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Abstract

The performance of clinical synthetic small diameter vascular grafts remains disappointing due to 

the fast occlusion caused by thrombosis and intimal hyperplasia formation. Poly(vinyl alcohol) 

(PVA) hydrogels have tunable mechanical properties and a low thrombogenic surface, which 

suggests its potential value as a small diameter vascular graft material. However, PVA does not 

support cell adhesion and thus requires surface modification to encourage endothelialization. This 

study presents a modification of PVA with fucoidan. Fucoidan is a sulfated polysaccharide with 

anticoagulant and antithrombotic properties, which was shown to potentially increase endothelial 

cell adhesion and proliferation. By mixing fucoidan with PVA and co-crosslinked by sodium 

trimetaphosphate (STMP), the modification was achieved without sacrificing mechanical 

properties. Endothelial cell adhesion and monolayer function were significantly enhanced by the 

fucoidan modification. In vitro and ex-vivo studies showed low platelet adhesion and activation 

and decreased thrombin generation with fucoidan modified PVA. The modification proved to be 

compatible with gamma sterilization. In vivo evaluation of fucoidan modified PVA grafts in 

rabbits exhibited increased patency rate, endothelialization, and reduced intimal hyperplasia 

formation. The fucoidan modification presented here benefited the development of PVA vascular 

grafts and can be adapted to other blood contacting surfaces.
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1. Introduction

Vascular diseases remain the leading cause of death globally. Autologous artery or vein 

grafts are used to bypass or replace occluded blood vessels to restore blood flow, but their 

availability is limited. Synthetic vascular grafts have been an alternative to autologous grafts 

for a long time and benefited millions of patients. Commercially available synthetic vascular 

grafts, such as ePTFE and Dacron®, showed satisfactory long-term performance for larger 

diameter vessels (>6 mm), but displayed inferior performance in small-diameter applications 

(<6mm).[1–3] Yet at small diameter, these synthetic grafts occlude either rapidly subsequent 

to surgery due to acute thrombosis formation or subsequently due to substantial intimal 

hyperplasia development in the lumen of vascular grafts and at the anastomoses sites, both 

of which were speculated to be caused by the lack of functional endothelial coverage.[4, 5] 

To improve endothelialization, surface modification of synthetic materials is frequently 

carried out with different strategies. Anticoagulant and antiplatelet coating and conjugations 

are the most common approaches. Trials using heparin on artificial graft materials have 

shown suppressed thrombin generation and improved patency rates in animal studies.[6–8] 

However, the hemorrhagic effect of heparin raises additional concerns.

Fucoidan is a sulfated polysaccharide isolated from brown algae and has been extensively 

studied in the past decades for its various biological activities, including anticoagulant, anti-

inflammatory, antioxidant, and anticancer properties.[9–11] Despite anticoagulant and 

antithrombotic activities similar to heparin, fucoidan does not cause hemorrhagic effects,

[12] making it a promising alternative to heparin. Furthermore, the potentials in promoting 

endothelial cell growth [13] and suppressing smooth muscle cell proliferation [14] combine 

to make fucoidan a promising surface modification molecule for synthetic vascular grafts.

Poly (vinyl alcohol) is a synthetic biocompatible polymer and has been studied for various 

biomedical applications. PVA crosslinked by sodium trimetaphosphate (STMP), a food 

grade crosslinker, was shown to be potentially appropriate for small diameter vascular graft 

application. Our previous studies found STMP-crosslinked PVA has tunable mechanical 

properties that can match native blood vessels.[15, 16] However, the main barrier for 

developing PVA small diameter vascular grafts is the absence of endothelialization on PVA 

due to the hydrophilicity and lack of cell binding sites. Our group and other groups have 

been investigating surface modification strategies to improve the endothelialization of PVA, 

including plasma treatment,[17, 18] surface topographical patterning,[19] and peptide and 

protein coating.[20–22] However, developing a modification method that both improves 

endothelialization and maintains a non-thrombogenic surface is still challenging.

In the present study, we hypothesized that modification of PVA with fucoidan could improve 

endothelialization without compromising the desirable blood compatibility of PVA. Previous 

studies using fucoidan to promote endothelialization required the presence of supplementary 
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molecules, such as growth factors and extracellular proteins, or some required multi-layer 

coating to achieve best performance. [23–25] Our current study employed fucoidan alone 

without any supplementary molecules, and the modification was carried out with a mild and 

simple procedure by mixing fucoidan in aqueous PVA solution followed by STMP 

crosslinking in ambient conditions. Human vascular endothelial cell adhesion and function 

on fucoidan modified PVA were studied by characterizing cell density, cell monolayer 

formation, and cell marker expression. Platelet adhesion, activation, and thrombosis were 

assessed in vitro using rabbit blood and ex-vivo in a non-human primate shunt model. 

Furthermore, we tested the in vivo performance of fucoidan modified small diameter PVA 

grafts in a rabbit carotid artery model. In situ endothelialization, patency rate, and restenosis 

of the grafts were analyzed. Overall, the study highlights the potential of the fucoidan 

modification to improve endothelialization without compromising the hemocompatibility 

and will aid in the development of durable PVA small diameter vascular grafts and other 

vascular prostheses.

2. Materials and methods

2.1 Preparation of PVA hydrogels

PVA hydrogels were prepared as previously published.[19] In brief, an aqueous solution of 

10% PVA solution was prepared by dissolving PVA powder (average Mw 85,000–124,000, 

87%−89% hydrolyzed, Sigma-Aldrich) in deionized (DI) water, followed by autoclaving at 

121 °C for 20 min to facilitate dissolving. To crosslink PVA, 15% (w/v) STMP solution was 

mixed with 10% PVA solution, and 30% (w/v) NaOH was added dropwise to activate the 

functional groups of PVA and STMP. The obtained solution was either cast on petri dishes to 

form PVA films or dip-coated on cylinder molds to form tubular grafts. PVA films and 

tubular grafts were then kept in a cabinet with controlled temperature (20°C) and humidity 

(60%−70%) until fully crosslinked. Solutions of 10X phosphate buffer solution (PBS), 1X 

PBS, and DI water were used to rehydrate and de-mold crosslinked PVA hydrogels.

To modify PVA hydrogels, fucoidan (crude, from Fucus vesiculosus, Sigma-Aldrich) was 

mixed with 10% PVA solution (PVA:fucoidan = 30:1 (w/w)) prior to adding STMP and 

stirred for 24 hours to homogenize. The fucoidan-PVA mixture was then co-crosslinked by 

STMP as described above (PVA-F).

