplatelet monotherapy, typical of clinical patients.
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1. Introduction

There is a great clinical need for biosynthetic vascular grafts with the increased prevalence
of occlusive arterial disease. Autologous vein grafting is considered superior to synthetic
grafting; however, nearly one-third of patients who require bypass procedures lack suitable
autologous veins for grafting.[1] The currently available clinical standard synthetic grafts are
made from expanded polytetrafluoroethylene (ePTFE) and polyethylene terephthalate
(Dacron). These materials are desirable for their antithrombotic and hydrophobic properties;
however, they have poor long-term outcomes with the success rate dropping from a primary
patency rate of 88% at 12mths to 56% at 24mths post-implant.[2] In a recent retrospective
review of femorofemoral grafts comparing ePTFE to autologous or cryopreserved tissues,
the autologous femoral veins had superior patency at 1, 2, and 3yrs post-transplant compared
to PTFE.[3] Moreover, ePTFE is specifically vulnerable to the loss of patency at diameters
less than 6mm, as reviewed previously.[4] Suspected reasons for failure are the mechanical
mismatch with native tissues, a lack of endothelium to promote a healthy, blood-contacting
surface, thrombosis leading to occlusion, and stenosis of the vessel from intimal hyperplasia.
[5-7]

One proposed biomaterial for vascular grafting is poly(vinyl alcohol) (PVA), a synthetic,
hydrogelling, nontoxic[8] polymer with widely studied applications. PVA has modifiable
mechanical properties, which can more closely resemble the elastic modulus (250-500kPa
for PVA[9,10] and 230kPa in the rabbit femoral artery[11]) and compliance (3-7% in
PVA[9,10] and 6% in the rabbit femoral artery[11]) of native vasculature, making it suitable
for implantation in multiple animal models.[9,10,12] However, PVA does not inherently
support /n situ endothelialization, which is the clinical goal of this biomaterial.[13] Thus,
there is a need to modify the PVA surface to improve endothelialization without affecting
material hemocompatibility. Prior work has modified PVA for improved cell attachment,
specifically with the incorporation of protein-(fibronectin), peptide-(RGDS and cRGD) and
polysaccharide-(heparin) based biochemical cues.[14]

As reviewed previously, the surfaces of cardiovascular biomaterials are frequently modified
to improve biointegration and endothelialization.[15] Surface modifiers include antibodies,
nucleic acid aptamers, cytokines, and extracellular matrix (ECM) proteins or peptides. ECM
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proteins of vascular tissue support endothelial cell (EC) growth and functions. Fibronectin is
an ECM protein shown to improve EC attachment.[16] Cutiongco et al. showed the
incorporation of cRGD, a cell-binding peptide sequence in fibronectin, significantly
improved human vascular EC viability on the PVA surface.[14] Similarly, other ECM
proteins such as collagen and laminin have also improved EC attachment on hydrogel
surfaces.[17-19] Recently, groups have identified peptide sequences that promote EC
attachment and proliferation without increasing thrombogenicity. GFPGER, a peptide
sequence within collagen type 1, is an example that has shown promise /n7 vitro.[20]
Similarly, YIGSR, a peptide sequence within laminin, has similar promising results showing
improved cellular attachment.[21] We hypothesized that surface modification of PVA with
short peptide sequences of the vascular ECM would increase EC growth without
compromising graft hemocompatibility.

Clinically, CABG for multivessel coronary artery disease, lower extremity bypass for
peripheral vascular disease, and arteriovenous fistulas for hemodialysis are common
applications for vascular grafting. It has been shown that acetylsalicylic acid (ASA) therapy
after CABG improves vein graft patency and reduces major adverse cardiovascular events
such as cardiovascular-related death, myocardial infarction, or stroke.[22,23] ASA has been
commonly combined with clopidogrel, labeled dual antiplatelet therapy (DAPT), in the
clinical context as it is thought that the combination inhibits platelet aggregation via
different mechanisms.[24] Several randomized clinical trials have been unable to reach a
consensus regarding graft patency when comparing DAPT and ASA alone.[25,26] However,
clinical practice after grafting continues to use DAPT for 6-12mths post-surgery. While
some antiplatelet therapy is important for maintaining graft patency, these therapies carry a
bleeding risk that increases with multiple drugs.[27,28]

