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Abstract
Blood–biomaterial compatibility is essential for tissue repair especially for endovascular biomaterials where small-diameter 
vessel patency and endothelium formation is crucial. To address this issue, a composite biomaterial termed PFC fabricated 
from poly (glycerol sebacate), silk fibroin, and collagen was used to determine if functionalization with syndecan-4 (SYN4) 
would reduce thrombogenesis through the action of heparan sulfate. The material termed, PFC_SYN4, has structure and 
composition similar to native arterial tissue and has been reported to facilitate the binding and differentiation of endothelial 
colony-forming cells (ECFCs). In this study, the hemocompatibility of PFC_SYN4 was evaluated and compared with non-
functionalized PFC, electrospun collagen, ePTFE, and bovine pericardial patch (BPV). Ultrastructurally, platelets were less 
activated when cultured on PFC and PFC_SYN4 compared to collagen where extensive platelet degranulation was observed. 
Quantitatively, 31% and 44% fewer platelets adhered to PFC_SYN4 compared to non-functionalized PFC and collagen, 
respectively. Functionalization of PFC resulted in reduced levels of complement activation compared to PFC, collagen, 
and BPV. Whole blood clotting times indicated that PFC_SYN4 was less thrombogenic compared with PFC, collagen, and 
BPV. These results suggest that syndecan-4 functionalization of blood-contacting biomaterials provides a novel solution for 
generating a reduced thrombogenic surface.
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Introduction

Cardiovascular diseases (CVDs) remain the leading cause 
of death in the United States, resulting in the death of 1 
in 4 people [1, 2]. Atherosclerotic coronary artery disease 
(CAD) is the most common type of CVD, affecting over 18 
million adults [3]. The gold standard of treatment for CAD is 
Coronary Artery Bypass Grafting (CABG), which is widely 

performed to bypass the occluded region and improve blood 
flow.

There is an unmet clinical need for small-diameter 
(< 6 mm) vascular grafts in CABG procedures for CAD 
patients. Currently, autologous saphenous vein grafts 
(SVGs) are the most commonly used grafts for small-
diameter CABG surgery [4]. However, suitable vein grafts 
are not always available, and the harvesting procedure is 
invasive. More importantly, the failure of vein grafts in the 
long term due to compliance mismatch remains an unsolved 
problem. SVG occlusion rates are estimated to be ~ 50% 
within 10 years [5, 6]. The internal mammary artery (IMA) 
is the current gold standard conduit for CABG. The 10-year 
patency rate is around 90% [4]. However, donor site wound 
complications remain a major concern and suitable vessels 
are not always available, especially for elderly patients or 
patients with chronic diseases [7, 8]. While clinically availa-
ble expanded polytetrafluoroethylene (ePTFE, Teflon®) and 
polyethylene terephthalate (PET, Dacron®) grafts have been 
successfully used in large diameter arterial procedures, they 
have poor performance in small-diameter CABG surgery 
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[9]. Unlike native vessels, these grafts are rigid and lack 
elasticity. The mismatch in viscoelastic properties results in 
turbulent flow post-implantation, which ultimately causes 
serious complications such as thrombosis and stenosis. For 
pediatric patients, these non-degradable grafts lack growth 
and remodeling potential, so repetitive surgical interventions 
are often needed after implantation. The surface properties 
of these non-degradable materials are not suitable for cel-
lular adhesion and infiltration and the grafts become throm-
botic due to a lack of functional endothelium. The best treat-
ment option for each patient usually needs to be customized, 
which drives the development of new technologies [10].