2.2 Sterilization of PVA hydrogels

PVA and PVA-F tubular grafts were sterilized by gamma irradiation before implantation, as 

previously reported[26]. The gamma sterilization was done at Southern Ontario Centre for 

Atmospheric Aerosol Research in University of Toronto. The irradiation was carried out 

with a Co-60 source (G.C. 220) at a dose of 25 kGy.

2.3 Scanning electron microscope (SEM) measurement

The PVA and PVA-F samples were dried overnight and mounted on aluminum stubs and 

imaged by a high-resolution field emission scanning electron microscope (Zeiss 1550) with 

energy dispersive X-ray (EDX) spectroscopy (Oxford Instruments) in high vacuum mode at 

10 kV. No coating was applied prior to imaging.
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2.4 Static water contact angle (WCA) measurement

Water contact angle of PVA and PVA-F films were measure with a JC2000D3 contact angle 

meter. A 2 μl water drop was deposited onto the hydrated PVA films, and images were 

captured after the droplet remained stable on the PVA surfaces. The angle value was 

calculated using ImageJ.

2.5 Fucoidan concentration determination

The density of fucoidan on PVA-F films were determined by using a metachromatic dye, 

toluidine blue O (TBO) (Sigma-Aldrich), adopted from a previous published procedure[27]. 

A 1 cm2 film of PVA and PVA-F were immersed in 500 μl of TBO solution with a 

concentration of 50 μg/ml and shaken for 1 hr. The absorbance at 631 nm of the supernatant 

was then measured using Synergy 4 multi-detection microplate reader (BioTek). To quantify 

the density of fucoidan on PVA-F samples, a calibration curve (as shown in Fig S1) was 

generated from free fucoidan solutions with a concentration range from 1.0 μg/ml-1.0 

mg/ml. Hexane was added to the free fucoidan solution to remove the fucoidan-toluidine 

blue complex from the aqueous phase before reading the absorbance. To evaluate stability of 

the modification, PVA-F samples were stored in PBS at 37 °C for 15 days, 30 days and 60 

days, and the density of fucoidan was compared against freshly prepared PVA-F samples.

2.6 Crosslinking density measurement

Crosslinking density of PVA and PVA-F hydrogels was determined by measuring phosphate 

concentration with a phosphate assay kit (Abcam). Briefly, around 200 mg of the hydrogel 

was degraded in 10% nitric acid at 105°C for 1 hour. The solution was diluted with double 

distilled water. An aliquot of 200 μl sample was then mixed with 30 μl phosphate reagent 

and incubated for 30 min at room temperature protected from light. The phosphate 

concentration was measured at 650 nm wavelength using different concentrations of 

phosphoric acid solutions as standards.

2.7 Water content measurement

Hydrated PVA and PVA-F hydrogels were weighed to get initial weight, WH. The samples 

were then dehydrated in 60°C oven until reaching stable weight, WD. The water content was 

determined by equation: Water content = (WH−WD)/WH×100%.

2.8 Mechanical property test

Compliance test of PVA and PVA-F grafts was carried out by measuring outer diameter 

change of the grafts at 80 mmHg (D80) and 120 mmHg (D120) internal pressure. Grafts were 

clamped at one end and the other end was connected to a bag of saline solution through a 

catheter. The inner pressure of 80 mmHg and 120 mmHg were achieved by changing the 

height of the saline bag. The diameters of the graft with different inner pressures were 

measured and the compliance was calculated by Compliance (%/40mmHg) = (D120-D80)/

D80×100%. Burst pressure was measured by exposing the grafts to increasing intramural 

pressure until failure. A segment of the graft was clamped at one end and the other end was 

linked to a nitrogen gas cylinder through a catheter. A pressure regulator was used to control 

the pressure supply. Uniaxial tensile tests were measured using a Universal Mechanical 
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Tester (UNMT-2MT, T1377, Center for Tribology, Inc.) at an extension rate of 10 mm/min 

with a load cell of 10 kg for circumferential test and 100 kg for longitudinal test. The cross-

sectional area of the sample was measured by ImageJ.

2.9 Endothelial cell adhesion and function assay

Human umbilical vein endothelial cells (HUVECs, passage 3–5, Lonza) were maintained in 

EGM-2MV medium (Lonza) and seeded on PVA, PVA-F, and glass coverslips with a 

seeding density of 50,000 cells/cm2. Cells were cultured for either 2 days until confluent for 

cell functional marker staining or 24 hours until sub-confluent for extracellular matrix 

(ECM) protein staining. Cells were fixed with 4% paraformaldehyde (PFA), permeabilized 

with 0.1% Triton X-100, and blocked with 5% goat serum and 0.3% Triton X-100. 

Following blocking, the cells were immune-stained with platelet endothelial cell adhesion 

molecule (PECAM-1, mouse-anti-PECAM-1 at 1:100, monoclonal, Abcam, ab9498), 

vascular endothelial cadherin (VE-Cad, rabbit anti-VE-Cad at 1:100, polyclonal, Cell 

Signaling Technology, 2158S), endothelial NOS (eNOS, mouse anti-eNOS at 1:100, 

monoclonal, Abcam, ab76198), collagen IV antibody (rabbit anti-collagen IV at 1:100, 

polyclonal, Abcam, ab6586), or laminin antibody (rabbit anti-laminin at 1:100, polyclonal, 

Alfa Aesar, J65295) with the corresponding AlexaFluor labeled secondary goat antibodies, 

and counterstained with DAPI to label nuclei. Images were taken using Zeiss fluorescence 

microscope (Axio Observer Z1) and analyzed using ImageJ software.

2.10 In vitro hemocompatibility test

In vitro hemocompatibility was performed on flat samples by incubating samples with rabbit 

platelet rich plasma (PRP) under orbital shaking condition. Briefly, blood samples were 

collected from healthy male New Zealand rabbits in polypropylene tubes and primed with 

3.8% sodium citrate (1ml per 9 ml blood). Whole blood was centrifuged at 200 g for 10 min 

to collect PRP. 200 μl of PRP was then incubated on PVA and PVA-F samples for 1 h on an 

orbital shaker at 200 rpm. Glass coverslips, coated with 500 μl of 0.1 mg/ml bovine collagen 

type I, were included as positive control, while ePTFE grafts with carbon lining 

(CARBOFLO®, Bard) were cut open to expose the lumen and used as a negative control. 

