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A B S T R A C T   

Implantable vascular devices are widely used in clinical treatments for various vascular diseases. However, 
current approved clinical implantable vascular devices generally have high failure rates primarily due to their 
surface lacking inherent functional endothelium. Here, inspired by the pathological mechanisms of vascular 
device failure and physiological functions of native endothelium, we developed a new generation of bioactive 
parylene (poly(p-xylylene))-based conformal coating to address these challenges of the vascular devices. This 
coating used a polyethylene glycol (PEG) linker to introduce an endothelial progenitor cell (EPC) specific binding 
ligand LXW7 (cGRGDdvc) onto the vascular devices for preventing platelet adhesion and selectively capturing 
endogenous EPCs. Also, we confirmed the long-term stability and function of this coating in human serum. Using 
two vascular disease-related large animal models, a porcine carotid artery interposition model and a porcine 
carotid artery-jugular vein arteriovenous graft model, we demonstrated that this coating enabled rapid gener
ation of self-renewable “living” endothelium on the blood contacting surface of the expanded polytetrafluoro
ethylene (ePTFE) grafts after implantation. We expect this easy-to-apply conformal coating will present a 
promising avenue to engineer surface properties of “off-the-shelf” implantable vascular devices for long-lasting 
performance in the clinical settings.   

1. Introduction 

As the incidence of vascular diseases continues to rise worldwide, 
there is a corresponding increase in the demand for treatment in
terventions, most of which require various implantable vascular devices 
[1]. Implantable vascular devices are currently widely used in clinical 
settings because they are relatively easy to apply and available 
off-the-shelf. However, they also have high failure rates due to throm
bosis and intimal hyperplasia [2–5]. To address these challenges of the 
implantable vascular devices, it is advisable to engineer the surface of 
the vascular devices directly targeting the pathological mechanisms and 
process of vascular device failure and mimicking the physiological 

functions of native endothelium. Platelet activation, aggregation and 
adhesion on the surface of the devices can happen quickly after the 
implantation of “foreign” vascular devices, which is the crucial cause for 
thrombosis [6,7]. Moreover, the native functional endothelium pro
duces hemostatic regulatory molecules and displays a variety of char
acteristics, such as anti-platelet adhesion, anti-inflammatory responses, 
and modulation of vascular tone, that are important to maintain normal 
vascular functions and suppress intimal hyperplasia [8–12]. However, 
most prosthetic vascular devices possess no regenerative potential and 
one of the major causes of their failure rate is the lack of a functional 
endothelium [13–15]. Thus, establishment of an engineered surface on 
the implantable vascular devices that could suppress platelet adhesion 
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and simultaneously promote rapid endothelialization to develop a 
healthy endothelium, holds the promise for preventing the implanted 
vascular devices from thrombosis and intimal hyperplasia. 

Currently, the approach of greatest interest for achieving rapid 
endothelialization on the surface of implantable vascular devices is to 
facilitate the adhesion of circulating endogenous endothelial progenitor 
cells (EPCs) and endothelial cells (ECs) [16–21]. During the process of 
tissue regeneration, integrins play the critical role in anchoring cells to 
the extracellular matrix (ECM) and regulating intracellular signals 
[22–27]. The utilization of ECM-derived functional sequences, such as 
the arginine-glycine-aspartic acid (RGD) peptide, to promote endothe
lialization of vascular devices has also been investigated [28]. Although 
the ECM-derived ligand RGD has shown capability of promoting EPC 
and EC binding [29], it also presented strong binding to platelets via 
integrin αIIbβ3 that is the main factor mediating platelet adhesion [30, 
31]. To develop the integrin-based specific EPC/EC binding ligand, we 
used One-Bead One-Compound (OBOC) high-throughput combinatorial 
screening technology and identified a ligand LXW7 which possesses high 
binding affinity to integrin αvβ3 but very low binding affinity to integrin 
αIIbβ3 [32]. We have demonstrated LXW7 showed stronger binding 
affinity to human EPCs and ECs derived from different tissue sources and 
species, but extremely weaker binding to platelets, compared with the 
conventional RGD peptide [32–37], indicating LXW7’s potential appli
cation in supporting specific EPC/EC binding. Furthermore, poly
ethylene glycol (PEG), a FDA-approved non-toxic, non-immunogenic, 
non-antigenic synthetic polymer [38], has been used for surface modi
fication of materials to prevent platelet adhesion [39,40]. PEG also can 
be used as a multifunctional linker to facilitate covalent conjugation of 
functional molecules to the device surface [41,42]. 

In addition, most of the current “clinical-grade” implantable vascular 
devices are chemically and biologically inert [43–45], which also makes 
stable and uniform surface modification of these materials technically 
challenging. Parylene, a variety of poly(p-xylylene) polymers, have been 
widely used as moisture and dielectric barriers to uniformly coat 
implantable medical devices due to their excellent mechanical flexibility 
and long-lasting in vivo adherence to the device surface [46–50]. Par
ylene can be conformally coated onto irregular substrates by a chemical 
vapor deposition (CVD) process and are chemically stable, nonbiode
gradable, and essentially substrate independent. The FDA has approved 
parylene as Class VI polymers for coating medical devices [51]. In this 
study, we developed a new generation of bioactive parylene-based 
conformal coating with a PEG linker to present LXW7 to simulta
neously suppress platelet adhesion at the acute stage, promote EPC 
binding at the early stage, and support rapid endothelialization at the 
late stage on the surface of implantable vascular devices to prevent 
thrombosis and neointimal hyperplasia. The overall strategy of this 
conformal coating was shown in Fig. 1A. We demonstrated that this 
conformal coating significantly inhibited platelet adhesion and 
improved EPC adhesion and proliferation on the surfaces of expanded 
polytetrafluoroethylene (ePTFE) vascular grafts, bare-metal stents, and 
valves. We further evaluated the function of the ePTFE grafts with this 
conformal coating in two vascular disease-related large animal models, a 
porcine carotid artery interposition model and a porcine carotid 
artery-jugular vein arteriovenous graft model and confirmed this 
conformal coating effectively enabled rapid generation of 
self-renewable “living” endothelium, suppressed thrombosis and intimal 
hyperplasia, and improved patency of ePTFE grafts. 