Several types of decellularized grafts are commercially 
available including Artegraft®, Procol®, and CryoVein® 
[11]. However, the host immune response due to remaining 
graft cellular components as well as insufficient mechani-
cal strength limits the clinical use of these grafts [12]. To 
address the clinical need and prevent postoperative graft fail-
ure, biodegradable polymers have been used to fabricate vas-
cular grafts as alternatives to currently used synthetic grafts. 
Poly(glycerol sebacate) (PGS), polycaprolactone (PCL), 
and poly(l-lactic acid) (PLLA) are often used in composite 
biomaterials to create vascular tissue extracellular matrix 
mimetics [13–15]. Silkothane® is a commercialized elec-
trospun vascular graft composed of silk fibroin and polyure-
thane. The mechanical properties of Silkothane® grafts can 
be tuned by varying weight ratios of silk fibroin and polyure-
thane resulting in a Young’s modulus ranging between 4 and 
23 MPa [16]. It has been reported the grafts remained patent 
as evaluated by arteriovenous shunt in a sheep model for up 
to 90 days [17]. We have previously reported a viscoelastic 
vascular composite material composed of PGS, silk fibroin, 
and type I collagen, termed PFC [18]. The biomaterial is 
mechanically durable with structural and compositional 
similarities to native vascular tissue. It has been shown to 
be minimally thrombogenic, support endothelial cell growth, 
and withstand physiological pressure [18].

In order to promote long-term patency, surface function-
alization is usually necessary to reduce the thrombogenicity 
of prosthetic vascular grafts. Hemocompatibility is one of 
the most important surface properties for blood-contact-
ing biomaterials and determines the in vivo performance 
and long-term success of the engineered biomaterial after 
implantation [19]. Many surface modification strategies have 
been developed to promote biomaterial surface hemocom-
patibility and improve the long-term patency of the bioma-
terials after surgical implantation [20]. Heparin has been 
widely used as an active anticoagulant surface treatment to 
inhibit intrinsic thrombogenicity and improve the hemocom-
patibility [21]. However, heparin-modified surfaces are not 
the ideal solution for long-term use with major problems that 
include biocompatibility and burst release of heparin [22]. 
Nonspecific binding of plasma protein often occurs due to 

highly sulfated linear polysaccharides in heparin [23]. Unde-
sirable side effects such as increased risk of heparin-induced 
thrombocytopenia (HIT) remain a concern [24].

Syndecan-4 is a cell surface proteoglycan with three hep-
aran sulfate (HS) glycosaminoglycans having binding sites 
for a variety of cellular growth and signaling molecules. 
Syndecan-4 is naturally present in the endothelial glycoca-
lyx, which coordinates the interaction with anticoagulation 
molecules and maintains the non-thrombogenic property 
of the endothelium [25]. The molecular domain and spatial 
properties of syndecan-4 provide more variations in oligo-
saccharide sequences in HS compared with heparin [26]. 
The structural diversity of HS facilitates the specific inter-
actions between syndecan-4 and over 400 cellular signal-
ing molecules, including anticoagulant molecules, growth 
factors, and cell adhesion molecules [27]. HS chains facili-
tate the binding of ECM proteins, including fibronectin and 
plasma proteins such as antithrombin, critical for inhibiting 
several enzymes of the coagulation cascade [28–30]. Addi-
tionally, the specific binding sequences for various growth 
factors have been identified, including fibroblast growth 
factors (FGF), vascular endothelial growth factors (VEGF), 
and platelet-derived growth factors (PDGF) [31, 32]. In a 
previous study, we demonstrated syndecan-4 significantly 
enhanced the binding of growth factors to PFC and resulted 
in an increased capture of endothelial colony-forming cells 
(ECFCs) [33]. In a further study, we demonstrated synde-
can-4 functionalization of PFC promoted spreading and dif-
ferentiation of ECFCs [34].

The use of syndecan-4 can increase the binding specific-
ity and facilitate the interaction with various cell signaling 
molecules compared with heparin. This may create a unique 
solution and meet the need for in situ supply or delivery 
of these molecules, resulting in stabilization and protection 
from proteolytic degradation [35, 36]. Additionally, synde-
can-4 may not cause serious adverse effects such as HIT 
as seen in heparin-functionalized biomaterials. Thus, we 
hypothesize that the use of syndecan-4 for surface modi-
fication may provide a novel solution for creating hemo-
compatible biomaterials. The use of anticoagulant therapy 
and side effects may also be reduced by creating a more 
hemocompatible biomaterial surface [37]. We previously 
reported a preliminary study on platelet interaction with 
PFC and found platelets were less activated on PFC com-
pared with collagen [18]. In the current study, we conducted 
a comprehensive evaluation of the hemocompatibility of 
syndecan-4 functionalized PFC compared with PFC, colla-
gen, commercially available ePTFE, and bovine pericardial 
patch. The purpose of the current study was to functionalize 
a compliance-matched vascular graft material, PFC, with 
heparan sulfate containing syndecan-4 (PFC_SYN4) and 
demonstrate improvement in the non-thrombogenic property. 
The results of this study provide a potentially novel solution 
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in the creation of a hemocompatible vascular biomaterial to 
manage adverse thrombotic events.