Non-adherent PRP solution was subsequently collected for a real-time thrombin generation 

assay, while the adhered platelets on PVA samples were washed with ice-cold PBS to 

remove unattached red blood cells and platelets, and then kept for either SEM or a lactate 

dehydrogenase (LDH) assay.

Adhered platelets on PVA were fixed with 2.5% glutaraldehyde in PBS for 20 min, and then 

gradually dehydrated using increasing ethanol concentration. Dehydrated samples were left 

to dry at room temperature before SEM imaging. To quantify platelets adhered on PVA 

samples, adherent platelets were lysed with 1% Triton X-100 by incubating at 37°C for 1 

hour. The lysate was analyzed with LDH kit (Roche) and the absorbance was measured with 

a microplate reader at 490 nm.

Realtime thrombin generation assay was done with Technothrombin® Thrombin Generation 

Assay (TGA) kit (Diapharma) according to the manufacturer’s protocol. In brief, after a 1-

hour incubation, PRP was collected and diluted with supplied buffer. 40 μl of PRP dilution 
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was added into a 96 well plate, and 50 μl of supplied substrate was added to each sample to 

initiate the thrombin reaction. The supernatant fluorescence (390 nm/460 nm) was measured 

by the plate reader for 2 hours at 37°C. According to the thrombin generation curve, the 

starting time of the thrombin generation (Lagtime), maximum thrombin generation rate 

(Peak), and total amount of generated thrombin (ETP) were analyzed by the manufacturer 

provided software.

2.11 Ex vivo shunt assay

Ex-vivo hemocompatibility test was done on tubular samples with whole blood under flow 

condition in a non-human primate ex-vivo shunt model. PVA tubular grafts, 4 mm diameter 

and 5 cm in length, were tested in a flowing, whole blood model of thrombosis as described 

previously.[22] Four juvenile, baboons (Papio Anubis) had a chronic, arteriovenous shunt 

with radiolabeled platelets and fibrin. The graft was placed between silicone tubing 

extensions to test over a Brivo NM615 nuclear imaging camera (GE) with 1 hour of blood 

flow, controlled at 100 mL/min without any antiplatelet therapies. Platelet accumulation was 

tested dynamically during this time while fibrin accumulation was quantified at the end of 

the study. PVA samples (n=4–8 per group) were tested along with a collagen-coated 

expanded polytetrafluoroethylene (ePTFE, n=2) positive control and a clinical ePTFE 

control (W.L. Gore, n=2). Platelet data were analyzed using a multi-way repeated measures 

linear mixed effects model against PVA type and time. In order to increase model precision a 

fractional polynomial term (time × ln(time)) and all relevant interactions were added as 

model fixed effects. Fibrin data were tested for normality using a q-q plot and homogeneity 

of variance with a Levene’s test. After determining that these data failed these ANOVA 

assumptions, fibrin and platelet data were natural log transformed, with 0.01 added to each 

value to avoid exclusion of any zero values.

Patency in the ex vivo shunt model was measured as described previously.[28] In brief, 

samples were fixed with 3.7% paraformaldehyde, rinsed, and rendered radiopaque. Samples 

were imaged using X-ray microcomputed tomography (microCT). Data was imported into 

Amira® and the luminal volume was quantified. This volume was divided by the sample 

length to give the average luminal area. These data were analyzed with a one-way ANOVA 

to compare only the three PVA test samples. Luminal area data were also tested for 

normality and homogeneity but did not fail the ANOVA assumptions and therefore were not 

transformed.

These studies were approved by the Oregon National Primate Research Center (ONPRC) 

Institutional Animal Care and Use Committee. Baboons were cared for at ONPRC according 

to 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).

2.12 Implantation of fucoidan modified small diameter vascular grafts

Implantation of the small diameter vascular grafts was done as previously published.[29] 

Briefly, New Zealand White rabbits (male, weight 3.5–4.0 kg, Charles River laboratories) 

were anaesthetized by giving 400–800 ml/min oxygen and gas isoflurane (1–3%) through 
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endotracheal intubation. Heparin (200 IU/kg) was given intravenously prior to arterial 

clamping. Segments (2 cm) of unmodified PVA grafts (n=5) and PVA-F grafts (n=6) with 

inner diameter of 1.7 mm (parameters are as shown in Table S1) were anastomosed onto the 

right carotid artery, with end-to-side anastomosis, using 8–0 Nylon suture (AD Surgical). 

Aspirin (15 mg/kg) was administered post-surgery until endpoint. ePTFE grafts (2 cm, n=4, 

Zeus) with 2 mm inner diameter were included as positive controls. Ultrasound doppler 

imaging and measurements were done using SonixTouch (Analogic Ultrasound, Peabody) 

and 10.0 MHz probe at midpoints (14 days) and endpoints (28–31 days) to detect blood flow 

and check graft patency. At endpoint, rabbits were euthanized with sodium pentobarbital 

(100 mg/kg). The grafts altogether with native arteries and corresponding left carotid arteries 

were explanted and fixed in 4% PFA for 72 hours. The fixed grafts were serially dehydrated, 

parafilm embedded, and sectioned in the middle of the grafts and at the proximal and distal 

anastomoses. H&E, immunohistochemistry and immunofluorescence staining were carried 

out to measure luminal patent area, analyze intimal hyperplasia and detect endothelial cells, 

respectively.

All rabbit studies were approved (#AUPP 16–09) by the Animal Care Committee according 

to the Canadian Council on Animal Care’s Guidelines, the requirements of Province of 

Ontario’s Animals for Research Act, and the University of Waterloo’s Guidelines for the 

Use of Animals in Research and Teaching.

2.14 Statistics

Statistical analysis of ex-vivo shunt study was stated as above. Other statistical analysis was 

performed using GraphPad Prism 7. The values of all data were presented as mean ± 

Standard Deviation (SD). To determine statistical significance, t-test, one-way ANOVA test 

with Tukey’s post hoc test and two-way ANOVA with Sidak’s post hoc test were used. 

Statistical significance criterion was set at p value of <0.05.

3 Results

3.1 Characterization of fucoidan modified PVA hydrogels

The fucoidan modification of PVA was achieved by mixing fucoidan into PVA solution and 

co-crosslinked by STMP, as shown in Fig 1A. SEM images showed the structures on the 

surface of PVA and PVA-F hydrogels (Fig 1B). The unmodified PVA hydrogels had a 

smooth surface, while PVA-F hydrogels exhibited irregular structures on the surfaces. 

