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with sodium hydroxide (NaOH) at 65°C for one hour. Fibrin gel was subsequently
applied to NaOH-treated samples and uncoated PET for comparative analysis prior to
the seeding of human umbilical vein endothelial cells (HUVECs) for durations of 2, 4,
and 6 hours. The NaOH treatment led to increased hydrophilicity attributed to the
presence of carboxyl and hydroxyl groups, as verified by EDS mapping data. Following
the application of fibrin gel to NaOH-treated PET, in vitro culture with HUVEC cells

Keywords: demonstrated enhanced cellular growing up to 6 hours of culture. The PET fibers
Electrospinning; PET; NaOH; surface treated with NaOH and coated with fibrin were demonstrated to attract HUVEC cells
treatment; fibrin and enhance endothelialization.

1. Introduction

The creation of a synthetic material that accurately replicates the small diameter of vascular
grafts (€6 mm) remains unpatented, hence generating interest in addressing this significant gap in
the cardiovascular device sector. The primary cause of long-term failure in small-diameter vascular
grafts is a low patency rate [1].

Synthetic materials such as polyethylene terephthalate (PET) are utilised for large diameter blood
vessels (ID > 6mm); however, they exhibit limitations when applied to small diameter blood vessels
due to the absence of an endothelial layer. This results in noncompliance, thrombogenicity, intimal
hyperplasia, aneurysms, calcium deposition, and infection, which further restricts growth for
implantation and consequently diminishes their efficacy [2]. This occurs because PET is hydrophobic
and possesses low surface energy, which makes it difficult for other materials to adhere effectively
to its surface [3].
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The hydrophobic nature of PET has prompted researchers to address this limitation by applying
various coatings to its surface. Dutoya et al., for example, used elastin-derived protein and elastin as
a coating substance on PET to increase the patency and yielded structure. This fabrication is also
mimic the natural arterial wall where elastin fibers are an important role in the blood vessel wall [4].
This study shows endothelial cells gives positives respond also growing well and its phenotype is
stable on ESP-coating (with elastin or not) with the concentration of 100 ug/cm? [5]. Li et al., show
layer by layer (LBL) coating which is hyaluronic acid (HA) and cationized gelatin (CG) coated on PET
improved cell adhesion, cell growth and blocked unnecessary genes on the sample. The in-vivo
testing in rabbit shows this LBL coating effective in inhibit the inflammatory cell infiltration and
encourage the development of the new ligament among the graft fibers. The existence of collagen |
in HA-CG coating also greater than control group thus makes PET grafts coated with HA—CG possible
material for artificial ligament grafts [6].

In addition, Recek et al.,, found that PET surfaces treated with oxygen plasma, which are
hydrophilic, exhibited the highest rate of protein adsorption when compared to untreated samples.
In addition, the total protein adsorption was significantly greater on the treated surfaces, and the
adsorption layer displayed viscoelastic characteristics. Moreover, these treated surfaces were more
conducive to cell adhesion [7].

Similarly, Deutsch et al., developed a method for autologous in-vitro endothelialization of ePTFE
prostheses (ID = 6-7 mm) to address the limited patency of synthetic grafts. Specifically, the inner
surface of the ePTFE prostheses was coated with fibrin to enable the seeding of autologous
endothelial cells under in-vitro rotating conditions. After approximately 9 days of culture, 341 grafts
were implanted as infrainguinal bypasses in 310 patients. Over a 15-year clinical follow-up,
endothelialized ePTFE prostheses maintained endothelial presence for 2—4 years post-surgery and
exhibited patency rates comparable to vein grafts. Notably, the patency rate of 7mm prostheses was
significantly higher than that of 6mm grafts (78% vs. 62% at 5 years, 71% vs. 55% at 10 years). Despite
these findings, vascular tissue engineering has emerged as a promising strategy to overcome the
limitations of autografts, such as morbidity and limited availability, as well as the suboptimal
properties of synthetic grafts [8].

Furthermore, a study investigating fibrin-coated PET single monofilament fibers revealed that the
presence of angiogenesis directed the physical interaction between HUVEC cells and the polymer
fiber. This interaction facilitated the formation of the microvascular wall structure and enabled lumen
formation [9]. In addition, Ma et al., demonstrated that gelatin grafting onto PET fibers enhanced
endothelial cell (EC) behavior, including spreading and proliferation, while preserving the EC
phenotype, which is crucial for blood vessel applications [10].