In this study, we modified PVA surfaces with ECM proteins and their corresponding peptide
sequences shown to improve cell attachment. Each group - collagen type I, GFPGER,
fibronectin, cRGD, laminin, and YIGSR — was examined at multiple concentrations. We
characterized material hydrophilicity and cell attachment and proliferation of human
endothelial colony forming cells (ECFCs). ECFCs are an outgrowth product of circulating
endothelial progenitors, obtained from blood leukopheresis,[29] with potential use in
regenerative medicine.[30] This type of cell has been studied extensively and explained in
greater detail in the review by Medina ef a/.[32] Thrombosis on these materials was a
particular emphasis of these studies, since some of these ECM proteins and peptides are
expected to be prothrombotic. Toward this end, the thrombotic potential was quantified from
platelet attachment after incubation with platelet rich plasma (PRP). Samples with promising
cell attachment and minimal thrombotic potential were manufactured as tubes and tested in a
non-human primate ex vivo shunt model using whole blood. Samples were tested with and
without standard clinical antiplatelet therapy (ASA or DAPT) to determine a minimal
therapeutic approach for using these samples to promote endothelialization and reduce
thrombosis /n vivo. We further hypothesized that a minimal level of antiplatelet therapy can
be found to negate any increases in platelet attachment seen by the biomaterial modification.
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2. Materials and Methods

2.1. Film manufacturing

PVA samples were made as previously described.[31] Autoclaved 10% or 15% aqueous PVA
(Sigma) was mixed with sterile-filtered 15% (w v~1) sodium trimetaphosphate (STMP,
Sigma) followed by 30% (w v~1) NaOH. The solution was cast into sterile tissue culture-
treated well plates at a 1.5:1 volume:surface area ratio (UL mm~2). Films were crosslinked in
a sterile, room temperature incubator at 95-99% humidity followed by storage in a biosafety
cabinet until films reached a stable mass. Films were sterilely rehydrated in 10X phosphate
buffered saline (PBS), rinsed in 1X PBS, and stored in deionized water. To biochemically
modify the PVA, collagen | (BD Biosciences), GFPGER (Sigma), fibronectin (Sigma),
cyclic RGD (Genscript), laminin (Sigma), or YIGSR (Sigma) was added during the STMP
step described above. The amount of additive was based on the final concentration (30, 90,
180, or 360 ug of biomolecule/g PVA).

2.2. Material characterization

Films were rehydrated, rinsed, and re-dried for material characterization. 1L of deionized
water was deposited on the surface of the film and a picture was captured. The static water
contact angle was measured by a trained, blinded user with ImageJ (NIH).

2.3. Cell isolation

Human mononuclear cells (MNCs) were isolated using a procedure modified from Taljaard
et al.[29] MNCs were obtained from a healthy subject using an Optia leukopheresis platform
(Key Biologics). The MNC product processed through a density gradient (Ficoll-Paque
Premium, GE Healthcare) and rinsed repeatedly with PBS. After counting, cells were plated
at 415,000cells cm=2 in endothelial growth media (EGM-2, Lonza) with 20% human serum
(Sigma) and onto human fibronectin (Roche) coated-tissue culture flasks (1.6ug fibronectin
cm~2). Cells were incubated at 37°C in 5% CO, and media exchanged every 2-3days. After
14days, media was removed from the flasks, rinsed with PBS, and incubated with 0.08mL
cm~2 TrypLE (Invitrogen) to passage the cells. Cells from 3 flasks were combined onto 1
flask without fibronectin coating. After sufficient outgrowth of ECFCs, cells were sorted
using magnetic CD31- Dynabeads (Invitrogen), according to the manufacturer’s protocol.
The CD31+ population was grown to confluence and frozen in 50% EGM-2, 40% fetal
bovine serum (FBS, Hyclone), and 10% dimethyl sulfoxide. After thawing, the ECFCs were
maintained in complete endothelial growth medium with 10% FBS and used at P4 or P5 for
seeding experiments.