Surface energy of PVA and PVA-F was determined by measuring static water contact angle. 

PVA-F surface showed a slightly lower water contact angle possibly due to the 

hydrophilicity of fucoidan (Fig 1C). The presence of fucoidan on PVA-F was visually 

verified from the purple color change of toluidine blue staining, as shown in Fig 1D. 

Fucoidan density on PVA-F samples was quantified to be an average of 53.4±2.0 μg/cm2. 

PVA-F films were stored in PBS at 37°C for up to 60 days to determine to stability of 

fucoidan modification. Fucoidan density after incubation for 15 days, 30 days and 60 days 

was 43.5±15.4 μg/cm2, 42.2±12.4 μg/cm2 and 36.8±5.5 μg/cm2, respectively. No significant 

differences of fucoidan density were observed over time (p=0.3025) (Fig 1E). EDX was also 
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carried out to analyze the element composition on PVA-F samples. The atomic percentage of 

sulfur is 0.12±0.03%, confirming the presence of fucoidan (Fig S2).

3.2 Biomechanical properties of fucoidan modified PVA hydrogels

PVA-F showed significantly higher phosphate content (Fig 2A), indicating a significantly 

higher crosslinking density. Water content of PVA-F hydrogels (66.07±1.69%) was not 

significantly different from unmodified PVA hydrogels (64.27±2.22%) (Fig 2B).

Mechanical properties of PVA and PVA-F hydrogels were characterized. Compliance was 

determined in vitro by measuring the diameter increase of PVA and PVA-F tubular grafts 

from 80 mmHg to 120 mmHg internal pressure. PVA and PVA-F grafts had a compliance of 

1.63±0.15 (%/40 mmHg) and 1.73±0.10 (%/40 mmHg), respectively (Fig 2C). With higher 

crosslinking density, PVA-F hydrogels were significantly stronger with a burst pressure of 

831.50±75.43 mmHg, while unmodified PVA hydrogels had a burst pressure of 

752.55±56.16 mmHg (Fig 2D, p<0.05, n=3). The tensile Young’s modulus of PVA and 

PVA-F hydrogels were measured in both longitudinal and circumferential directions. 

Longitudinal Young’s modulus for PVA hydrogels was 1.28±0.25 MPa and was increased to 

1.57±0.29 MPa for PVA-F hydrogels (Fig 2E). Similarly, the circumferential Young’s 

modulus was higher for PVA-F hydrogels (1.22±0.09 MPa) compared to PVA hydrogels 

(1.08±0.03 MPa) (Fig 2F), and a significant increase was observed (p<0.05, n=3).

3.3 Endothelial cell adhesion on fucoidan modified PVA hydrogels

To evaluate the potential of PVA-F hydrogels for endothelialization, HUVECs adhesion on 

PVA, PVA-F, and glass coverslips was analyzed. HUVECs exhibited good attachment and 

spreading and formed confluent monolayers on PVA-F hydrogels and glass coverslips, while 

only few cells were attached on unmodified PVA hydrogels and failed to form monolayers 

(Fig 3A and Fig S3). The cell density on PVA-F hydrogels (816 ± 217 cells/mm2) was 

significantly higher than that on unmodified PVA (48 ± 16 cells/mm2, p<0.0001), and was 

comparable to that on glass (965 ± 80 cells/mm2, p=0.3076) (Fig 3B).

HUVECs on all substrates were immuno-stained with CD31 (platelet endothelial cell 

adhesion molecule, PECAM), VE-Cadherin, and eNOS to examine the cell monolayer 

function. As shown in Fig 3A and Fig S3, strong eNOS expression was presented from cells 

on PVA-F and glass coverslips. The CD31 and VE-Cadherin were expressed strongly at the 

cell boundaries of the HUVECs on PVA-F and glass coverslips, while only in the cell 

cytoplasm on unmodified PVA. The quantification of protein expression of HUVECs on 

PVA-F and glass coverslips was as shown in Fig 3C, cells on unmodified PVA were not 

taken into calculation due to low cell numbers. Cells on PVA-F showed similar CD31 and 

VE-Cadherin expression levels as those on glass, the eNOS expression on PVA-F was 

significantly higher than on glass (p<0.05). Extracellular matrix protein, collagen IV and 

laminin, produced by HUVECs were also stained and as shown in Fig 3D. Both collagen IV 

and laminin were deposited by HUVECs on PVA-F, and the expression levels of both 

proteins was similar to those on glass coverslips (Fig 3E).
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3.4 In vitro hemocompatibility of fucoidan modified PVA hydrogels

To examine the platelet behaviors on PVA and PVA-F hydrogels, we performed an LDH 

assay to measure the platelet adhesion and SEM to examine the morphology of attached 

platelets. The platelets on collagen coated glass were well spread, while the platelets on PVA 

and ePTFE were rounded (Fig 4A). More platelets were attached on PVA-F, and the platelets 

appeared to form more pseudopods compared with those on ePTFE and PVA. The LDH 

absorbance of collagen coated glass samples was significantly higher than ePTFE, PVA, and 

PVA-F, but no significant difference was observed among ePTFE, PVA, and PVA-F groups 

(Fig 4B). The results indicated that fucoidan modification did not increase platelet adhesion 

or activation.

Thrombogenicity of the PVA-F hydrogels was examined by a real-time thrombin generation 

assay. As the kinetic thrombin generation curved shows in Fig 4C, thrombin was generated 

at much faster rate and a larger amount on collagen coated glass compared to ePTFE, PVA, 

and PVA-F. The quantitative parameters, lagtime, peak, and ETP (Fig 4D–F) confirmed the 

observation in the kinetic curves. Collagen coated glass had a significantly shorter lagtime, 

higher peak thrombin generation, and more thrombin generation in total. Also, PVA-F had 

lower thrombin generation compared to PVA and ePTFE, though no statistical significance 

was observed.

