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Abstract: - Although substantial progress has been made in the design of biomaterial-based electrospun tissue-
engineered scaffolds, thrombosis continues to limit the performance of small-diameter vascular grafts. In
response to this challenge, increasing attention has been directed toward graft designs that incorporate
antithrombotic functionality to enhance hemocompatibility. In the current study, poly(vinyl alcohol) (PVA) based
electrospun surfaces were developed to address thrombosis-related problems in vascular graft applications, and
the incorporation of enoxaparin and fondaparinux was examined as an antithrombotic approach. In this context,
PVA solutions were prepared at 6 wt%, and the effect of drug incorporation on surface characteristics was
assessed by measuring fiber diameter, pore size, and overall porosity. The resulting electrospun structures
displayed fiber diameters of 187-239 nm and porosity exceeding 86%, a range generally regarded as
advantageous for cellular infiltration. On the other hand, the incorporation of enoxaparin resulted in pronounced
changes in fiber diameter and porosity. In addition, water contact angle measurements demonstrated that both
neat and drug-loaded PV A surfaces retained a hydrophilic character, supporting their suitability for cell adhesion.
The presence of enoxaparin and fondaparinux on the fibrous surfaces was further confirmed by FTIR analysis,
demonstrating the successful integration of the antithrombotic agents.
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1 Introduction systemic administration is associated with bleeding
Small-diameter vascular grafts remain limited by a risks; therefore_z, localized _strateg_ies targeting the
high risk of early thrombosis, which arises bI(_)od—materlaI mterf_ace are mcrea_smgly preferred. In
immediately after implantation due to direct blood ~ this context, unfractionated heparin (UFH) has been
contact with artificial surfaces lacking an endothelial ~ Widely studied due to its strong anticoagulant activity
lining. Rapid adsorption of plasma proteins, including ~ and high biocompatibility [5], [6], [7]. However, the
fibrinogen and von Willebrand factor, promotes  Useé of UFH is limited due to its short half-life and
platelet adhesion and activation, triggering the  @nimalorigin [8]. Accordingly, low molecular weight
coagulation cascade and ultimately compromising  heparins (LMWHs), such as enoxaparin, offer
graft patency [1], [2]. To mitigate this issue, synthetic |m|c_)roved pharmacokinetics and more prgdlctable
grafts, particularly clinically used materials such as ~ anticoagulant responses [9], [10], while also
expanded polytetrafluoroethylene  (ePTFE), are exhibiting anti-inflammatory and aqtlflbrotlc effects
frequently combined with systemic antithrombotic ~ that may support vascular healing [11], [12].

therapy. Although these grafts provide high Enoxaparin enhances antithrombin Ill-mediated
mechanical stability, their intrinsic thrombogenicity ~ inhibition of factor Xa, thereby suppressing platelet
in small-diameter applications necessitates adjunct ~activation [13]. Nevertheless, its direct incorporation
anticoagulation. Clinical and preclinical studies  INto vascular grafts remains limited, with rapid drug

indicate  that  post-operative  anticoagulant ~ release frequently ~reported [14].  Similarly,
administration can support short-term patency in fondaparinux, a synthetic factor Xa inhibitor, presents
ePTFE-based grafts; however, this strategy relies on & lower risk of heparin-induced thrombocytopenia due
systemic drug exposure and does not directly address {0 its reduced affinity for platelet factor 4 [15], [16];

thrombogenic interactions at the graft surface [3], [4]. ~ Nowever, despite its widespread systemic use with
Although antithrombotic agents are effective drugs,  POth biodegradable and non-biodegradable grafts [3],
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its integration into graft architectures has not been
investigated.

UFH, LMWHSs, and synthetic anticoagulants share
a critical limitation; short half-lives and rapid
clearance following systemic administration, which
restrict sustained therapeutic efficacy at the graft-
blood interface [17]. In addition, physical adsorption
strategies provide only transient drug presence and are
therefore insufficient for long-term thrombosis
prevention. Accordingly, there is a clear need for
localized delivery systems capable of maintaining
antithrombotic activity directly on graft surfaces. In
this regard, electrospinning has emerged as a versatile
fabrication technique that enables the production of
extracellular matrix-mimicking fibrous architectures
while allowing the direct incorporation of
anticoagulant agents into the polymer matrix.
Compared with conventional surface modification or
systemic administration approaches, electrospun
systems offer greater control over drug distribution
and release kinetics, thereby providing a promising
platform for prolonging antithrombotic efficacy,
enhancing hemocompatibility, and improving the
long-term patency of small-diameter vascular grafts
[18].

The aim of this study is to develop electrospun
polymeric vascular graft surfaces incorporating
enoxaparin  and  fondaparinux as localized
antithrombotic agents and to evaluate their effects on
hemocompatibility and drug release behavior. By
addressing the limitations of systemic anticoagulation
and rapid drug release, this study aims to inform the
design of vascular grafts with improved resistance to
early thrombosis and enhanced long-term
performance.