2.4. Cell seeding and quantification

Rehydrated films were incubated with FBS for 1hr at 37°C. Human ECFCs were seeded
onto the PVA films at a density of 200cells mm=2 in 10% FBS EGM-2. After 48hrs, films
were rinsed and frozen dry to promote cell lysing. To quantify cell attachment, the cells were
lysed with 0.02% sodium dodecyl sulphate in sodium citrate buffer (pH=7.0). The DNA was
quantified from the lysate using the PicoGreen assay™ (Invitrogen), according to the
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manufacturer’s instructions. Attachment was calculated as a percent coverage relative to
positive controls of cell-matched tissue culture treated plastic wells.

2.5. Fluorescent staining

After 48hrs of cell incubation, samples were stained using standard immunofluorescence
procedures, as described previously.[33] Briefly, films were fixed and stained with Alexa
Fluor ® 568 phalloidin, a primary VE-Cadherin antibody and secondary 1gG1 Alexa-488,
and DAPI. Films were mounted onto glass slides and imaged with a Nikon Ellipse TE-200U
fluorescent microscope.

2.6. Platelet adhesion quantification

2.7. Whole

Static platelet adhesion was quantified with a method modified from Yim et a/.[34] Blood
was obtained from a healthy, human donor in 3.8% sodium citrate and centrifuged at 100G
for 15min to isolate the PRP. PRP was incubated on PVVA on a shaker at 60rpm for 1hr at
37°C. Samples were rinsed to remove non-attached platelets and incubated with 1% Triton-
X for 1hr at 37°C to lyse the attached platelets. The lysate was mixed with the assay reaction
for 30min, mixed with the stop solution, and quantified with light absorbance according to
the lactate dehydrogenase (LDH) assay (ThermoFisher) instructions.

blood platelet and fibrin attachment quantification

PVA tubes (inner diameter=4mm) were manufactured, assembled, and tested as described
previously.[14] Briefly, PVA tubes with or without 30pg GFPGER peptide/g PVVA were dip
cast into tubes. Rehydrated tubes were connected to silicone tubing that extended from a
chronic, femoral arteriovenous baboon shunt (Figure 1). Platelets were labelled with 111In
and fibrinogen was labelled with 1251, Whole blood flowed through the tubes at 100mL min
-1 and platelet attachment was dynamically quantified from the 111In signal on a Brivo
NM®615 nuclear imaging camera (GE) for 60min. End point fibrin was quantified from the
125] signal on a 1480 Wizard Gamma Counter (PerkinElmer, Waltham, MA\). Clinical grade
ePTFE grafts (inner diameter=4mm) were tested as a clinical control, and collagen-coated
ePTFE samples (Img mL~1 equine collagen type I, Chrono-log Corp.) were used as a
positive control. Samples were tested without antiplatelet therapies, with ASA monotherapy,
or with DAPT (ASA and clopidogrel). For ASA and DAPT trials, ASA (Bayer Healthcare)
was given orally at 10 mg kg1 at least 4hrs before the start of each experiment. For DAPT
trials, clopidogrel (Torrent Pharmaceuticals) was also given twice orally at 2mg kg* on the
afternoon before and the morning of each study. Light transmission platelet aggregometry
was used to confirm the antiplatelet response of the animal to each drug condition at least
once per condition using a Model 440 Dual Aggregometer (Chrono-Log Corporation), as
described previously.[35] Aggregometry was not used to assess platelet reactivity to the
biomaterials.