Materials and Methods

Materials

Poly(glycerol sebacate) (PGS) prepolymer was synthesized 
from sebacic acid (Sigma-Aldrich) and glycerol (Fisher 
Scientific) using a published protocol [38]. Type I collagen 
was purchased commercially (Elastin Products Company, 
Inc). Silk fibroin was extracted from raw silk (Haian Silk 
Company, Nantong, China) according to published meth-
ods [39]. Recombinant human syndecan-4 was obtained 
commercially (R&D Systems). The human complement C3 
ELISA kit and the human complement C3a des Arg ELISA 
kit were purchased from Abcam. The lactate dehydrogenase 
(LDH) activity assay kit was purchased from Sigma-Aldrich. 
ePTFE vascular grafts were obtained from GORE-TEX® 
(Newark, Delaware). Bovine pericardial patch for valve 
replacement (BPV) was obtained from Edwards Lifesciences 
Corp. (Irvine, CA).

Scaffold Fabrication and Functionalization

A composite of poly(glycerol sebacate) (PGS), silk fibroin, 
and type I collagen was dissolved in 1,1,1,3,3,3-hexafluoro-
2-propanol (HFIP) (10% w/v ratio) (Sigma-Aldrich) at a 
mass ratio of 4.5:4.5:1. The polymer solution was stirred 
overnight and then loaded into a 5-ml syringe with an 
18-gauge blunt tip needle. Then a 25 kv voltage was applied 
to the needle tip and the solution was electrospun onto a 
metal collector at 2 ml/h using a syringe pump (Baxter, 
Model AS50). After electrospinning, the material was 
removed from the collector and incubated in an oven at 
120 °C for 48 h to polymerize the PGS component. The 
material was treated with 1.5% glutaraldehyde (Sigma-
Aldrich) vapor overnight and washed with 0.02 M glycine 
(Sigma-Aldrich) twice for 30 min to inactivate unreacted 
aldehydes as published previously [18]. The material, 
termed PFC, was functionalized with syndecan-4 using the 
two-step NHS/EDC method and termed PFC_SYN4 [40]. 
Briefly, PFC was incubated with 30 mM EDC (Thermo 
Scientific) and 6 mM NHS (Sigma-Aldrich) in MES buffer 
(0.1 M MES (4-Morpholineethanesulfonic acid) (Sigma-
Aldrich), 0.5 M NaCl (Fisher Scientific), pH 6.0) for 30 min 
at room temperature. After incubation, PFC was rinsed in 
MES buffer and incubated with syndecan-4 (0.8 µg/cm2 
PFC, as determined by the saturation curve based on Lang-
muir adsorption isotherm) in PBS for 2 h at 37 °C with 
agitation. The scaffolds were removed and rinsed with 
0.1 M  Na2HPO4 (Fisher Scientific) and PBS. The material 

fabrication and functionalization procedures of PFC are 
illustrated in Fig. 1A. The microarchitecture of PFC fibers 
(Fig. 1B) was compared with two commercially available 
endovascular materials, including bovine pericardial patch 
for valve replacement (Fig. 1C) and ePTFE for bypass sur-
gery (Fig. 1D). The presence of syndecan-4 on PFC was 
confirmed with ELISA. All materials were prepared as elec-
trospun mats of PFC, PFC_SYN4, or collagen for use in 
experiments.

Preparation of Blood Samples

Platelet-rich plasma (PRP) and platelet-poor plasma (PPP) 
were prepared by standard centrifugation protocols using cit-
rated fresh pig blood obtained from control pigs in another 
study. PRP was obtained by centrifuging whole blood at 
200×g for 20 min. PPP was obtained from the upper pale 
yellow liquid layer by centrifuging whole blood at 2000×g 
for 10 min.