3.5 Gamma sterilization of fucoidan modified PVA hydrogels

Sterilization is required for implantation. To examine if gamma irradiation would affect the 

fucoidan modified PVA hydrogels, we compared the compliance, water contact angle, cell 

adhesion, and thrombin generation of fucoidan modified PVA hydrogels before and after 

gamma irradiation. Compliance and burst pressure of both PVA and PVA-F grafts were not 

significantly changed after gamma irradiation (Fig S4). HUVECs attached well on both non-

gamma treated (PVA-F) and gamma treated samples (PVA-Fg) (Fig S5), and the cell density 

was significantly higher on PVA-Fg samples (Fig 5A). Contact angle on both PVA and PVA-

F were not significantly changed after gamma irradiation (Fig S6). Moreover, the expression 

levels of CD31 and eNOS from ECs on PVA-F and PVA-Fg showed no significant 

difference (Fig 5B and C). The gamma irradiation also did not significantly change the 

thrombin formation on both unmodified PVA and PVA-F samples (Fig 5D–F). But overall, 

the properties of PVA-F hydrogels were not significantly altered by the gamma irradiation.

3.6 Ex-vivo shunt study of fucoidan-modified PVA grafts

PVA, PVA-F, and PVA-Fg tubular grafts were tested in an ex-vivo baboon shunt model, with 

collagen coated ePTFE grafts and normal ePTFE grafts as controls. The platelets (Fig 6A) 

fibrin accumulation (Fig 6B), and average luminal patent area (Fig 6C) during the 1-hour 

testing period did not exhibit any significant differences, though there was a borderline 

insignificance in platelet accumulation among PVA, PVA-F and PVA-Fg groups (p=0.0523). 

PVA-F and PVA-Fg grafts had the lowest amount of platelet and fibrin accumulation, 

although after gamma sterilization, PVA-Fg had slightly increased fibrin accumulation, but 

still lower than PVA and the ePTFE control groups. PVA-Fg had the highest average luminal 

area.
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3.7 In-vivo study of fucoidan modified PVA small diameter vascular graft

Sterilized PVAg, PVA-Fg, and ePTFE grafts were implanted in rabbit right carotid arteries. 

The dimensions of the implanted grafts were shown in Fig 7A. The PVA and PVA-F grafts 

were 1.7 mm in diameter and 2 cm in length with curvature of 1.4 cm radius in the middle. 

The ePTFE grafts were straight with 2.0 mm in diameter and 2 cm in length. Parameters of 

the implanted grafts with comparisons to native arteries were shown in Table S1. The grafts 

were implanted in an end-to-side anastomotic technique, as shown in Fig 7C. After 1-month 

implantation, ePTFE (n=4), PVAg (n=5), and PVA-Fg (n=5) grafts had a patency rate of 

75%, 40%, and 80%, respectively (Fig 7B). The ultrasound detection showed that PVA-Fg 

grafts still maintained strong flow after 1 month while PVAg grafts were either occluded or 

had minimal flow (Fig 7D and Fig S7). It was also observed that the blood flow inside 

ePTFE grafts had big animal variations (Fig S7).

After 1 month of implantation, the grafts and contralateral native artery were harvested. The 

grafts were sectioned at the anastomotic sites (P and D) and the middle (M) as shown in Fig 

S8A, for H&E and immunofluorescent staining. As shown in Fig 8A, the PVA-Fg grafts had 

a layer of cells on the luminal surfaces, while no cells were presented on plain PVAg 

surfaces. Immunofluorescent staining showed that the cells on PVA-Fg lumen expressed 

endothelial cell marker (CD31 and eNOS), indicating endothelial cell coverage on PVA-Fg 

lumens at both anastomotic sites and middle of the graft (Fig 8B and Fig S8B and C). The 

ePTFE grafts used in this study had a porous structure, the CD31 and eNOS positive staining 

in ePTFE graft may likely have come from the endothelial cells trapped inside the porous 

structures.

The H&E stained cross-sections of the grafts were pictured and the stenosis percentage at 

the anastomotic junctions was quantified by dividing the area of stenosis to the luminal area 

of the grafts (Fig 9). PVA-Fg grafts showed a lower percentage of stenosis than PVAg grafts 

at both proximal and distal anastomotic sites, while the stenosis percentage for ePTFE grafts 

varied from 10% to 90%. The intimal hyperplasia inside the lumens of ePTFE, PVA and 

PVA-F grafts all showed α-SMA positive staining (Fig 9D), which indicates the presence of 

smooth muscle cells in the intimal hyperplasia. Ki67 staining showed the presence of 

proliferating cells presented in the intimal hyperplasia, but the density of proliferating cells 

was low (Fig 9E and Fig S9). In general, the PVA-Fg grafts showed a better in-vivo 
performance than plain PVAg grafts and exhibited in situ endothelialization.

4. Discussion

Despite decades of development for synthetic vascular grafts, the performance of synthetic 

vascular grafts with diameters smaller than 6 mm is still disappointing due to the poor 

patency rate. One of the main reasons for failure is the lack of endothelialization of the 

synthetic materials, which leads to severe thrombosis formation and intimal hyperplasia 

formation. Surface modification of synthetic vascular grafts is required to reduce early-stage 

blood clotting formation and to enhance in situ endothelialization for long term patency. 

Proteins, such as ECM components, and anticoagulants, such as heparin, are frequently used 

molecules to encourage better vascular graft performance, however, these modifications both 

cause other complications.[30, 31] Many protein modifications improve the endothelial cell 
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attachment but at the same time promote platelet attachment and activation,[32–34] which 

further increases the chance of thrombus formation and graft occlusion. Coating and 

immobilizing heparin on synthetic vascular grafts has been shown to reduce platelet 

adhesion and thrombin generation [6, 35–37], but with the risk of hemorrhagic effect and 

heparin-induced thrombocytopenia.[38, 39] To develop a reliable modification, our work 

studied the ability of a fucoidan modification to promote endothelial cell adhesion and blood 

compatibility of PVA hydrogels. Fucoidan was chosen due to its ability to de-activate 

thrombin and inhibit thrombin generation without causing hemorrhagic effect [12, 40, 41]. 

Other studies also showed that hydrogels functionalized with fucoidan could dictate the 

release of vascular endothelial growth factors from the hydrogel and promote re-

endothelialization.[23, 24] In our study, fucoidan was used to modify STMP-crosslinked 

PVA hydrogels. The fucoidan modification of PVA was achieved by simply mixing fucoidan 

with the PVA solution, and then crosslinked by STMP in the presence of NaOH. Due the 

viscosity of PVA solution and decreased solubility of fucoidan in a basic solution, the 

dispersion of fucoidan in PVA solution may not be even, and thus the generated PVA-F 

hydrogels had rougher surfaces compared to plain PVA. We also observed an uneven 

distribution of toluidine blue on PVA-F samples under microscope showing accumulation of 

fucoidan around the circular area (as shown in Fig S10), which further supported our 

speculation of non-uniform distribution. In addition, the difference of viscosity and 

solubility may have caused a change in the evaporation rate of water during PVA-F hydrogel 

fabrication, which would also lead to a rougher surface.[22] Our previous study showed that 

micro-sized circular structures themselves did not significantly affect HUVECs behaviors.