Male baboons (papio anubus) were housed and cared for by the Oregon National Primate
Research Center staff according to the National Institutes of Health ““Guide to the Care and
Use of Laboratory Animals’’ by the Committee on Care & Use of Laboratory Animals of
the Institute of Laboratory Animal Resources, National Research Council (NIH Publications
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No. 8023, revised 1978) and as approved by the Oregon National Primate Research Center
Institutional Animal Care and Use Committee (IP00000300).

2.8. Statistics

All statistics were calculated using R (R Foundation for Statistical Computing, Vienna,
Austria, version 3.5.1). Data are presented as mean =+ standard deviation. All statistical
analyses were considered significant when p<0.05. Water contact angle data were analyzed
with a 1-way analysis of variance (ANOVA, n=2-6 per group, specifically, n=2 for L180 and
Y180, n=3 for C30, F180, and F90, n=5 for C90, G180, G30, and cRGD30, n=6 for C180, 0,
and R90, and n=4 for the rest of the samples). ECFC attachment (n=6 per group) was
analyzed with a 2-way ANOVA within each ECM family (collagen- GFPGER, laminin-
YIGSR, or fibronectin-cRGD). Factors were biomolecule and concentration. Static platelet
attachment data were analyzed with a 1-way ANOVA and Dunnett’s post hoc with plain
PVA as the reference group.

Platelet and fibrin data from the ex vivo shunt studies were natural log-transformed in order
to approximate a normal distribution. Platelet deposition data were analyzed using multi-
way within-drug- groups linear mixed effects models (LME, package nlme version 3.1-
137). LMEs included fixed effect coefficients for device material, time, time x In(time),
interactions, and a random effect term for trial ID. The time x In(time)term and its
interactions are included to more closely fit observed data. Post-foc contrasts were manually
constructed and p-values were corrected using Tukey contrasts (package multcomp version
1.4-8). Fibrin accumulation was analyzed using within-drug-group 1-way ANOVAs against
surface modification with Tukey’s post-hoc tests when relevant. While the collagen-coated
ePTFE controls used to confirm expected reactivity are displayed in figures as references,
collagen was not included in statistical models due to low sample size (n=2 without drugs,
n=1 with ASA or DAPT).

3. Results

3.1. Material characterization

Water contact angle data are shown in Table 1. While no significant differences were
observed, there was a trend toward decreased hydrophilicity for the collagen samples and the
lower concentrations of laminin- and fibronectin-modified PVA.

3.2. Cell-material interactions

Picogreen quantification (Figure 2) and fluorescent staining (Figure 3) showed similar
results with GFPGER and laminin modifications increasing ECFC attachment. Collagen
modification also increased cell attachment at the highest concentration, while GFPGER-
containing samples were confluent at all concentrations. Laminin samples in particular
showed increasing cell attachment with increasing concentration; however, it was cost
prohibitive to find the saturation point for this molecule. GFPGER had significantly higher
cell quantity than collagen (p<0.0001), and laminin was significantly greater than YIGSR
(p=0.0006). Fibronectin, cRGD, and YIGSR had little cell attachment, and comparing
fibronectin to cRGD showed no significant difference (p=0.083).
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3.3. Material thrombosis potential

Static platelet attachment quantification (Figure 4) on PVA films showed either statistically
equivalent or lower platelet binding to the modified PVA compared to plain PVA. Collagen
at 360ug/g PVA, GFPGER at 30ug/g PVA and 360ug/g PVA, and fibronectin at 180ug/g
PVA and 360ug/g PVA all demonstrated significantly lower platelet attachment /n vitro
(p<0.05). Base platelet count of the PRP was calculated as 848M/mL.

During ex vivo testing without antiplatelet therapies, GFPGER-PVA accumulated
significantly more platelets than ePTFE grafts (Figure 5A, p=0.0035). However under ASA
monotherapy, GFPGER and plain PVA devices accumulated significantly fewer platelets
than ePTFE (Figure 5B, p=0.001, p<0.001 respectively). While platelet deposition was
minimal across all devices under DAPT, a significant reduction in platelet deposition was
seen on plain PVA relative to ePTFE (Figure 5C, p=0.031).