Platelet–Material Interaction

Platelet activation on PFC, PFC_SYN4 and collagen eletro-
spun mats (N = 3) was evaluated by quantifying the number 
of adhered platelets and morphology. Materials were cut 
and fitted into a 96-well tissue culture plate for the follow-
ing experiment. 200 µl PRP was added to the materials and 
incubated at 37 °C for 30 min under static conditions. After 
incubation with PRP, the suspension was aspirated and each 
sample was rinsed with PBS for three times and fixed with 
2.5% glutaraldehyde in PBS. Then the samples were dehy-
drated using a series of ethanol solutions (50%, 60%, 75%, 
80%, 90%, 95%, 100%) and further dried using hexamethyl-
disilazane (HMDS) (Thermo Scientific), then coated with a 
thin layer of gold. The morphology of adhered platelets in 
each sample was evaluated using scanning electron micros-
copy (Zeiss Gemini SEM 300). The diameter of adhered 
platelets and the number of adhered platelets were quantified 
from SEM images (N = 24) using ImageJ.

In an additional experiment, PRP was added to PFC, 
PFC_SYN4, BPV, ePTFE, and collagen (N = 3) and incu-
bated for 1 h at 37 °C. BPV was used as a positive control 
and ePTFE was used as a negative control for the experi-
ment. The number of adhered platelets on the materials was 
measured using the Lactate Dehydrogenase Activity Assay 
Kit (Sigma-Aldrich) according to the manufacturer’s pro-
tocol. After incubation with PRP for 1 h, the suspension 
was aspirated from each well, and the non-adherent platelets 
were rinsed away by filling and aspirating the wells three 
times with PBS. The adherent platelets were lysed with 1% 
Triton X-100 and LDH activity was measured as a quantita-
tive evaluation of adhered platelets by recording the absorb-
ance at 340 nm.
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Factor XII Activation

Materials were cut and fitted into a 96-well tissue culture 
plate for the following experiment. 200 µl of PPP was added 
to PFC, PFC_SYN4, BPV, ePTFE, and collagen (N = 3) and 
incubated for 30 min at 37 °C. After incubation with PPP, 
factor XII activation on the material surface was measured 
by adding the material to 200 µl substrate solution (0.3 mM 
chromogenic substrate, S-2302, solution in 50 mM HEPES, 
120 mM NaCl) and incubated for 30 min. Factor XIIa activ-
ity was measured by the change in absorbance due to the 
amidolytic hydrolysis of the chromogenic substrate. The 
reaction was stopped with 20% acetic acid (Sigma-Aldrich) 
and the absorbance was measured at 405 nm.

Complement Activation

Materials were cut and fitted into a 96-well tissue culture 
plate for the following experiment. 200 µl plasma was incu-
bated with PFC, PFC_SYN4, BPV, ePTFE, and collagen 
(N = 3) at 37 °C for 30 min. Then the amount of Comple-
ment C3 and C3a in the plasma was quantified using the C3 
and Human Complement C3a des Arg ELISA Kit (Abcam) 
with proper dilution of the samples according to the manu-
facturer’s protocol.

Whole Blood Clotting

The thrombogenicity of the materials was evaluated using 
whole blood clotting time. PCL, PFC, PFC_SYN4, BPV, 
ePTFE, and collagen samples (N = 3) were cut and placed 
into 24-well tissue culture plates for the following experi-
ment. The materials were hydrated following an incuba-
tion in PBS for 30 min. Recalcified pig whole blood (0.1 M 
 CaCl2) was carefully added to the center of the hydrated 
materials at room temperature. 400 µl  ddH2O was added to 
each sample at the end of each incubation time and incu-
bated for 5 min to lyse the free red blood cells that were not 
trapped in a thrombus, thus releasing hemoglobin into the 
water for measurement. The supernatant was transferred to 
a 96-well plate and absorbance measured at 540 nm. The 
absorbance measurement of each sample was converted 
to percentage clotting by normalizing the absorbance with 
completely lysed whole blood samples (0% clotting) and 
 ddH2O (100% clotting).