2. Materials and methods 

2.1. Cell culture and platelet isolation 

Human endothelial colony forming cells (ECFCs) were isolated from 
human umbilical cord blood as previously described [32–34]. The 
ECFCs were expanded and cultured in Endothelial Growth Medium-2 
(EGM-2, Lonza). ECFCs between P3 and P6 were used for all 

experiments. For platelet isolation, whole blood was collected from 
healthy human volunteers with informed consent by venipuncture 
following the approved UC Davis IRB protocol. Approximately 20 ml 
blood was collected into citrated glass vacutainers (BD Bioscience). The 
blood was then centrifuged for 20 min at 200×g at 25 ◦C to obtain 
platelet rich plasma (PRP), which is the top layer of the centrifuged 
blood. 

2.2. Parylene-PEG-LXW7 coating 

Parylene-PEG-LXW7 was successfully coated onto the ePTFE grafts 
with 6 mm inner diameter (Gore-Tex), bare-metal stents and valves 
(Medtronic Inc.) by the following steps. Firstly, parylene-A (Angene 
International Limited) was coated on the ePTFE grafts, stents and valves 
via a chemical vapor deposition (CVD) process in a PDS 2010 coater 
(SCS Specialty Coating Systems) as the previously described [52,53]. 
Briefly, the dimeric Parylene-A powder was sublimated to gas at 160 ◦C; 
pyrolised to form the gaseous monomer at 650 ◦C; and finally deposited 
on the graft surface as a polymer film at 25 ◦C. The uniformity of 
parylene-A coating was characterized by using ninhydrin analysis 
method that was employed to quantitatively detect amino groups. 
Briefly, the parylene-A coated ePTFE graft was immersed in 1.0 mol/L 
ninhydrin/ethanol solution for 1 min and followed by heating at 75 ◦C 
for 15 min in a water bath to accelerate the reaction between ninhydrin 
and amino groups. Coating thicknesses of parylene-A was measured on a 
simultaneously coated Si wafer by using a SE 801 spectroscopic ellips
ometer and a Dektak 3030 Surface Profilometer. Secondly, the 
azido-PEG12-NHS ester (BroadPharm) was covalently conjugated to the 
amino groups on the parylene-A. Lastly, the LXW7-DBCO (Fig. S1) was 
then conjugated to the azido groups via Cu-free click chemistry. The 
surface elemental composition was verified by using an Axis Nova x-ray 
photoelectron spectroscopy (XPS) system (Kratos Analytical) with 
monochromatic Al Kα X-Ray source. Amino Acid Analysis (AAA) was 
used to quantify the amount of LXW7 bonded onto the grafts. Samples 
were hydrolyzed by a solution of 6 M HCl with 1% of phenol at 110 ◦C 
for 24 h under vacuum into individual amino-acid residues. The indi
vidual amino acids were separated by ion-exchange chromatography, 
postcolumn derivatized by ninhydrin and measured by a Beckman 6300 
amino-acid analyzer (Beckman). 

2.3. Cytotoxicity test 

2 × 105 ECFCs with EGM-2 were seeded in the lower chamber of the 
transwell system (24-well plate, 8 μm, Corning) with or without PPL- 
ePTFE graft placed in the upper chamber. After incubating for 24 h, 
the viability of ECFCs was determined by using LIVE/DEAD® Viability/ 
Cytotoxicity Kit (Molecular Probes). Stained constructs were imaged 
using the Zeiss Observer Z1 microscope, and images further processed 
with ImageJ software. 

2.4. Tensile strength measurement 

The ePTFE grafts with different coatings were tested under tension at 
a rate of 5%/min on a mechanical testing apparatus (Instron) with a 
1000 N load cell until failure [54]. Ultimate tensile strength (UTS) was 
calculated from the load vs extension data based on initial sample ge
ometries. UTS was determined as the maximum stress of each sample’s 
stress strain curve. 

2.5. Contact angle measurement 

The captive bubble technique was used for contact angle measure
ment because the surfaces are constantly in contact with fluid media. 
The captive bubble contact angle measurements were taken at 22 ◦C 
using a video capture system (OCA 40, Data Physics Instruments GmbH, 
Filderstadt, Germany). One drop of water was dripped on the graft 
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Fig. 1. Construction and characterization of PPL-ePTFE grafts. (A) 
The overall schematic diagram showing the mechanism of action of 
the PPL-ePTFE grafts. (B) The general process of parylene-A coating 
using CVD which involves three major steps: sublimation in 
vaporizer, pyrolysis in paralysis furnace, and deposition in the 
coating chamber. (C) Ninhydrin reaction on the P-ePTFE grafts, 
confirming the presence of conformal primary amine groups on the 
surface of the ePTFE grafts after parylene-A coating. (D) The step- 
by-step process of the construction of PPL-ePTFE grafts. (E) XPS 
characterization of ePTFE grafts, P-ePTFE grafts, PP-ePTFE grafts, 
and PPL-ePTFE grafts. Nitrogen was identified on the P-ePTFE 
grafts, PP-ePTFE grafts, and the PPL-ePTFE grafts, but not on the 
ePTFE grafts.   
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surfaces. After a few seconds, the static contact angle near the three- 
phase line was measured. 

2.6. Platelet adhesion and activation 

Fresh PRP was seeded on the surface of ePTFE grafts, stents, and 
valves for 1 h at 37 ◦C. After 1 h of incubation, the PRP was removed, 
and the grafts, stents and valves were washed 3 times with PBS (Gibco), 
stained with Calcein-AM (Thermo Fisher Scientific). Samples were 
analyzed using a Zeiss Observer Z1 microscope. Quantification of images 
was performed using the ImageJ software (NIH). The platelets adhered 
on the grafts were determined by using a scanning electron microscopy 
(SEM, Quattro, Thermo Fisher Scientific). 