Significantly more fibrin was seen on ePTFE devices than plain PVA grafts (Figure 6A,
p=0.017) in the absence of antiplatelet therapy. Under ASA monotherapy, there were no
significant differences (Figure 6B). Under DAPT, ePTFE showed significantly greater fibrin
accumulation than either plain PVA or GFPGER-PVA (Figure 6C, p=0.044, p=0.019
respectively). Blood analysis quantified before and after shunt studies yielded an average
platelet count of 332+65M/mL and hematocrit of 35%+2%.

4. Discussion

Generating an off-the-shelf vascular graft capable of /7 situ endothelialization remains an
unachieved goal of cardiovascular translational research. Promoting EC attachment
frequently means modification of a biomaterial surface to encourage protein adsorption—
enabling integrin attachment and EC spreading on a surface. Unfortunately, many of the
modifications which promote this attachment also promote platelet attachment. Furthermore,
the attachment and activation of platelets on biomaterial surfaces occurs more rapidly than
the attachment of circulating ECs or migrating ECs from the native tissue.[36] The
development of a synthetic material which can support an endothelium without first
promoting thrombosis would be a substantial contribution for cardiovascular devices,
particularly small- diameter vascular grafts. Despite the many years of research by multiple
groups toward this goal, patients continue to see synthetic vascular graft technology that was
developed decades ago. This lack of new clinical options suggests that a paradigm shift for
preclinical research of artificial materials is necessary. The work presented here
demonstrates a large survey of ECM proteins and peptides at different concentrations to find
the best approach for promoting EC adhesion. It further strives to find an appropriate
antiplatelet regimen, which prevents platelet adhesion while also minimizing bleeding risk.
[27,28,37,38] Specifically, these studies support the use of ASA monotherapy, which would
reduce the risk of bleeding side effects, rather than the more typical DAPT used after clinical
grafting procedures.

This work modified PVA hydrogel films with collagen type I, fibronectin, and laminin
proteins, as well as their respective cell adhesion peptides, GFPGER, cRGD, and YIGSR, to
systematically study ECM components at several concentrations. These modifications were
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selected to examine the various ECM groups relevant to vascular biology at both the protein
and peptide level. Concentrations were selected to explore a broad range in hopes of finding
a threshold of endothelialization benefit which was not examined in initial, previous work.
[14] This study did not quantify changes in mechanical properties of the PVA with additives,
because previous work did not see significant differences except with very large
concentrations of gelatin.[13] Qualitatively, no changes were observed in the mechanical
integrity or physical characteristics of the films or tubes when the biomolecules were added
to the test materials. Prior study of the mechanical properties of PVA have shown that large
differences occur based on the environmental conditions during cross-linking, which were
kept constant for all groups in these experiments.[9]

Previous work showed variable results for contact angle when adding molecules to PVA.
One study demonstrated a significant decrease in hydrophilicity when additives of cRGD,
fibronectin, or heparin were added to PVA,[14] while another study showed a significant
increase in hydrophilicity with large concentrations of gelatin.[13] Overall, contact angles
ranged from 40° to 60° with the addition of biomolecules, which reflects the results obtained
here. Characterizing the PVA after modification with the biomolecules used in this study
showed no significant difference in water contact angle suggesting that changes in cell
attachment were not strictly a surface energy protein attachment phenomenon, but more
likely due to direct protein or peptide binding. Surface roughness can also influence serum
protein adsorption and cellular attachment, but previous work on cRGD and fibronectin with
this same manufacturing technique did not observe any physical changes in the PVA surface,
so it in unlikely that the surface roughness was changed in the current studies.