Statistical Analysis

Group means adopted from pre-experiment or estimated 
from published studies and a power of 0.8 were used to 
calculate sample sizes. Statistical analyses were performed 

Fig. 1  A An illustrative diagram of electrospinning set up and mate-
rial fabrication and functionalization of PFC. B–D Representative 
scanning electron microscopy images of PFC (B) compared with 

commercially available endovascular materials, bovine pericardial 
patch (C) and ePTFE (D) at 1000×. (Scale bar = 100 µm)
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using GraphPad Prism software (version 9.2.0) using either 
a Student’s t-test or a one-way analysis of variance (one-
way ANOVA) depending on the study design. Results were 
presented as mean ± standard error of the mean for each 
experiment group. If the results were significant (P < 0.05), 
a Tukey’s post hoc test was conducted to separate significant 
differences in means.

Results

Platelet Interaction

The exposure of biomaterial to the blood can trigger the 
extrinsic coagulation pathway through the activation of 
platelets, which may lead to thrombotic events. An initial 
study was performed to see whether syndecan-4 function-
alization was effective in reducing platelets interaction with 
PFC. After 30-min incubation, the platelets appeared to 
be less activated on PFC and PFC_SYN4 compared with 
collagen as shown by SEM assessment in Fig. 2A. The 
morphology of the platelets on PFC and PFC_SYN4 was 
rounded with defined borders. No morphological signs of 
activation were observed. In contrast, many platelets adhered 

to electrospun collagen with signs of platelet activation 
such as spreading, degranulation, and aggregate formation. 
The average diameter of adhered platelets for PFC_SYN4 
(1.68 ± 0.1 µm) was significantly smaller (P < 0.01) com-
pared with collagen (2.00 ± 0.06 µm). There was no statisti-
cal difference between PFC_SYN4 (1.68 ± 0.1 µm) and PFC 
(1.85 ± 0.08 µm).

The number of adhered platelets quantified from SEM 
images also indicated less platelet interaction with both 
types of PFC. There was a significant difference (P < 0.01) 
in the number of adhered platelets between collagen and 
both types of PFC mats as shown in Fig. 3A (N = 24). Col-
lagen (47.7 ± 1.2) had significantly more adhered plate-
lets per 1000 µm2 than PFC (28.2 ± 1.2) and PFC_SYN4 
(29.9 ± 0.9).

To further examine and compare the level of platelet 
interaction on PFC and PFC_SYN4, lactate dehydrogenase 
activity was quantified and compared with ePTFE and BPV 
as shown in Fig. 2B. In this study, LDH level was a relative 
quantitative measurement of the amount of adhered platelets 
[41].

When the platelets were incubated with the materi-
als for a longer period of time (1-h incubation), less 
platelets were found to adhere to PFC_SYN4 compared 

Fig. 2  A SEM of platelet mor-
phology on electrospun mats 
at 50,000× (scale bar = 1 μm). 
PRP was incubated with the 
materials for 30 min. B, C 
Quantification of platelets 
adhered on materials. B After 
30-min incubation at 37 °C, the 
number of adhered platelets was 
quantified from SEM images. C 
After 1-h incubation at 37 °C, 
platelet adhesion was quanti-
fied using a lactate dehydroge-
nase (LDH) assay. (*P < 0.05, 
**P < 0.01)



 Y. Wu, W. D. Wagner 

1 3

to PFC (P < 0.05) and compared to collagen (P < 0.01). 
LDH activity on PFC_SYN4 (0.94 ± 0.19 nmol) was sig-
nificantly lower than PFC (1.37 ± 0.04 nmol) and collagen 
(1.69 ± 0.14 nmol). After incubation with PRP, collagen 
and BPV (1.54 ± 0.4 nmol) had the greatest number of 
adhered platelets. The least amount of adhered platelets 
was observed with ePTFE (0.75 ± 0.16 nmol) as expected. 
PFC functionalized with syndecan-4 had platelet adhesion 
similar to ePTFE.