2.7. ECFC adhesion and proliferation 

ECFCs in EGM-2 medium were seeded on the ePTFE grafts, stents, 
and valves with different coatings at a density of 1 × 104 cells/cm2. For 
the cell adhesion test, after 0.5 h of incubation, the medium was aspi
rated, unattached cells were washed off 3 times with PBS. The adhered 
cells were stained with Calcein-AM and characterized using the Zeiss 
Observer Z1 microscope. The number of the adhered cells was quanti
fied using ImageJ software. For the cell proliferation test, after 1 h of 
incubation, new additional EGM-2 medium was added into the dishes, 
and the cells were subsequently cultured for 7 d. The cell viability was 
determined by using MTS assay (Promega) according to the instructions 
at day 1 and day 7. The amount of soluble formazan product produced 
by the reduction of MTS by metabolically active cells was measured at 
the 490 nm absorbance using the SpectraMax i3x Multi-Mode Detection 
Platform. 

2.8. Serum stability 

Parylene-PEG-LXW7 coated ePTFE grafts were incubated in human 
serum (Millipore) for 100 days at 37 ◦C. Serum was changed twice per 
week. At different time points, the parylene-PEG-LXW7 coated ePTFE 
grafts were taken out from the serum and washed with PBS 3 times, and 
the human ECFC adhesion assay was performed for the grafts. The 
number of cells adhered on the grafts was determined by using MTS 
assay. 

2.9. Activated partial thromboplastin time 

Blood was obtained from healthy volunteers by vena puncture and 
mixed with sodium citrate (0.3% final concentration). After centrifuging 
at 3500 rpm for 12 min, the supernatant (platelet poor plasma, PPP) was 
used for the following experiments. Activated partial thromboplastin 
time (APTT) is a simple and highly reliable measurement of the capacity 
of blood to coagulate through the intrinsic coagulation mechanism and 
the effect of the biomaterial on possible delay of the process. 100 μl PPP 
was pre-incubated with the ePTFE, P-ePTFE, PP-ePTFE or PPL-ePTFE 
grafts at 37 ◦C, then activated by addition of rabbit brain cephalin 
(Sigma). The samples were incubated at 37 ◦C for 5 min and then 
incubated with calcium chloride. Immediately, the time for initiation of 
clot formation, detected by using a steel hook. 

2.10. Prothrombin time 

Prothrombin time (PT) was measured to assess hylan-induced 
deferment or interdiction of the extrinsic coagulation pathway. 100 μl 
PPP was layered atop the ePTFE, P-ePTFE, PP-ePTFE or PPL-ePTFE 
grafts at 37 ◦C and supplemented with thromboplastin (Factor III, 
Sigma) containing Ca2+ was added to the PPP. The time taken for the 
onset of fibrin (clot) formation was detected using a steel hook. 

2.11. Hemolysis test 

Red blood cell (RBC) dispersions (the precipitation after whole blood 
centrifuge at 3000 rpm/min for 15 min) were incubated with ePTFE, P- 
ePTFE, PP-ePTFE or PPL-ePTFE grafts respectively at 37 ◦C for 1 h, then 
centrifuged at 2000 rpm/min for 5 min. A 100 mL aliquot of supernatant 
was taken for measurement at 545 nm using a microplate reader 
(EPOCH2, BioTek, Winooski, VT, USA). The hemolysis ratio (%) = DF- 
DP/DN-DP × 100. In this equation, DF, DN, and DP are the absorbance 
at 545 nm of the graft sample, distilled water (negative control), and 
saline (positive control), respectively. 

2.12. Porcine carotid artery interposition model 

All animal procedures were approved by the Institutional Animal 
Care and Use Committee at the University of California, Davis. Yorkshire 
pigs (60–70 kg) were purchased from the UC Davis hog barn facility. 
After standard anesthesia and under sterile conditions, the carotid artery 
of the pig was exposed by surgical cutdown with a 5–6 inch incision. 
Intravenous heparin was administered (150–300 IU/KG IV). Activated 
clotting times (ACT) was monitored by sampling 0.5 ml of blood from 
the IV catheter every 30 min. Successive doses of heparin were given if 
the ACT drops less than twice baseline. At all times, university policy on 
maximum blood draws was followed. Blood flow to the carotid artery of 
the pigs was occluded and a segment of the artery was removed and 
replaced with a 4-cm ePTFE graft with 6 mm inner diameter using 
standard end-to-end anastomosis techniques with 6-0 prolene. After 
graft placement, blood flow was restored, and hemostasis at the suture 
line was achieved by using gauze compression. The muscle and skin 
around the graft was then closed in a 2-layer fashion with absorbable 
sutures. No anticoagulants were used after implantation. At week 6 after 
graft implantation, angiography was performed to evaluate the patency 
of the grafts by using ISOVUE-370 (Iopamidol), a radiopaque contrast 
agent which contains iodine, a substance that absorbs x-rays. The pigs 
were then euthanized by an intravenous injection of pentobarbital (100 
mg/kg), and the grafts were explanted, rinsed with PBS for histological 
analysis. 

2.13. Porcine carotid artery-jugular vein arteriovenous graft model 

All animal procedures were approved by the Institutional Animal 
Care and Use Committee at the University of California, Davis. Yorkshire 
pigs (60–70 kg) were purchased from the UC Davis hog barn facility. 
After standard anesthesia and under sterile conditions, the carotid artery 
and jugular vein were exposed by surgical cutdown with a 5–6 inch 
incision. Intravenous heparin was administered (150–300 IU/KG IV). 
ACT was monitored as described above. Successive doses of heparin 
were given if the ACT drops less than twice baseline. Blood flow to both 
the carotid artery and the internal jugular vein was occluded and a 4-cm 
ePTFE graft with 6 mm inner diameter was placed between the two 
vessels using standard end-to-side anastomosis techniques with 6- 
0 prolene. After graft placement, blood flow was restored, and hemo
stasis at the suture line was achieved by using of gauze compression. The 
muscle and skin around the graft was then closed. No anticoagulants 
were used after implantation. At week 4 after graft implantation, angi
ography was performed to evaluate the patency of the grafts by using PE. 
The pigs were then euthanized by an intravenous injection of pento
barbital (100 mg/kg), and the vascular grafts were explanted for his
tological analysis. 