ECFC attachment was substantially increased on GFPGER peptide-modified PVA resulting
in a confluent monolayer at the lowest GFPGER concentration. ECFC attachment also
increased on laminin and collagen with increasing concentrations of these proteins; however,
a confluent layer of cells was only observed at the highest concentration of collagen.
Previous work found that GFPGER and collagen both bind to the integrin a1 and a.2
domains on ECs resulting in similar attachment.[20] Our work reflected GFPGER
supporting EC attachment, and supported the hypothesis that the peptide would improve EC
binding compared to the whole protein. This was expected and likely due to the increased
concentration of sites available for binding on the hydrogel surface. The density of available
binding sites for the same quantity of peptide is greater than the density for the same
quantity of protein, allowing for greater cell binding. Cell attachment was nearly unchanged
for fibronectin, YIGSR, and cRGD, which did not reflect our hypothesis that peptides would
universally improve cell attachment compared to their native protein family. This is
consistent with prior work showing no significant difference between cell attachment on
fibronectin and cRGD modified PVA at 28ug/g PVA, which is near the lowest concentration
used for this work.[14] While all these biomolecules would be expected to promote cell
adhesion based on previous work, which incorporated peptides and proteins into hydrogels
using more complicated binding,[16,18] the process of mixing these biomolecules into PVA
likely resulted in the sequestration of their binding domains, preventing interaction with EC
integrins. Overall, the unaltered hydrophilicity and the specific attachment of cells with
some biomolecules, suggest that cell attachment was related to the specific ECM molecule
used. Given the data and the cost advantage of GFPGER over the very expensive laminin
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protein or even collagen type I, GFPGER was used in the manufacturing of PVA tubes for
whole blood thrombosis testing.

The lack of cell attachment on fibronectin, YIGSR, or RGD groups suggests that future
work may benefit from manufacturing techniques beyond simple mixing. While confocal
imaging of fluorescently-labeled collagen samples (data not shown) indicated that the
manufacturing technique used here lead to uniform distribution of the biomolecules,
exploration of specific binding chemistries may present a more stable approach for
biomolecule attachment. Previous work with antibody-cell binding showed substantial
improvements in EC attachment under flow when antibodies were oriented to present their
binding domain away from a surface.[39] Similar exploration to orient protein binding
domains on a surface may result in better cell attachment with less protein needed.

While numerous researchers have explored the use of ECM proteins or peptides to modify
cardiovascular biomaterials for endothelialization, often limited attention is given to the
effects that these modifications have on coagulation. Researchers frequently perform
benchtop studies on PRP in static conditions. To provide a comparable metric, the work
presented here also used a static, PRP assay. This LDH assay showed no increase in platelet
adhesion, even on molecules which would typically support platelet attachment. Seo et al.
[20] found that collagen I-coated wells would increase platelet attachment while the
GFPGER coating did not when tested with light transmission platelet aggregometry using
PRP. This may be attributed to the difference between static platelet adhesion and platelet
attachment under flow.[40,41] To more thoroughly assess platelet adhesion, we used a well-
established, ex vivo, non-human primate, arteriovenous shunt model to examine thrombosis
using whole, flowing blood pumped entirely by the animal’s heart. Data collected from these
experiments did not reflect what was seen in the static LDH assay. Rather, a significant
increase in platelet attachment was seen with the addition of GFPGER to the PVA tubes.
This suggests that this static platelet adhesion assay may not be a good representation of the
translatability of cardiovascular biomaterials to a clinical setting.

In the whole blood ex vivo model without antiplatelet drugs, the plain PVA trended to the
lowest platelet accumulation, supporting previous work that PVA has potential as a non-
thrombogenic cardiovascular biomaterial.[14,33] An increase in platelet adhesion was seen
for GFPGER-modified PVA compared to ePTFE, yet ePTFE had significantly more fibrin
deposition when no antiplatelet drugs were used. To study the translatability of PVA with the
endothelialization-promoting GFPGER maodification, we tested the thrombogenicity of this
material using clinically relevant antiplatelet therapies: ASA or DAPT. Both PVA and
GFPGER-PVA had significantly decreased platelet attachment compared to ePTFE with
ASA alone. Furthermore, the ePTFE showed little change in platelet attachment between the
conditions of with and without ASA monotherapy. This suggests that the thrombogenicity of
the GFPGER may be linked to the anti-platelet mechanism of ASA (via cyclooxygenase
(COX)-1 and COX-2 inhibition) and is sufficient for platelet inhibition. All samples had
decreased platelet attachment due to DAPT, although platelet attachment to plain PVA was
still significantly decreased from attachment to ePTFE. However, DAPT has been shown to
significantly increase the risk of major bleeding events compared to ASA alone, particularly
in CABG.[37,38] Overall, this suggests that the GFPGER-PVA may promote
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endothelialization without increasing platelet attachment through antiplatelet monotherapy,
ASA, a typical lifetime requirement of a heart disease patient.