Factor XII Analysis

The intrinsic blood coagulation pathway initiated by con-
tact activation is triggered by the interaction of plasma 
protein with an artificial biomaterial surface. The con-
tact activation leads to the conversion of factor XII to an 
active enzyme factor XIIa, which further interacts with a 
series of clotting factors in the coagulation cascade. The 
amount of factor XIIa is an indicator of intrinsic coagula-
tion pathway activation. In order to further characterize the 
activation of the intrinsic pathway, direct quantification of 
the catalytic activity of factor XIIa (the activated form of 
factor XII) was performed using a chromogenic substrate 
(S-2302). The chromogenic substrate can be broken down 
by factor XIIa and results in a change in absorbance. No 
significant difference between the groups was observed for 
factor XII activation as shown in Fig. 3, which indicated 
syndecan-4 functionalization of PFC did not activate the 
intrinsic blood coauglation pathway.

Complement Analysis

Overstimulation of the complement system may result in a 
variety of noninfectious disorders such as thrombotic, micro-
angiopathic, and cardiovascular graft rejection events. In 
response to the recognition of a biomaterial surface, a series 
of complement factors are activated in an enzyme cascade 
which leads to the generation of a C3 convertase. The C3 
convertase cleaves C3 into a small fragment C3a that pro-
motes inflammation and a large fragment C3b that acts as 
an opsonin. Thus, an increase in C3a amount indicates the 
activation of the complement system. Complement activa-
tion analysis on the materials is shown in Fig. 4A and B. 
The amount of C3a was significantly lower (P < 0.05) in 
PFC_SYN4, compared to PFC, collagen, and BPV which 
indicated a lower level of complement activation (Fig. 4B). 
In this study, PFC-SYN4 had C3a levels comparable to 
ePTFE and 45% lower compared to collagen and 40% lower 
compared to BPV.

Whole Blood Clotting Time

The kinetics of whole blood clotting was evaluated to deter-
mine the thrombogenicity of syndecan-4 functionalized 
PFC. Free red blood cells were lysed with distilled water at 
different time points to assess the extent of clotting. For the 
upper panel in Fig. 5,  ddH2O was added to each sample at 1, 
5, 10, 25, and 40 min. For the lower panel in Fig. 5,  ddH2O 
was added to each sample at 2, 4, 6, 12, and 40 min. Data 
from the upper and lower panels indicate that blood clotted 
instantly on collagen, while ePTFE showed a delayed blood 
clotting time. The clotting process occurred almost instantly 
for collagen, and at around 5 min of incubation time, the 
clotting extent was over 90%. ePTFE was the least thrombo-
genic with the longest incubation time required to reach 50% 
clotting. As shown in the upper panel, PFC, PFC_SYN4, 

Fig. 3  Factor XII activation analysis on the materials using a chromo-
genic substrate (S-2302). There was no statistical difference between 
the groups

Fig. 4  Complement activation on the materials. A shows C3 lev-
els and B  shows C3a levels. BPV and ePTFE were used as controls 
for the above experiments. (* indicated P < 0.05)
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and ePTFE reached less than 25% clotting while collagen 
reached 90% clotting after interacting with whole blood 
for 5 min. PCL, which is commonly used in vascular tis-
sue engineering, showed a thrombogenic tendency. Blood 
clotted upon contact with PCL within 2 min. Then the clot 
gradually grew and reached 100% clotting at 25 min, which 
was similar to collagen.

Whole blood clotting time analysis showed that PFC_
SYN4 was less thrombogenic compared with PFC, PCL, 
and collagen. Additionally, at early time points, from 1 to 
10 min as shown in the upper panel and from 2 to 6 min as 
shown in the lower panel, PFC_SYN4 had a delayed clotting 
profile compared with PFC (P < 0.05). The initial clotting 
profile is important since it is closely related to the perfor-
mance of the material after implantation. The results from 
the two experiments collectively showed that syndecan-4 
functionalization reduced the thrombogenicity of PFC. The 
results suggested the binding of antithrombogenic molecules 
through the interaction with syndecan-4 covalently linked to 
the material contribute to the improved hemocompatibility 
of PFC_SYN4.