[42] Also, we found that topographies without other biochemical modifications do not 

support endothelial cells to form monolayers on PVA.[19] Thus, we speculate that the 

surface roughness of PVA-F was not a significant contributor to the improved 

endothelialization. Studies have shown that platelets and thrombogenicity can be 

manipulated by topographies with the same size range as platelets or below.[43] Our 

previous studies using PVA/gelatin also observed uneven surfaces, but no significant 

difference of platelets adherent was observed.[20] In this study, the size of the circular 

structure is around 20 μm, and no non-uniform platelets attachment or platelets aggregation 

was found, thus we think the uneven distribution also did not significantly affect the 

antithrombogenicity. Modifications of hydrogels by mixing with functional molecules has 

been extensively studied,[20, 21, 31] however, the main problem of physically mixing is the 

low stability. Slow leaching of the functional molecules from the grafts/scaffolds was shown 

[44] and will gradually decrease the activity of the biomolecule and change the mechanical 

properties of the material. To assess the stability of the fucoidan mixing modification 

presented in this study, we stored the PVA-F hydrogels for up to 2 months and measured the 

fucoidan density using toluidine blue staining. During the 2-month storage, minimal change 

of fucoidan concentration was found (Fig 1E). This is because that fucoidan was not only 

physically mixed into PVA hydrogels, but also chemically linked to PVA chain by the STMP 

crosslinking. STMP crosslinking of pullulan has been studied elsewhere, and the reaction 

mechanism has been proposed. [45, 46] Herein, we propose a similar crosslinking process as 

shown in Fig S11, and the phosphate assay proved the presence of phosphate crosslinking 

bonds in both PVA and PVA-F hydrogels (Fig 2A).
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One of the main advantages of the STMP-crosslinked PVA for small diameter vascular 

grafts is their tunable mechanical properties. According to our previous studies, by adjusting 

the crosslinking density and fabrication parameters, we were able to fabricate PVA grafts 

with compliance up to 4.00±3.41%/40mmHg, [15, 16] matching that of rabbit carotid artery 

(3.1%/40mmHg) [47] and human brachial artery (1.3–3.3%/40mmHg) [48]. In this study, 

we examined the effect of fucoidan modification on the mechanical properties of PVA grafts. 

Results showed that the fucoidan modification did not alter the compliance of PVA grafts 

(Fig 2C). Furthermore, PVA-F grafts exhibited a higher crosslinking density compared to 

plain PVA as measured by phosphate density, further proving that fucoidan is not only 

physically mixed into PVA, but also chemically crosslinked to PVA through STMP. The 

higher crosslinking density of PVA-F also yielded stronger grafts with higher burst pressure 

(Fig 2D) and Young’s modulus (Fig 2E and F).

Unmodified PVA does not support cells adhesion, and our previous studies have tried 

different modifications, including plasma treatment [17, 18] and incorporation of proteins 

and peptides to enhance endothelial cell adhesion.[20–22] Fucoidan was previously found to 

stimulate endothelial proliferation and potentiated endothelial cell growth and migration 

with the presence of fibroblast growth factor-1 (FGF-1).[13] Other studies also suggested 

that fucoidan binds to integrin αMβ2 and promotes the FGF-2-induced overexpression of 

integrin α6 in human umbilical endothelial cells, which could further promote 

neovascularization.[49–52] In this study, after modifying PVA with fucoidan, HUVECs 

displayed a substantially enhanced adhesion on PVA-F, while without modification, PVA 

had minimal cell attachment, which was consistent to our previous observations.[19, 21] 

HUVECs on PVA-F and glass coverslips had similar densities and showed cobblestone 

morphology. Other than adhesion and spreading, endothelial cells are required to form into a 

tight-knit and confluent monolayer to maintain its function as a semipermeable barrier. 

Platelets/endothelial cell adhesion molecule-1 (PECAM1), also known as CD31, is 

expressed at endothelial cell-cell junctions, and is shown to be important to restore 

endothelial integrity.[53] Vascular endothelial cadherin (VE-cadherin) is an important type 

of adherens junctions, which is critical to control endothelial permeability and maintain cell-

cell adhesion.[54] The HUVECs on PVA-F expressed strong CD31 and VE-Cadherin at the 

cell boundaries, indicating the integrity of endothelial cell monolayer. Endothelial nitric-

oxide synthase (eNOS) is expressed in vascular endothelial cells and produces nitric oxide, 

which is known to regulate the vascular tone as well as smooth muscle cell proliferation.[55] 

HUVECs on PVA-F expressed eNOS, and the amount of eNOS is higher than HUVECs on 

glass cover slips. All of these cell marker expression measurements indicated that the 

HUVECs not only attached to the PVA-F surfaces, but also functioned as mature endothelial 

monolayers.

Hemocompatibility is an essential property of vascular grafts to prevent acute thrombosis 

formation after implantation. PVA has low platelets attachment and low thrombin 

generation, [20, 22] and fucoidan-modified PVA showed similar or slightly better 

hemocompatibility compared to plain PVA. We speculate that the good hemocompatibility 

was due to the ability of fucoidan to inhibit thrombin generation and platelets aggregation. 

Fucoidan has antithrombotic activity as tested in different in vivo models.[12, 55] It was 

found that the antithrombotic activity of fucoidan was mediated by heparin cofactor II,[41] 
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and fucoidan molecules inhibit thrombin generation by blocking the formation of intrinsic 

factor Xa.[40] Our real-time thrombin generation test observed slower and less thrombin 

generation on PVA-F compared to PVA samples (Fig 4C–F), supporting the antithrombotic 

activity of fucoidan. The fucoidan we used here is crude fucus vesiculosus fucoidan, with a 

molecular weight range from 20 kDa to 200 kDa and a sulfate content of 32% [56]. In 

previous studies, fucus vesiculosus fucoidan displayed anticoagulant properties, but did not 

prevent thrombin-induced platelet aggregation.[57] Durig et al. also found fucus vesiculosus 
fucoidan could induce irreversible platelet aggregation.[58] However, in our study, slightly 

more platelets were attached on PVA-F samples, but no platelet aggregation was observed 

(Fig 4A) after 1-hour incubation with rabbit platelet rich plasma. Ex-vivo shunt results in a 

non-human primate model also showed a low number of platelet and fibrin accumulation 

after 1-hour of whole blood flow with no antiplatelet or anticoagulant therapies (Fig 6).