2.14. Histological analysis 

The explanted grafts were fixed with 10% formalin (Thermo Fisher 
Scientific). The luminal surface of the grafts was visualized by using 
scanning electron microscope. For the preparation of cross-sections, the 
grafts were dehydrated by 30% sucrose solution, and embedded in 
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Optimal Cutting Temperature (OCT) compound (Thermo Fisher Scien
tific). 10 μm sections were prepared. Hematoxylin and eosin (H&E) 
staining was performed to quantify the thickness of the thrombosis and 
intimal hyperplasia. Immunofluorescence staining with anti-CD31 
antibody (Abcam) and the relevant secondary antibodies (Life Tech
nologies) was performed to evaluate the endothelial coverage on the 
graft by en face staining of the luminal surface of the grafts. Images were 
captured using the Olympus IX81 microscope. The endothelial coverage 
rate was defined as the percentage (%) of the CD31+ portion in relation 
to the total surface area of the graft. Measurement and quantification of 
endothelial coverage rate on the grafts was performed using ImageJ and 
Prism. 

2.15. Statistical analysis 

All quantitative experiments were done in triplicate unless otherwise 
indicated. Numbers of biological replicates (n) and technical replicates 
are indicated in figure captions. GraphPad Prism was used for statistical 
analysis. Student’s two-tailed independent t-test was used to determine 
differences between two groups. Comparison of more than two groups 
were performed using one-way analysis of variance (ANOVA) followed 
by Tukey’s multiple comparisons. Grouped data were analyzed by two- 
way ANOVA followed by Tukey’s multiple comparisons. A p-value less 
than 0.05 indicates significant difference between samples in 
comparison. 

3. Results 

3.1. Construction and characterization of parylene-PEG-LXW7 coated 
ePTFE grafts 

Parylene-PEG-LXW7 (PPL) coating on clinical grade ePTFE grafts 
was completed in three steps. First, parylene-A, a polymer of p-xylene 
with primary amine groups (amino- [2,2]paracyclophane), was coated 
on the ePTFE surface to construct parylene-A coated ePTFE (P-ePTFE) 
graft using CVD to introduce amino groups onto the inert ePTFE surface 
(Fig. 1B, C, D). Second, an azide-containing PEG hydrophilic linker 
(azido-PEG12-NHS ester) was conjugated to the primary amine groups 
on the P-ePTFE via succinimidyl ester to construct parylene-PEG coated 
ePTFE (PP-ePTFE) graft (Fig. 1D). Finally, by using a LXW7 derivative, 
LXW7-DBCO that is LXW7 with a dibenzocyclooctyne group (Fig. S1), 
LXW7 was covalently ligated to the azide group of the PP-ePTFE surface 
via Cu-free click chemistry to construct parylene-PEG-LXW7 coated 
e-PTFE (PPL-ePTFE) graft (Fig. 1D). The parylene-A coated on the ePTFE 
graft surface was characterized by using the ninhydrin colorimetric 
assay for amine group detection, and the results showed that the 
P-ePTFE graft surface was uniformly purple, indicating that parylene-A 
was uniformly coated on the ePTFE graft surface (Fig. 1C). Coating 
thicknesses of parylene-A measured using ellipsometry and profilometry 
on a simultaneously coated Si wafer was about 110 nm (Fig. S2). The 
PPL coating on the ePTFE graft surface was evaluated step by step using 
XPS (Fig. 1E). On unmodified ePTFE graft surface, an obvious fluorin (F) 
peak was present, but no nitrogen peak. On the P-ePTFE graft surface, 
the fluorin peak disappeared, and the new nitrogen (N) peak was present 
around 400 eV, which indicating parylene-A was coated successfully 
onto the ePTFE surface. Subsequently, following PEG linker and LXW7 
conjugated to P-ePTFE graft surface, the N peak increased accordingly 
indicating the PEG linker and LXW7 were successfully conjugated onto 
the P-ePTFE graft surface. Overall, the XPS results qualitatively 
confirmed that the PPL coating was successfully conducted on clinical 
grade ePTFE grafts. Additionally, the AAA was performed to further 
quantify the LXW7 modified on the ePTFE grafts. The results showed the 
consistent LXW7 density on the proximal, middle, or distal portion of the 
LXW7 coated graft, which indicating the LXW7 coating was uniform 
along the graft lumen (Table 1). According to the AAA results, a very 
small amount of LXW7 molecules was modified on the graft surface 

(~40 nmol per cm2 of the graft surface and total ~180 nmol per graft), 
which would have minimal impact on other organs. To further confirm 
the cytotoxicity of the PPL coating, we evaluated the toxicity of the PPL 
coating on ECFCs. The results showed no significant difference between 
the ECFCs incubated with or without PPL-ePTFE grafts, which indicated 
that the PPL coating did not cause any toxicity to the cells (Fig. S3). To 
evaluate the effect of the PPL coating on the physical properties of the 
ePTFE graft, tensile strength was measured, and we found no significant 
difference between the ePTFE grafts, P-ePTFE grafts, PP-ePTFE grafts 
and PPL-ePTFE grafts (Fig. S4). The contact angle measurement was 
performed to determine the changes in wettability of the prepared graft 
surfaces. The results showed the contact angles of PP-ePTFE and 
PPL-ePTFE grafts was significantly decreased compared to the contact 
angles of ePTFE and P-ePTFE grafts (Fig. S5). Furthermore, PT, APTT, 
and hemolysis tests were performed to evaluate the PPL coating. The 
results showed no significant difference between the different groups 
(Figs. S6 and S7), which indicating the PPL coating processing designed 
in this study has no effect on the blood coagulation and destruction of 
red blood cells. 