Discussion

There have been ongoing advancements in developing hemo-
compatible biomaterials ever since blood-contacting medi-
cal implants have been used; however, thrombus formation 

continues to put the patient at risk. Surface hemocompat-
ibility is critical for the short- and long-term patency of 
any cardiovascular implant, graft, or vascular patch. Of key 
importance is to engineer biomaterials in a way to minimize 
inflammation and provide an interaction with blood cells and 
blood proteins without clot formation.

Heparin has been used to improve the hemocompatibility 
of vascular biomaterials but is not the ideal solution [21, 
22]. Compared with heparin, syndecan-4 used in the pre-
sent study has a molecular domain and structure similar to 
syndecan-4 present in native endothelial glycocalyx [25]. 
The endothelial cell glycocalyx is a viscoelastic layer that is 
located at the surface of the endothelium [42]. The glycoca-
lyx is in direct contact with the blood and mainly consists 
of proteoglycans and glycoproteins [43]. This hydrophilic 
layer serves as a physical barrier between endothelial cells 
and blood cells and maintains hemostasis. A variety of anti-
coagulation molecules (such as thrombomodulin, heparin 
cofactors, and antithrombin) have been shown to bind to 
specific domains in the glycocalyx [19].

The results of the current study demonstrate that func-
tionalization of a biomaterial, PFC, with syndecan-4 gener-
ates a hemocompatible and non-thrombogenic surface that 
may function, as the glycocalyx of the natural endothelium.

Previous studies in our laboratory have shown PFC to 
be an elastomeric composite material with compositional, 
structural, and mechanical similarities to coronary arteries 
[18]. PFC fabricated as small-diameter grafts had viscoe-
lastic properties and performed mechanically under physio-
logical flow and pressure [34]. In preliminary studies, it was 
demonstrated that platelets adhered to PFC fibers but were 
not activated compared to collagen fibers [18]. In the present 
study, functionalization of PFC with syndecan-4 resulted 
in a further reduction in platelet interaction. The involve-
ment of platelets as part of the extrinsic coagulation pathway 
is only one part of the blood coagulation pathway. In this 
study, the hemocompatibility of syndecan-4 functionalized 
PFC was examined by investigating other pathways of blood 
coagulation. Factor XII plays a primary role in initiation of 
the intrinsic pathway and is essential in surface-activated 
blood coagulation among the other coagulation factors [44]. 
No activation of extrinsic or the intrinsic blood coagulation 
pathway was induced by the functionalization of PFC.

In the present investigation, the complement system 
was evaluated based on potential interaction and regula-
tion by heparan sulfate of syndecan-4 as has been reported 
for heparin [45]. Complement system is closely linked to 
coagulation as a key immunomodulating response upon 
contacting with biomaterials. Complement C3 is essen-
tial for activating the complement system and its cleavage 
product C3a has been widely used for evaluating the influ-
ence of biomaterials on complement activation [46]. The 
results of the study clearly indicate a significant reduction 

Fig. 5  Two experiments of whole blood clotting analysis on PFC, 
PFC_SYN4, collagen, bovine pericardium valves, and ePTFE. The 
upper panel had PCL as an extra control group for comparison
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in complement C3a as a result of the presence of syn-
decan-4 on the biomaterial. PFC_SYN4 had lower levels 
of complement activation and reduced thrombogenicity 
compared with PFC as well as bovine pericardium widely 
used in cardiovascular surgery. PFC_SYN4 also had simi-
lar performance in terms of platelet interaction to com-
mercially available ePTFE grafts. Overall, the results of 
functionalization of PFC with syndecan-4 demonstrate the 
potential to regulate thrombus formation at several points 
in blood coagulation and complement activation path-
ways. These findings suggest that there is a clinical appli-
cability and benefit of using syndecan-4 to functionalize 
blood-contacting biomaterial implants. While not a part 
of the current study, it is possible that syndecan-4 func-
tionalization might improve the long-term performance 
of biomaterial implants in general through the interaction 
of heparan sulfate with the molecules critical in maintain-
ing hemostasis. For example, we previously reported that 
PFC_SYN4 facilitated the binding of stromal cell-derived 
factor-1alpha and promoted the specific binding and differ-
entiation of endothelial colony-forming cells, all processes 
that are critical in the formation of a non-thrombogenic 
endothelium [33, 34].