Sterilization is required to remove micro-organisms before implantation, and gamma 

irradiation is one the most commonly used sterilization methods for biomaterial clinical use. 

Gamma irradiation is known to be able to cause chain scission,[59] and studies also found 

that gamma irradiation could cause branching and crosslinking,[60, 61] which combine to 

raise the concern that mechanical properties of the implants may be altered due to gamma 

sterilization. Our compliance and burst pressure measurement of PVA and PVA-F grafts 

before and after gamma sterilization did not show a significant difference (Fig S4). Previous 

studies also revealed that gamma irradiation changes the surface and biological properties of 

biomaterials.[62, 63] Srinivas et al.[62] found that gamma treated gels had a decreased 

surface hydrophilicity with increased dose, and cell adhesion and proliferation were found to 

be enhanced. A similar trend was observed from our PVA and PVA-F hydrogels. Although 

contact angle was not significantly increased (Fig S6), HUVEC density on gamma treated 

PVA-F hydrogels was significantly higher than non-gamma treated samples (Fig 5A–C and 

Fig S5). Denizli et al. showed that gamma irradiation drastically increased the blood protein 

adsorption on polycarbonate films, which could increase the risk of thrombus formation and 

platelet accumulation and activation.[64] Our studies also showed that after gamma 

irradiation, the thrombin generation was slightly increased for both unmodified PVA and 

PVA-F (Fig 5D–E). Ex-vivo shunt study also exhibited a slightly higher fibrin accumulation 

on gamma treated PVA-F (PVA-Fg) compared to non-gamma treated PVA-F, however, the 

difference was not significant, and the accumulation level was still lower than plain PVA 

(Fig 6). Overall, the ex-vivo shunt results were in line with the in vitro hemocompatibility 

test results that fucoidan modification did not increase platelets activation and thrombin 

generation, and gamma sterilization did not significantly change the hemocompatibility of 

PVA-F samples.

After confirming the in vitro and ex vivo performance of PVA-F, in vivo performance of 

PVA-F grafts was evaluated in a rabbit right carotid artery model with an end-to-side 

anastomotic technique. Previous studies have shown that when positioned in rabbit carotid 

artery with an end-to-end anastomosis, ePTFE grafts had a failure rate of 11.2% in the first 2 

weeks due to thrombotic occlusion, or lost patency after 16 weeks due to intimal hyperplasia 

formation.[65, 66] We observed similar results in our ePTFE implantation with end-to-side 

anastomosis. Occluded ePTFE was occluded by the time of first ultrasound detection at day 

14, as shown in Fig S7, which was caused by thrombus formation, while patent ePTFE 
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remained good flow until the endpoint. Similarly, most unmodified PVA grafts occluded by 

day 14, which could also be due to the thrombus formation. Gamma sterilized PVA-F grafts 

(PVA-Fg) yielded a much higher patency rate (Fig 7B) and maintained a stronger flow after 

1 month compared to PVAg grafts (Fig 7D and Fig S7), which could be benefitted from the 

endothelial cell attachment (Fig 8). In addition to endothelial coverage on the surface, low 

intimal hyperplasia formation is also essential to maintain long term patency. The 

anastomotic junctions of graft and artery are prone to generate intimal hyperplasia due to the 

abnormal smooth muscle cell proliferation and migration. In our study, the majority of the 

cells in the intimal hyperplasia regions of all types of implanted grafts was identified as 

smooth muscle cells (Fig 9D), however, the Ki67 staining showed that most of the smooth 

muscle cells were not in proliferating state (Fig 9E). Previous study reported the time course 

of cell proliferation in the intimal hyperplasia using an angioplasty model,[67] and found out 

that the cellular proliferation in the intimal hyperplasia largely subsided by day 14 after 

injury, which was in line with our observation that there were low number of proliferating 

cells in the intimal hyperplasia at one month after implantation. Fucoidan was shown to be a 

potent inhibitor of smooth muscle cell proliferation through inhibiting mitogen-activated 

protein kinase pathway in a similar manner as heparin. [14, 68] In our study, PVA-Fg grafts 

had a lower stenosis percentage at both proximal and distal anastomoses compared to PVAg 

grafts (Fig 9), which could be attributed to the inhibition effect of fucoidan on smooth 

muscle cell proliferation at an early stage after implantation. ePTFE grafts are the gold 

standards for large diameter vascular grafts, however, ePTFE grafts with small diameters are 

not suitable due to the frequent intimal hyperplasia formation and blood clotting. The ePTFE 

grafts with 2 mm diameter were included in this study as clinical controls, and most of the 

ePTFE grafts showed strong blood flow after 1-month implantation. However, significant 

intimal hyperplasia was observed on the ePTFE grafts and the patency varied from sample to 

sample. It is worth mentioning that the ePTFE grafts we used for implantation have thinner 

wall and porous structure compared to other clinical available ePTFE grafts as shown in 

Table S1. Although the performance of PVA-F grafts and ePTFE grafts cannot be compared 

due to the differences in grafts size and wall thickness, the ePTFE grafts are still valuable 

clinical controls.

This study has demonstrated that the fucoidan modification was capable to improve 

endothelialization and hemocompatibility of PVA, and also enhanced the in vivo 
performance of PVA small diameter vascular grafts.