2 Materials and Methods

2.1 Materials

PVA (Sigma-Aldrich) with a molecular weight range
of 146,000-186,000 g/mol and a degree of hydrolysis
exceeding 87-89% was utilized. Distilled water served
as the solvent for all polymer solutions. Enoxaparin
sodium (Oksapar®, 6000 anti-Xa [U/0.6 mL; Kogak
Farma) and fondaparinux (Arixtra®, 2.5 mg/0.5 mL;
Eczacibasi) were selected as the antithrombotic agent
and were wused in a commercially available
formulation.

2.1 Methods
Solution Preparation

The polymer concentration was set at 6%, and
PVA was added incrementally to deionized water
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under continuous magnetic stirring, followed by
heating at 85-90 °C for approximately 2 h to ensure
complete  polymer dissolution and solution
homogeneity. The solution was then allowed to cool
to ambient temperature. Subsequently, enoxaparin
sodium/fondaparinux was incorporated into a
commercially available aqueous formulation. One full
injection was added to 10 g of polymer solution, and
the mixtures were gently stirred at 100 rpm to achieve
uniform drug distribution throughout the polymer
solution. Furthermore, drug incorporation was
performed after cooling to minimize the risk of
thermal degradation, and the final drug content was
adjusted to meet clinically recommended dosing
guidelines.

Surface Fabrication

Electrospinning was performed using a closed-
chamber vertical electrospinning system
(Nanospinner NE100+, Inovenso, Tirkiye) equipped
with a rotating cylindrical collector to fabricate
tubular scaffolds. The collector rotation speed was
maintained at 200 rpm to obtain randomly oriented

fibrous structures, selected to mimic the
morphological characteristics of the tunica intima (the
inner layer of the native artery). During

electrospinning, ambient temperature and relative
humidity were controlled at 13 = 3 °C and 60 £ 5%,
respectively. The corresponding electrospinning
parameters and sample codes are provided in Table 1.

Table 1. Sample codes and production parameters for
neat PVA and drug-loaded PV A surfaces

Tip-
Appli to-
Sampl Poly Incorpor ed Flow Collec
mer Rate
e Syste ated Volta (mL/ tor
Code m Drug ge h) Distan
(kV) ce
(cm)
PVA6 PVA - 22 0.9 15
P|\5/ A pya O 175 05 17
PVAG6 PVA fondapari 18 06 15
F nux

Morphological Analysis

The surface morphology of the electrospun
surfaces was characterized using a scanning electron
microscope (SEM; Zeiss Evo MA10). All samples
were coated with a gold-palladium (Au-Pd) alloy
(Quorum SC7620) prior to imaging, to improve
surface conductivity. SEM images were acquired at a
magnification of 10kx. Quantitative analyses of fiber
diameter, pore area, and porosity were performed
using ImageJ. For each sample, at least 50 fibers were
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randomly selected and measured, and the results are
reported as mean + standard deviation. Also, porosity
and pore area were determined from SEM
micrographs using an Imagel-based thresholding
method.

Hydrophilicity Analysis

The wettability of the fabricated scaffolds was
assessed by water contact angle (WCA)
measurements using the sessile drop method with a
KSV extension optical contact angle meter.

Fourier-Transform Infrared (FTIR) Spectroscopy
Analysis

Fourier-transform infrared (FTIR) spectroscopy
was utilized to characterize the chemical structure of
the electrospun surfaces and to verify the presence of
both polymeric constituents and incorporated
antithrombotic agents. Spectral measurements were
performed using a UATR Two spectrometer
(PerkinElmer)  operating in attenuated total
reflectance (ATR) mode over the wavenumber range
of 4000-400 cm™ .

Statistical Analysis

Statistical analysis was conducted to assess
differences between neat and drug-loaded electrospun
surfaces. Independent sample t-tests were used, with
50 measurements collected per sample.

3 Results and Discussion

3.1 Morphological Analysis
To evaluate the morphological characteristics of the
electrospun surfaces, SEM was employed. Figure 1a,
1b, and 1c show representative SEM micrographs of
neat PVA and drug-loaded PV A electrospun surfaces.
Overall, continuous and relatively uniform fibrous
morphologies were obtained for the PVAG, PVAG6_E,
and PVAG6_F samples. While occasional bead
formation was observed in the PVA6_E surface
(Figure 1b), the presence of extensive fibrous regions
suggests that homogeneous fiber formation can still be
achieved through appropriate control of solution
preparation and electrospinning parameters.
Moreover, fiber diameter analysis indicated that all
samples predominantly exhibited fiber diameters
within the range of 187-239 nm (Table 2).
Incorporation of enoxaparin led to a reduction in fiber
diameter compared to the neat PV A surface, with the
average fiber diameter decreasing from 227 nm for
PVA6 to 187 nm for PVAG6_E. However,
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incorporation of fondaparinux in the present study did
not lead to a pronounced change in fiber diameter,
suggesting a drug-specific influence on solution
properties and fiber formation behavior. Although
studies investigating the incorporation of enoxaparin
and fondaparinux into electrospun fibers remain
limited, similar diameter reduction trends have been
reported for heparin-containing PVA-based systems.
Orozco et al. (2025) observed a decrease in fiber
diameter from approximately 131.08 nm to 114.5 nm
as the heparin content increased from 5% to 20% in
uncrosslinked PVA-gelatin electrospun matrices [19].
Moreover, the enoxaparin-loaded surface exhibited a
significant decrease compared to neat PVA (p<0.05),
while no statistically significant difference was
detected between neat PVA and the fondaparinux-