In this study, PFC_SYN4 had a lower activation level of 
extrinsic coagulation pathway compared to PFC and col-
lagen as indicated by the reduced extent of platelet activa-
tion and a lower number of adhered platelets. These results 
indicate the non-thrombogenic property of PFC was well 
maintained after syndecan-4 functionalization. While sig-
nificantly fewer platelets were bound to PFC_SYN4 based 
on morphometric findings, there was not total inhibition 
of platelet binding. Thus, the positive effect of any plate-
let products may be available but at reduced levels. The 
addition of syndecan-4 did not result in activation of the 
intrinsic pathway. The intrinsic pathway is triggered by 
the interaction of plasma protein with a biomaterial sur-
face. This contact activation leads to the conversion of 
factor XII to factor XIIa, which is the central member of 
a self-amplifying activation complex that potentiates the 
intrinsic coagulation pathway [47]. This may be a result 
due to the presence of PGS and silk fibroin component in 
the composite material. Potentially during electrospinning 
process, the use PGS and silk fibroin may have interfered 
with the binding sites on collagen for platelets and other 
proteins involved in the coagulation pathway, thus reduc-
ing the thrombogenicity of the PFC. More interestingly, 
PFC_SYN4 was less thrombogenic compared with PFC as 
measured by whole blood clotting time, which may work 
through the interaction of HS chains on syndecan-4 with 
the endogenous anticoagulation molecules in whole blood, 
such as antithrombin (AT). Previous studies have identified 
repeating sequences of specific pentasaccharides found HS 
with the ability to bind AT with high affinity [48, 49]. If 

this is the case, the surface density of syndecan-4 might 
be tuned and optimized to adjust the non-thrombogenicity 
of the material.

The surface property of biomaterial is closely related to 
the cell–material interaction and protein–material interac-
tion upon contact with blood. Promoting the hemocom-
patibility of biomaterials is crucial in clinical settings for 
many reasons. On the one hand, engineering biomaterial 
surfaces to improve hemocompatibility may reduce the use 
of anticoagulation drugs and adverse effects for patients. 
After surgical intervention, antiplatelet and anticoagula-
tion therapies are usually used to prevent blood clotting 
on the implants and systemic thromboembolic events. 
One or a combination of drugs is typically administered 
to the patients, such as triple therapy (warfarin, aspirin, 
and clopidogrel), which may prevent acute thrombosis and 
restenosis [50]. Additionally, to prevent coagulation, the 
patients may require a daily aspirin for the rest of their 
lives [51]. These therapies cause undesirable side effects 
and risks to patients, including acute severe bruising and 
hemorrhage [52]. On the other hand, generating a hemo-
compatible biomaterial surface may also reduce the risk 
of microthrombi accumulations in the circulatory system. 
The use of syndecan-4 to functionalize biomaterials may 
enable the development of a variety of blood-contacting 
cardiovascular implants and medical devices.

Conclusion

The hemocompatibility of PFC and PFC_SYN4 was evalu-
ated and compared with ePTFE, electrospun collagen, and 
BPV. Platelets adhered to but were not activated on PFC and 
PFC_SYN4 materials compared to collagen. The number 
of adhered platelets on PFC_SYN4 was similar to ePTFE 
and significantly less compared to PFC, collagen, and BPV. 
PFC_SYN4 had reduced thrombogenicity compared to PFC 
and collagen as evaluated by whole blood clotting times. 
Functionalization of PFC with syndecan-4 resulted in a bio-
material with significantly lower potential to activate com-
plement compared with PFC, collagen, and BPV. These find-
ings suggest PFC_SYN4 is a hemocompatible biomaterial to 
be used for fabricating native vascular tissue alternatives and 
improving postoperative graft patency. Ultimately, the use of 
syndecan-4 to functionalization of other types of biomateri-
als may be advantageous where regulation with blood and 
blood components is necessary.
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