3.2. PPL coating suppresses adhesion and activation of platelets and 
improves adhesion and proliferation of EPC on ePTFE grafts 

The overall scheme of the function of the PPL-ePTFE grafts on 
platelet adhesion, EPC adhesion and proliferation was shown in Fig. 2A. 
The results showed PP-ePTFE and PPL-ePTFE grafts significantly 
reduced the platelet adhesion compared to the ePTFE and P-ePTFE 
grafts, and no significant difference was noticed between the PP-ePTFE 
grafts and PPL-ePTFE grafts (Fig. 2B and C), which demonstrated the 
PEG modification included in the PPL coating suppressed the platelet 
adhesion on ePTFE grafts, and the LXW7 modification included in the 
PPL coating did not increase additional platelet adhesion on the grafts. 
In addition, the representative SEM images of the platelets adhered on 
the surfaces, are shown in Fig. S8. On the ePTFE and P-ePTFE graft 
surfaces, the spread morphology of the activated platelets can be clearly 
observed. In contrast, on the PP-ePTFE and PPL-ePTFE graft surfaces, 
and the morphology of the adhered platelets indicated the resting and 
round shape. Human ECFCs, are also often referred to as outgrowth 
endothelial cells (OECs) and a subtype of EPCs, were used to evaluate 
the EPC adhesion and proliferation on different grafts [55]. The results 
showed that the PPL-ePTFE grafts significantly improved ECFC adhesion 
(Fig. 2B, D) and proliferation (Fig. 2E and F) compared to the ePTFE, 
P-ePTFE, PP-ePTFE grafts. To further evaluate whether PPL coating was 
also applicable to other vascular devices, same PPL coating procedure 
was applied onto the surfaces of clinical grade bare-metal stents and 
valves, and the platelet adhesion, ECFC adhesion and proliferation were 
evaluated on the stents and valves: parylene-A coated stents and valves 
(P-stent and P-valve), parylene-PEG coated stents and valves (PP-stent 
and PP-valve) and parylene-PEG-LXW7 coated stents and valves 
(PPL-stent and PPL-valve). PP-stents and PPL-stents significantly 
reduced the platelet adhesion compared to the unmodified stents and 
P-stents, and no significant difference was seen between the PP-stents 
and PPL-stents. The PPL-stents significantly improved ECFC adhesion 
and proliferation compared to the unmodified stents, P-stents, PP-stents 

Table 1 
AAA of ePTFE grafts conjugated with LXW7 (cGRGDdvc).  

Amino 
acids 

Proximal (nmol/ 
cm2) 

Middle (nmol/cm2) Distal (nmol/cm2) 

Uncoated LXW7 Uncoated LXW7 Uncoated LXW7 

Asp 0.000 83.822 0.000 83.776 0.000 83.961 
Gly 0.000 84.893 0.000 84.683 0.000 84.882 
Val 0.000 42.241 0.000 42.166 0.000 42.221 
Lys 0.000 42.582 0.000 41.883 0.000 42.353 
Arg 0.000 42.596 0.000 42.231 0.000 42.673  
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(Fig. S9). PP-valves and PPL-valves significantly reduced the platelet 
adhesion compared to the unmodified valves and P-valves, and no sig
nificant difference was found between the PP-valves and PPL-valves. 
The PPL-valves significantly improved ECFC adhesion and prolifera
tion compared to the unmodified valves, P-valves, PP-valves (Fig. S10). 
The results were consistent with the PPL coating on ePTFE grafts. These 
results indicate that the PPL coating holds the promise for suppressing 
platelet adhesion and promoting EPC adhesion and proliferation on 
various prosthetic vascular devices. 

3.3. PPL coating maintains long-term functionality in human serum 

To evaluate the long-term functionality of PPL coating in serum, the 
PPL-ePTFE grafts were incubated in the human serum for 100 days, and 
ECFC adhesion on the grafts was tested at different time points. The 
results showed that there was no significant decrease of ECFC adhesion 
for 100 days (Fig. 2G), suggesting that the PPL coating can maintain 
long-term stability and function in the human serum. 

3.4. PPL-ePTFE grafts suppress platelet aggregation, thrombosis and 
intimal hyperplasia and promote rapid endothelialization and patency in 
the porcine carotid artery interposition model 

The ePTFE grafts (n = 5) and PPL-ePTFE grafts (n = 5) were 
implanted into 10 pigs right carotid artery as an interposition graft in 
each pig (Fig. 3A) for 6 weeks. All the surgery was completed in UC 
Davis large animal facility. After surgery, all the pigs received standard 
animal care in UC Davis large animal facility and remained survival till 6 
weeks. No signs of infection or illness was seen in any of the animals. The 
grafts were explanted at week 6 after implantation, and the patency of 
the grafts was determined using angiography. The results showed all the 
ePTFE grafts and PPL-ePTFE grafts were patent (Fig. 3B and C). The 
ePTFE grafts and PPL-ePTFE grafts were cut longitudinally open and the 
macroscopical images of the luminal surface showed that the PPL-ePTFE 
grafts presented almost no thrombosis, but visible thrombosis occurred 
on luminal surface of the ePTFE grafts (Fig. 3D). We observed some scar 
tissue formation surrounding the outside of the implanted grafts, but the 
scar formation did not seem to have affected the inner surface of the 
grafts. The explanted grafts were cut into 3 segments: proximal section, 
middle section, and distal section. Histological analysis of the cross 
sections of the different sections was performed to further evaluate the 
explanted grafts. The H&E staining results confirmed the ePTFE grafts 
with visible thrombosis and intimal hyperplasia (Fig. 3E). Graft patency 
area, which is defined as percentage (%) the luminal areas of the grafts 
without thrombosis or neointimal hyperplasia, was measured and 
quantified on the 3 different segments of all the 5 ePTFE grafts and 5 
PPL-ePTFE grafts from the 10 pigs. The results confirmed that the PPL 
grafts possessed significantly higher patency area compared to the 
ePTFE grafts (Fig. 3F). The luminal surfaces of the explanted grafts were 
further analyzed by using SEM at three different positions (Fig. 3G): near 
anastomosis site (a), the graft midpoint (c), and a site between the 
anastomosis site and graft midpoint (b). The results showed visible 
platelet adhesion and aggregation (white arrows) and red cell clumps on 
the luminal surface of ePTFE grafts, whereas only rare single platelets 
were observed on the luminal surface of PPL-ePTFE grafts, demon
strating the PPL-ePTFE graft surface possesses the ability to inhibit 
platelet adhesion and aggregation (Fig. 3G). On the other hand, the 
luminal surfaces of PPL-ePTFE grafts showed confluent and uniform 