Supporting an endothelium without increasing thrombosis may give substantially longer
patency rates than current, clinical cardiovascular biomaterials, which have limited
endothelialization potential.[42] Furthermore, eliminating clopidogrel from post-implant
care, while maintaining graft patency, can reduce bleeding incidents. The ability to have
ASA-only follow-up care would also eliminate the unpredictability of variable patient
responses to clopidogrel, owing to common polymorphisms affecting the activity of
cytochrome P450 CYP2C19.[43] While ASA is a typical treatment for heart disease patients
and post-implant care, previous work has found that ASA can limit the mobilization of
circulating endothelial cells.[44] While it is difficult to envision a post-surgical plan that
does not include anticoagulant therapy, it is important to consider the typical drug load of a
cardiovascular surgical patient when performing biointegration research. Future work will
explore the /n vivoresponse of PVA in our non-human primate model using implanted
bilateral aortoiliac bypass grafts[45,46], as initial success has been shown in small animal
models with an end-to-end implant of 2mm, 1mm, and even submillimeter inner diameters.
[9,10]

Ultimately, this research is a significant step toward the development of a synthetic vascular
graft that will be a suitable alternative to autologous vein grafting. The work presented here
supported the hypothesis that a limited antiplatelet regimen could be used to prevent platelet
adhesion on a biomaterial that was modified to support endothelialization. While it is
important to study thrombosis in the absence of antiplatelet therapy to observe the clotting
phenomenon,[14,45,47] translational work should also include examination of clinically
relevant antiplatelet therapies to provide the most useful information for bench-to-bedside
preclinical research.
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Statement of Significance

We modified the endothelialization potential of synthetic, hydrogel vascular grafts with
proteins and peptides of the vascular tissue matrix. Cell attachment was dramatically
increased with the GFPGER peptide, and while some additional platelet attachment was
seen under flow with whole blood, this was completely knocked down using clinical
antiplatelet monotherapy. This indicates that long-term patency of this biomaterial could
be improved without the associated bleeding risk of multiple platelet therapies.
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Figure 1. Ex vivo shunt model set up
Graft samples were placed in an ex vivo shunt loop and exposed to whole, flowing blood for

60min. The arrow in the image indicates the direction of blood flow. A flow probe was
included upstream to measure flow rate and a clamp was applied downstream to control the
flow at a constant 200mL/min. Samples were tested without any antiplatelet therapies, with
ASA monotherapy, or with DAPT.
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Figure 2. ECFC adhesion increases on biomolecule-modified PVA
ECFC quantification after 48hrs on PVA films for the (A) collagen, (B) laminin, and (C)

fibronectin families demonstrated that cell attachment increased on the biomolecule-
modified PVA compared to the plain PVVA. Data were analyzed with a 2-way ANOVA to
compare each peptide to its corresponding protein. Factors were biomolecule and
concentration. GFPGER showed a significant increase (as indicated by * in the figure) in
ECFC binding compared to collagen modification (ANOVA Fq 56=27.04, p=2.91x107%), and
laminin showed a significant increase from YIGSR (ANOVA F; 75=12.84, p=0.0006).
Fibronectin and cRGD were not significantly different (ANOVA F1 gg=3.07, p=0.0831). As
a factor, increasing concentration significantly increased cell attachment in the collagen
(ANOVA Fy 56=22.29, p=1.61x10"°) and fibronectin (F1 gg=13.04, p=0.0005) families, but
not in the laminin family (F1 75=1.51, p=0.224).
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Figure 3. ECFCs formed confluent monolayers on GFPGER-, collagen-, and laminin-modified
PVA