Fiber Diameter (nm)
32 8 B 8

PVA6_E PVA6_F

Porosity (%)

V. PVA6_E

Fig. 1: SEM micrographs of (a) PVAS, (b)
PVAG_E, and (c) PVAG_F, along with quantitative
analysis of (d) fiber diameter, (€) pore size, and (f)

porosity
On the other hand, fiber diameter is closely related
to pore size and overall porosity, with larger fiber
diameters generally associated with larger pores and
reduced porosity [20], [21]. Consistent with this
relationship, the PVA6_E sample exhibits the smallest

average fiber diameter, the highest porosity (91%),

and the smallest pore size (340 nm). Furthermore,

pore size analysis indicated a significant reduction in
pore size for enoxaparin-loaded fibers (p<0.05),
whereas fondaparinux-loaded surfaces exhibited pore
sizes similar to those of control PVA fibers (p>0.05).

These findings indicate that enoxaparin incorporation

influences not only fiber morphology but also the

microstructural organization of the electrospun
network, which may be relevant for cell activities on
the scaffold surface.

PVA6_F
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3.2 Hydrophilicity Analysis

Figure 2 presents the water contact angle
measurements together with representative droplet
images of the samples. Contact angle analysis was
employed to assess surface wettability, which is
governed by both surface chemistry and
microstructural features. The neat PVA surface
exhibited a low contact angle of 58.7 + 1.51°,
consistent with its intrinsic hydrophilicity. This value
serves as a reference for evaluating the influence of
antithrombotic drug incorporation and surface design
strategies [22], [23].

-=- Hydrophabicity Threshald (90°)

100 82.17

57.58

Water Contact Angle (%)

PVAG

PVAS_E

Fig. 2: Water contact angle values of the samples

PVAG_F

The effect of drug incorporation on wettability
depended on the type of antithrombotic agent. The
enoxaparin-loaded PVA sample exhibited contact
angle values comparable to neat PVA (57.58+3.60°),
indicating that enoxaparin did not diminish the
intrinsic hydrophilicity of the PVA matrix. Given
enoxaparin's polar nature, this behavior suggests that
the drug helps maintain water affinity at the surface.
Similar effects have been reported for heparin-
modified PVA surfaces, in which increased
hydrophilicity was attributed to the presence of polar
functional groups [24]. However, PVA surfaces
containing fondaparinux exhibited higher contact
angles (82.17+11.23°), suggesting less influence on
surface wettability.

3.2 FTIR Analysis

As illustrated in Figure 3, the FTIR spectrum of neat
PVA is characterized by a broad absorption band
between 3300 and 3400 cm™ !, which is attributed to
O-H stretching vibrations and reflects the intrinsic
hydrophilicity of the polymer. This hydroxyl-related
band remains evident in both PVA6_E and PVA_F
samples, consistent with the presence of hydroxyl-
and sulfate-rich antithrombotic agents within the
fibrous matrix. The increased broadness of this region
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suggests the formation of additional hydrogen-
bonding interactions arising from drug incorporation
[25].

Al

Fig. 3: FTIR analysis of the samples

Characteristic absorption peaks associated with the
PVA backbone were also observed, including C-H
stretching vibrations around 2900 cm~™ ', CH,
bending modes near 1445 cm™ !, C-O stretching of
secondary alcohol groups at approximately 1090
cm™ ', and skeletal C-C vibrations at around 845
cm™ ! [26]. In addition, weak bands detected in the
1600-1650 cm™ ! region were assigned to protonated
amine vibrations, while absorption bands between
1200 and 1250 cm™ ! corresponded to sulfate (S=0)
stretching modes [27], [28]. The presence of these
characteristic features in both enoxaparin- and
fondaparinux-loaded PVA samples confirms the
successful incorporation of the antithrombotic agents
into the PVA-based electrospun surfaces.

4 Conclusion

In this study, PVA-based -electrospun surfaces
incorporating enoxaparin and fondaparinux were
developed to address thrombosis-related limitations in
small-diameter vascular graft applications. The
electrospun structures exhibited fiber diameters in the
nanometer range and high porosity exceeding 86%,
features considered favorable for cellular infiltration
and tissue integration. Despite these morphological
changes, all surfaces retained a hydrophilic character,
as confirmed by water contact angle measurements,
supporting their potential suitability for cell adhesion
and hemocompatible performance. FTIR analysis
further verified the successful integration of both
enoxaparin and fondaparinux into the fibrous
matrices.  The  findings  demonstrate  that
antithrombotic drugs can be incorporated into PVA-
based electrospun scaffolds without compromising
key structural and surface properties, highlighting
their potential as hemocompatible surface designs for
vascular graft applications.
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