cellular coverage (red arrows), while almost no cell coverage on the 
luminal surfaces of ePTFE grafts (Fig. 3G). To further characterize the 
phenotype of cell coverage on the luminal surfaces of grafts, the luminal 
surfaces of the explanted grafts was evaluated by immunofluorescence 
staining with anti-CD31 antibody. The en face staining of luminal surface 
of the grafts confirmed CD31+ EC coverage on a large proportion of the 
luminal surface of the PPL-ePTFE grafts, whereas only rare CD31+ ECs 
were observed on the luminal surface of the ePTFE grafts (Fig. 3H). High 
magnification images of the en face staining showed mature confluent 
endothelial layer on the luminal surface of the PPL-ePTFE grafts, 
whereas only rare random EC adhesion on the luminal surface of the 
ePTFE grafts was found (Fig. 3H). Quantification of the endothelial 
coverage rate of the luminal surface of the grafts showed significant 
higher endothelial coverage area on the luminal surfaces of the PPL- 
ePTFE grafts, compared to the ePTFE grafts (Fig. 3I). These results 
demonstrate the PPL-ePTFE grafts possess remarkable capability in 
resisting platelet adhesion and aggregation, preventing thrombosis and 
intimal hyperplasia, and promoting endothelialization in the porcine 
carotid artery interposition model (Fig. 3J). 

3.5. PPL-ePTFE grafts suppress platelet aggregation, thrombosis and 
intimal hyperplasia and promote rapid endothelialization and patency in 
the porcine carotid artery-jugular vein arteriovenous graft model 

The ePTFE grafts (n = 5) and PPL-ePTFE grafts (n = 5) were 
implanted between the carotid artery and the internal jugular vein of 10 
pigs (Fig. 4A) for 4 weeks. All the surgeries were completed in UC Davis 
large animal facility. After surgery, all the pigs received standard animal 
care in UC Davis large animal facility and remained survival till 4 weeks. 
No signs of infection or illness was seen in any of the animals. The grafts 
were explanted at week 4 after implantation, and the patency of the 
grafts was determined using angiography. All the 5 PPL-ePTFE grafts 
were patent (100%), whereas only 3 of the 5 ePTFE grafts were patent 
(60%) (Fig. 4B and C). The explanted graft-venous anastomosis was cut 
along the two dotted lines shown in Fig. 4D to produce cross-sections for 
histologic analysis. The representative macroscopical images of the 
patent ePTFE grafts and PPL-ePTFE grafts showed a mass of thrombosis 
on the luminal surface of the ePTFE grafts, and only a few areas were 
covered with thrombosis on the luminal surface of the PPL-ePTFE graft 
(Fig. 4E). We observed some scar tissue formation surrounding the 
outside of the implanted grafts, but the scar formation did not seem to 
have affected the inner surface of the grafts. The H&E staining (Fig. 4F) 
of the cross-sections showed significant lower of thrombosis (Fig. 4G) 
and intimal hyperplasia (Fig. 4H) at the graft-venous anastomosis of the 
PPL-ePTFE grafts, compared to the ePTFE grafts. The area of thrombosis 
and neointimal hyperplasia was measured on the H&E images using 
ImageJ and quantified on the 3 patent ePTFE grafts and 5 patent PPL- 
ePTFE grafts. The luminal surfaces of the explanted grafts were 
analyzed by using SEM to determine the morphology at three different 
positions of the implanted graft (Fig. 5A). The luminal surface of ePTFE 
graft showed obvious platelet adhesion and aggregation (white arrows) 
and red cell clumps, whereas only rare single platelets were observed on 
the PPL-ePTFE grafts (Fig. 5A). On the other hand, the luminal surfaces 
of PPL-ePTFE grafts showed confluent and uniform cell coverage (red 
arrows), while almost no cell coverage was seen on the luminal surfaces 
of ePTFE grafts (Fig. 5A). To further analyze the cell coverage and 
phenotype on the luminal surface of grafts, the luminal surface of the 
explanted grafts was evaluated by immunofluorescence staining with 