Representative staining of human ECFCs on PVA films after 48hrs. While these samples
showed islands of confluent monolayers, staining supported the quantification data of cell
attachment. The addition of the GFPGER peptide sequence showed a near confluent EC
monolayer even at the lowest concentration.
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Figure 4. Biomolecule-modified PVA films had the same or decreased static platelet attachment
Quantification of human platelets bound to PVA films using LDH assay after 1hr of static

incubation. Static platelet attachment was statistically unchanged or decreased from the
plain PVA according to this assay. * indicates statistical significance from plain PVA
(ANOVA Dunnett’s t-test post hoc Fy3 7o=3.775 p=8.3x1076, n=4 per group).
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Figure 5. Ex vivo platelet adhesion increase on GFPGER-PVA was reversed with platelet
monotherapy
Tubes of PVA with or without 30ug GFPGER/g PVA were tested in an ex vivo shunt model.

Platelet accumulation was quantified over 60min exposure to whole blood (n=2 for collagen-
ePTFE and N=5-6 for other groups). (A) In the absence of antiplatelet drugs, ePTFE devices
accumulated significantly more platelets than GFPGER devices (LME ANOVA

F2 11=12.755 p=0.001, post hoc. ePTFE vs. plain PVA, p=1.0, ePTFE vs. GFPGER
p=0.0035, plain PVA vs. GFPGER p=0.0834). (B) Under ASA monotherapy, ePTFE devices
accumulated significantly more platelets than either PVA device. (LME ANOVA
F)12=13.86 p=8x10~4, post hoc. ePTFE vs. plain PVA p=0.0008, ePTFE vs. GFPGER
p=0.0013, plain PVA vs. GFPGER p=1.0). (C) Under DAPT, plain PVA devices
accumulated significantly fewer platelets than ePTFE devices (RMA F; 11=3.24 p=0.079,
post hoc. ePTFE vs. plain PVA p=0.0310, ePTFE vs. GFPGER p=0.261, plain PVA vs.
GFPGER p=0.681).
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Figure 6. Ex vivo fibrin accumulation was decrease for PVA compared to ePTFE
Fibrin data were quantified and normalized per centimeter of axial length for all grafts at

60min. Results showed that (A) without antiplatelet therapy, ePTFE devices accumulated
more fibrin than either PVA device (ANOVA F; 11=5.57, p=0.02, post hoc. ePTFE vs. plain
PVA, p=0.0168*, ePTFE vs. GFPGER p=0.180, plain PVA vs. GFPGER p=0.235). (B) No
statistically significant differences were seen in fibrin deposition under ASA monotherapy
(ANOVA F; 1,=3.18, p=0.078). (C) ePTFE devices accumulated significantly more fibrin
than either PVA device under DAPT (ANOVA F; 11=5.449, p=0.0227, post hoc. ePTFE vs.
plain PVA, p=0.0444*, ePTFE vs. GFPGER p=0.019*, plain PVA vs. GFPGER p=0.768).
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Table 1

Hydrophilicity of biomolecule-modified PVA was unchanged

Collagen | GFPGER | Laminin | YIGSR | Fibronectin | cRGD

0 pg/g PVA 45+6
30 pg/g PVA 54+9 43+6 55+13 41+6 53+15 4411
90 pg/g PVA 54+9 44+9 48+10 44+17 53+5 42+11
180 ug/g PVA 55+9 49+6 33+1 50+6 58+10 49+10
360 ug/g PVA | 5312 4629 51+9 4348 48+7

Water contact angle of PVA films demonstrated no significant differences between the groups compared to the plain PVA control (ANOVA
F23,75=1.311, p=0.189).
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