Conclusions

This study presented a fucoidan modification on PVA hydrogels to enhance 

endothelialization and hemocompatibility. The presence of fucoidan on PVA substantially 

improves the endothelial cell adhesion and coverage on PVA while maintaining the 

hemocompatibility of PVA. The in vivo test of the fucoidan modified PVA small diameter 

grafts exhibited promising results with a higher patency rate and remarkably lower intimal 

hyperplasia formation. The study suggests the potential of fucoidan as surface modification 

molecule for small diameter PVA grafts as well as broader application to development of 

other vascular implants and devices.
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Figure 1. 
(A) Schematic diagram of polyvinyl alcohol-fucoidan (PVA-F) preparation procedure. (B) 

Scanning electron microscopy (SEM) images showed the structures on PVA (left) and PVA-

F (right) surfaces. (C) Static water contact angle of PVA and PVA-F surfaces. (n=6, 

p=0.0554). (D) Fucoidan density on PVA-F samples was determined by toluidine blue 

staining. (E) Stability of fucoidan modification was determined by toluidine blue staining at 

day 0, 15, 30 and 60. n=3, no significant decrease was observed.
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Figure 2. 
Mechanical properties of PVA and PVA-F samples. (A) Crosslinking density of PVA-F 

samples is significantly higher than PVA samples (n=5). (B) Water content of PVA and PVA-

F hydrogels (n=3). (C) Compliance of PVA and PVA-F samples (n=3). (D) Burst pressure of 

PVA and PVA-F samples (n=5). (E) Longitudinal tensile Young’s modulus of PVA and PVA-

F samples (n=3). (F) Circumferential tensile Young’s modulus of PVA and PVA-F samples 

(n=3). * denotes statistical significance using t-test with p < 0.05, n=3.
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Figure 3. 
Endothelial cell adhesion on PVA and PVA-F samples. (A) Representative fluorescence 

images of human umbilical vein endothelial cells (HUVECs) on PVA and PVA-F samples 

after 48 hr culture. Scale bar = 50 μm. (B) Average cell density on PVA and PVA-F samples. 

**** denotes statistical significance using one-way ANOVA with p < 0.0001, n=5. (C) 

CD31, VE-cadherin and eNOS expression of HUVEC monolayer on PVA-F samples (data 

normalized to glass). HUVECs on glass cover slip were included in analysis as a positive 

control. HUVECs on PVA samples were not taken into analysis. * denotes statistical 

significance using t-test with p < 0.05, n=5. (D) Representative fluorescence images of 

collagen type IV (COL IV) and laminin (LM) deposited by HUVECs on PVA and PVA-F 

samples after 24 hr culture samples (data normalized to glass). HUVECs on glass cover slip 

were included in analysis as a positive control. Scale bar = 50 μm. (E) Collagen type IV and 

laminin expression of HUVECs on PVA-F samples (data normalized to glass). HUVECs on 

PVA samples were not taken into analysis due to low cell number. No statistical significance 

was observed, n=3.
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Figure 4. 
In vitro hemocompatibility tests of PVA and PVA-F samples. (A) Platelet adhesion and 

morphology on collagen coated glass cover (positive control), ePTFE (clinical control, 

platelets are as indicated with arrows), PVA and PVA-F. (B) Quantification of platelet 

adhesion determined by lactate dehydrogenase (LDH) assay. (C) Real-time thrombin 

generation assay. Lag-time (D) represents the time taken to start forming thrombin. Peak (E) 

represents the maximum thrombin generation rate. (F) represents endogenous thrombin 

potential (ETP). n=5, *, **and *** indicate a significant difference using one-way ANOVA 

with p < 0.05, p < 0.01, and p < 0.001, respectively.
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Figure 5. 
Gamma sterilization effect on PVA-F samples. (A) Average cell density on PVA-F samples 

non-treated (PVA-F) and gamma sterilized (PVA-Fg). CD31 (B) and eNOS (C) expression 

of HUVECs on before and after gamma sterilized PVA-F sample (data normalized to glass). 

n=5, * and ** denotes statistical significance using one-way ANOVA with p < 0.05 and p < 

0.01, respectively. Lagtime (D), Peak (E) and ETP (F) of real-time thrombin generation on 

non-treated and gamma sterilized samples (n=3).
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Figure 6. 
Ex-vivo shunt study. Platelet accumulation (A), fibrin accumulation (B) and average luminal 

patent area (C) data are displayed as mean ± SD for all samples. Collagen and ePTFE 

controls are shown for comparison but were not included in the statistical comparison due to 

low sample size. No significant differences were observed between the various PVA samples 

for the platelet (p=0.0523), fibrin (p=0.201 for the 1-way ANOVA), or patent area (p=0.109 

for the 1-way ANOVA) data.
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Figure 7. 
Implantation of ePTFE, PVAg, and PVA-Fg grafts. (A) Dimensions of implanted grafts. (B) 

Patency rate of ePTFE (n=4), PVAg (N=5), and PVA-Fg (n=5). (C) Representative images of 

ePTFE graft, PVAg graft, and PVA-Fg graft after implantation. Scale bar=1cm. (D) 

Representative ultrasound images of ePTFE, PVAg, and PVA-Fg grafts and flow velocity 

(peak systolic velocity) inside the grafts after 1-month implantation. (N.D. not determined)
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Figure 8. 
In-vivo endothelialization of PVA-Fg grafts. (A) Hematoxylin and eosin (H&E) staining of 

middle section of explanted vascular grafts. PVA-Fg showed a layer of cells on the luminal 

surfaces. Scale bar = 50 μm. (B) Immunofluorescence staining of the middle section of 

explanted vascular grafts. Arrows indicate luminal surfaces. Scale bar = 100 μm. CD31 

positive signals in PVA-Fg samples indicated the presence of endothelial cells. (C) 

Immunofluorescence staining of the middle section of explanted vascular grafts. Arrows 

indicate luminal surfaces. Scale bar = 100 μm. The eNOS positive signals indicated that the 

endothelial cells inside PVA-Fg samples expressed eNOS proteins.
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Figure 9. 
Proximal and distal anastomotic stenosis of ePTFE, PVAg, and PVA-Fg grafts. (A) 

Representative H&E staining images of patent ePTFE, occluded ePTFE, PVAg, and PVA-Fg 

grafts. IH indicates intimal hyperplasia. (B) Stenosis percentage of ePTFE, PVAg, and PVA-

Fg grafts at proximal anastomoses. (C) Stenosis percentage of ePTFE, PVAg, and PVA-Fg 

grafts at distal anastomoses. (Graft sections with missing pieces were not taken into 

calculation.) PVA-Fg grafts showed lower percentage of stenosis at both proximal and distal 

anastomosis than unmodified PVAg grafts. (D) ⍺-SMA staining of patent ePTFE, occluded 

ePTFE, PVAg and PVA-Fg grafts confirmed the presence of smooth muscle cells in the 

intimal hyperplasia. Scale bar=200 μm. (E) Ki67 staining of patent ePTFE, occluded ePTFE, 

PVAg and PVA-Fg grafts showed the presence of proliferating cells, but in a low density. 

Scale bar=50 μm.
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