Fig. 2. The functionality and long-term serum stability of PPL-ePTFE grafts for platelet adhesion, and EPC adhesion and proliferation. (A) The overall scheme of the 
functions of PPL-ePTFE grafts on platelet adhesion, EPC adhesion and proliferation. (B) Adhesion of Calcein-AM stained platelets on ePTFE, P-ePTFE, PP-ePTFE and 
PPL-ePTFE grafts. Scale bar = 10 μm. Adhesion of GFP labelled ECFCs on ePTFE, P-ePTFE, PP-ePTFE and PPL-ePTFE grafts. Scale bar = 50 μm. (C) Quantification of 
platelet adhesion on the surface of different grafts. (D) Quantification of ECFC adhesion on the surface of different grafts. (E) Quantification of ECFC proliferation on 
the surface of different grafts on day 1 and day 7 after seeding. (F) Quantification of ECFC proliferation rate from day 1 to day 7 (day 7/day 1) on different grafts. (G) 
Stability and functionality of PPL coating in human serum for 100 days, characterized by ECFC adhesion on the PPL-ePTFE grafts. Data were expressed as mean ±
standard deviation: *p < 0.05, **p < 0.01 (n = 6). 
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Fig. 3. Evaluation of the functions of PPL-ePTFE grafts in the 
porcine carotid artery interposition model after 6 weeks of 
implantation. (A) An representative intraoperative macro
scopical image of the implanted graft showed no bleeding 
and leakage. (B) Angiography images of the ePTFE graft and 
patent PPL-ePTFE graft at week 6 after implantation. The red 
arrows indicate the positions of the implanted grafts. The 
white arrows indicate the catheter used for the contrast agent 
injection. Scale bar = 2 cm. (C) The patency rates of the 
ePTFE grafts and PPL-ePTFE grafts. (D) Representative 
macroscopical images of the luminal surface of the explanted 
ePTFE grafts and PPL-ePTFE grafts. Scale bar = 1 cm. (E) 
H&E staining of the cross-section at the middle portion of the 
explanted ePTFE grafts and PPL-ePTFE grafts. Blue star in
dicates the thrombosis, and the green star indicates the 
neointimal hyperplasia. Scale bar = 2 mm. (F) Quantification 
of the patency area of the explanted ePTFE grafts and PPL- 
ePTFE grafts. Data were expressed as mean ± standard de
viation: *p < 0.05 (n = 5). (G) SEM images of the luminal 
surfaces of the explanted grafts after 6 weeks of implantation. 
Images at low magnification showed the general appearance 
of the luminal surfaces of the grafts. Scale bar = 3 mm. Im
ages of a, b, and c with high magnification correspond to the 
three white boxed areas from the low magnification images. 
White arrows indicate the platelet adhesion and aggregation, 
and the red arrows indicate the cell coverage. Scale bar = 5 
μm. (H) En face immunofluorescence staining of luminal 
surface of the explanted ePTFE grafts and PPL-ePTFE grafts. 
Green for CD31 immunostaining, and the blue for the nuclear 
staining (DAPI). Scale bar = 200 μm. Representative images 
at low magnification (a, b) showed EC coverage of the 
luminal surface of the grafts, and images at high magnifica
tion (c, d) showed the morphology of the cells on the luminal 
surface. Scale bar = 10 μm. (I) Quantification of endothelial 
coverage area of the ePTFE grafts and PPL-ePTFE grafts. Data 
were expressed as mean ± standard deviation: *p < 0.05 (n 
= 5). (J) The mechanism of action of the PPL conformal 
coating to promote endothelization and suppress platelet 
aggregation, thrombosis, and intimal hyperplasia.   
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CD31 antibody. The en face staining of the luminal surface of the grafts 
showed CD31+ EC coverage on a large proportion of the PPL-ePTFE 
graft, whereas only minimal endothelial coverage was observed on the 
luminal surface of the ePTFE graft (Fig. 5B). The high magnification 
images showed the mature endothelial cell morphology with typical 
endothelial tight junctions, whereas only rare random EC adhesion was 

seen on the luminal surface of the ePTFE graft (Fig. 5B). The quantifi
cation results showed significant higher of endothelial coverage on the 
luminal surfaces of the PPL-ePTFE grafts compared to the ePTFE grafts 
(Fig. 5C). These results obtained from the porcine carotid artery-jugular 
vein arteriovenous graft model were consistent with that from the 
porcine carotid artery interposition model, further demonstrating the 

Fig. 4. The PPL-ePTFE grafts improve patency, suppress thrombosis and neointimal hyperplasia in the porcine carotid artery-jugular vein arteriovenous graft model 
after 4 weeks of implantation. (A) A representative macroscopical image showed that implanted grafts had no bleeding and leakage. (B) Angiography images of the 
occluded ePTFE graft and patent PPL-ePTFE graft. The red arrows indicate the positions of the implanted grafts. The white arrows indicate the catheter used for the 
contrast agent injection. Scale bar = 2 cm. (C) The patency rates of the ePTFE grafts and the PPL-ePTFE grafts. (D) Schematic diagram of the graft-vein anastomosis. 
The graft-venous anastomosis was cut along the two dotted lines to produce cross-sections for histologic analysis. (E) Representative macroscopical images of the 
explanted patent ePTFE graft and PPL-ePTFE graft. Scale bar = 3 mm. (F) H&E staining of cross-section of the explanted patent ePTFE graft and PPL-ePTFE graft. Blue 
stars indicate the thrombosis, and the green stars indicate the neointimal hyperplasia. Scale bar = 2 mm. (G) Quantitation of the thrombosis area of the patent ePTFE 
grafts and PPL-ePTFE grafts. (H) Quantitation of the neointimal hyperplasia area of the patent ePTFE grafts and PPL-ePTFE grafts. Data were expressed as mean ±
standard deviation: *p < 0.05, **p < 0.01 (n = 3 for patent ePTFE grafts, and n = 5 for patent PPL-ePTFE grafts). 
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prominent regenerative capacity of the PPL-ePTFE grafts in platelet 
resistance, rapid endothelialization and prevention of thrombosis and 
intimal hyperplasia. 

4. Discussion 

The bioactive parylene-based conformal coating (PPL coating) 

developed in this study covalently presenting an antifouling PEG linker 
[56] and an integrin-based ligand LXW7 with high binding affinity and 
specificity to EPCs [32,33] shed a light to conquer the current challenges 
of prosthetic vascular devices in clinical applications. Specifically, 
because of the antifouling PEG linker, the coating suppressed platelet 
adhesion on the surface of the vascular devices for preventing the 
early-stage thrombosis before the endothelialization. The PEG linker 

Fig. 5. The PPL-ePTFE grafts promote rapid endothelialization and suppress platelet aggregation in the porcine carotid artery-jugular vein arteriovenous graft model 
after 4 weeks of implantation. (A) SEM images for the luminal surfaces of the explanted grafts after 4 weeks of implantation. Images at low magnification showed the 
general appearance of the luminal surfaces of grafts. Scale bar = 3 mm. Images of (a), (b), and (c) with high magnification correspond to the three boxed areas from 
the low magnification image. White arrows indicate the platelet adhesion and aggregation, and the red arrows indicate the cell coverage. Scale bar = 5 μm. (B) En 
face immunofluorescence staining of longitudinal sections of ePTFE grafts and PPL-ePTFE grafts. Green for CD31 immunostaining, and the blue for the nuclear 
staining (DAPI). Scar bar = 200 μm. Images at low magnification (a, b) showed the EC coverage. Images at high magnification (c, d) showed the mature confluent 
endothelial layer. Scale bar = 10 μm. (C) Quantification of endothelial coverage area of the ePTFE grafts and PPL-ePTFE grafts. Data were expressed as mean ±
standard deviation: **p < 0.01 (n = 3 for patent ePTFE grafts, and n = 5 for patent PPL-ePTFE grafts). 
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also could provide better malleability and more space for LXW7 to 
efficiently capture circulating EPCs to achieve rapid endothelialization. 
Because of the integrin-based ligand LXW7, the coating possessed bio
logical resemblance to native ECM and promoted EPC adhesion and 
proliferation on the prosthetic vascular devices. Overall, at the early 
stage, we expected that the LXW7 preferentially and specifically recruit 
EPCs compared to platelets and other types of cells for rapids endothe
lization. Additionally, the PEG-based molecule, an agent for the inhi
bition of surface interactions of blood mononuclear cells and platelets 
[57], was included in the surface modification of the ePTFE graft, which 
also contributed to reduce the adhesion of platelet and other types of 
cells at the early stage. At the late stage, the newly formed endothelium 
will further suppress the adhesion and aggregation of platelets and other 
types of cells. LXW7 has several advantages over other functional mol
ecules previously investigated to modify the prosthetic vascular devices. 

Compared to biomacromolecules, such as CD34 antibodies, that have 
been used to modify prosthetic vascular devices and tested in clinical 
trials [58–60], LXW7 is a small integrin-based peptide ligand, which 
possesses better stability and EPC/EC binding specificity in vivo. In 
Fig. 2G, we revealed LXW7 maintained its function for EPC adhesion for 
at least 100 days in human serum. Compared to the similar 
integrin-based ligand RGD peptide [28,61], LXW7 showed higher 
binding specificity and stronger binding affinity to human primary EPCs 
and different types of ECs and weaker binding to platelets [32]. More
over, compared to other approaches for presenting functional molecules 
onto the surface of prosthetic vascular devices [62,63], parylene-based 
coating is a FDA-approved, stable and conformal coating approach. In 
Fig. 1C, we demonstrated this parylene-based coating could form a 
uniformly distributed foundational layer on the surface of the ePTFE 
grafts, which will ensure the LXW7 ligand will be evenly distributed on 
the surface of the prosthetic vascular devices for consistently capturing 
EPCs/ECs to achieve confluent endothelial coverage on the prosthetic 
vascular devices. In Fig. 2G, we revealed that this parylene-based 
coating could be stable in the human serum for at least 100 days. 
Furthermore, in Fig. 2 and Fig. S9 and Fig. S10, this PPL coating has been 
demonstrated to be successfully applied to various clinical vascular 
devices, such as ePTFE grafts, bare-metal stents, and valves, and showed 
their function in suppressing platelet adhesion and promoting EPC 
adhesion and proliferation. 

Porcine models have been used as representative models for pre
clinical studies of vascular diseases because of their analogous vascular 
anatomy, physiology and size with human [64–67]. Based on the current 
clinical needs for the vascular diseases, we established two clinical 
disease-related models in pigs to evaluate the function of this coating. 
One is the carotid artery interposition model, a model for blood vessel 
bypass and replacement, which is the common treatment approach for a 
large population of patients with various vascular diseases, such as 
atherosclerosis, restenosis, and aneurysms. The other model is the ca
rotid artery-jugular vein arteriovenous graft model, which is related to 
the essential treatment approach for patients with end-stage renal dis
ease who are on chronic hemodialysis. In these two porcine models, the 
PPL-ePTFE grafts designed in this study significantly suppressed platelet 
aggregation, thrombosis and neointimal hyperplasia and improved 
rapid endothelialization and patency, compared to the unmodified 
conventional ePTFE grafts. Remarkably, at week 4 after implantation in 
the carotid artery-internal jugular vein arteriovenous graft model, the 
PPL-ePTFEs grafts achieved 100% patency rate, compared to the liter
ature reported 73% patency rate of the CD34 antibody coated ePTFE 
grafts [60]. Furthermore, in Figs. 3G and 5A, the SEM results showed the 
cells adhered and spread on the luminal surface of the PPL-ePTFE grafts 
confluently and uniformly, which is crucial for tissue remodeling and 
development, including vascular development [68]. In Figs. 3H and 5B, 
the en face immunofluorescence staining results showed mature 
confluent endothelial cells on the luminal surface of the PPL-ePTFE 
graft, which is the symbol of mature endothelium and essential to 
maintain long-term vascular homeostasis [69]. In this study, we did not 

include other irrelevant peptides or LXW7 antagonists as controls. Since 
large animal studies are technically challenging and financially inhibi
tive, in this first large animal study, we focused on evaluating the 
function of LXW7 in two clinically relevant disease conditions in the 
translational porcine models. Also, in our previous study, we have 
compared the functions of LXW7 to the conventional integrin ligand 
GRGD peptide and confirmed that LXW7 has stronger binding affinity to 
primary EPCs/ECs but weaker binding to platelets. In our future studies, 
we are planning to include the GRGD peptide and a scrambled peptide as 
controls. 

5. Conclusion 

This bioactive parylene-based conformal coating will prove to be a 
major advancement in a variety of areas. It will provide an easy-to-use 
solution to the issue of lack of functional “living” endothelium on the 
prosthetic vascular device surface. This coating can be applied to 
existing medical vascular devices and does not change current clinical 
practice regarding surgical implantation. This coating would not only 
benefit patients and hospitals from a healthcare perspective, but also a 
financial one. Development of a surface conformal coating that increases 
the long-term performance of vascular devices will in turn lower 
healthcare costs associated with the vascular device failure or mal
function. Furthermore, the device developed from this project will have 
significant impact on the methods and technologies for the treatment of 
vascular diseases. Providing a durable vascular graft with long-term 
patency and endothelium self-regeneration will allow reliable access 
to life-saving hemodialysis for patients with renal failure and a durable 
solution to revascularization for patients with numerous vascular dis
eases. Our work could also lead to improved treatments for chronic 
vascular diseases such as coronary artery disease and peripheral artery 
disease, which may otherwise result in death from ischemic cardiomy
opathy, the need for heart transplantation, and limb loss. Although the 
focus of the current study is on vascular grafts, the same surface coating 
can be easily applied to a wide range of vascular and endovascular de
vices, including stents, cardiac valves, ports, and catheters. This bioac
tive parylene-based conformal coating could also provide a platform for 
loading various biologics, such as drugs, extracellular vesicles, and 
biological molecules, onto the surface of the medical devices to improve 
their regenerative potentials. 
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