The aim of this study is to examine the synergistic effects of surface modifications on protein
adsorption dynamics and endothelial cell signaling. The electrospinning process was used to generate
nanoscale fibres with porosity, effectively simulating the extracellular matrix (ECM) as a basement
membrane. The scaffold was inoculated with Human umbilical vein endothelial cells (HUVEC) to
facilitate cell growth through ligand-receptor interactions after PET was treated with NaOH. Modified
PET nanofibers may mitigate certain thrombosis-related challenges in current vascular prostheses.

2.Methodology
2.1 Fabrication of the PET Nanofiber

Polyethylene terephthalate (PET) with an intrinsic viscosity of 0.82 g/dl was obtained from Espet
Extrusion Sdn Bhd, and trifluoroacetic acid (TFA) from Millipore was used as the solvent. PET pellets
were dissolved in 20 wt% TFA and stirred at 350 rpm for 2 hours to ensure complete dissolution. The
solution was loaded into a 5 mL syringe with a 0.21 mm needle and ejected at a flow rate of 1 mL/hr,
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based on optimal conditions from previous studies. A voltage of 13 kV (up to 15 kV) was applied, with
the current and frequency set to zero. The fibers were collected on an aluminum collector during a
4-hour electrospinning process.

2.2 PET Nanofiber Surface Treatment with NaOH

The PET nanofibers were treated with NaOH solution and heated in an oven at 65°C for one hour.
They were then rinsed with distilled water until the pH reached approximately 7 and left to dry at
room temperature (25°C) for 24 hours. The dried nanofibers were cut into 17 mm diameter circles to
fit a 24-well plate and soaked in 70% ethanol for 15 minutes. Afterward, they were washed five times
with PBS, each wash lasting 3 minutes, and dried in a sterile environment at room temperature.

2.3 PET Nanofiber Surface Treatment with NaOH Coated Fibrin Gel

Figure 1 illustrates the process of fibrin gel coating. A fibrinogen solution was prepared by
dissolving fibrinogen powder in HBSS, while thrombin was prepared at a concentration of 100 U/mL
in HBSS, supplemented with 350 KIU/mL of aprotinin. Both the fibrinogen and thrombin solutions,
which were not sterile initially, were warmed in a water bath at 37°C for approximately 15 minutes
before use (Figure 1(a)). The solutions were then sterilized using a 0.22 um syringe filter (Figure 1(b)).
A moderate fibrin gel, with a concentration of 2 mg/mL, was formed by rapidly mixing the fibrinogen-
thrombin mixture and stirring for 3 minutes in a 24-well plate (Figure 1(c)). The fibrinogen
polymerized and embedded the sterile PET nanofibers within the gel (Figure 1(d) and (e)). The fibrin-
coated PET nanofibers were incubated at 37°Cin endothelial growth media overnight. Afterward, the
samples were dried on filter paper at room temperature in a sterile environment (Figure 1(f)).

e)
Fig. 1. Fibrin gel coating process

2.4 FESEM

The morphology of all samples was captured using field emission scanning electron microscope
(FESEM). Fiber was coated via gold plated for 5 minutes before mounted on the holder and was run
at the acceleration voltage of 20 kV under low vacuum. The images were taken at several different
magnifications 10K and 25K.
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2.5 In Vitro Cell Culture

Sterilized PET and PET modified were put and fits nicely into the bottom of 24 well-plate with the
rounded dimension (d=15mm). Next, ~ 1 x 10° cells/ml of HUVEC cells from passage 3 to 5 was seeded
on the surface of the fibers. Integrin receptors on cells’ outer membrane surfaces, in turn,
“recognize” and bind to certain of these proteins as shown in Figure 2. This occurs because in
aqueous solution at physiological pH values, the protonated amine group possesses a localized
positive charge which helps attract the negatively charged biomolecules (proteins) and cells.

Live/Dead HUVEC were observed 2, 4 and 6 hours for cell attachment under inverted fluorescence
microscopy (Carl Zeiss, Germany) and images were recorded. The percentages of live cells were
randomly taken at the surrounding cells area. Briefly, 0.05 pmol I'* Calcein AM and 4.0 pmol*
ethidium homodimer (Live/Dead kit, Molecular) were stained on the test sample. The images were
taken at 10X magnifications. The percentage area of cells was counted using Image J software.

(b) Cells attached on
(a)
® HUVECs the PET treated
.l . MNaO0l coated with
fibrin gel
: w— fibrin g¢l
PET fibre |
Integin

Fig. 2. Schematic diagram of static cell adhesion process on the coated sample (a) HUVECs
were seeded on the PET surface treated with NaOH coated fibrin gel (b) Cell attached on the
sample (c) cell attachment of HUVEC through integrin

3. Results
3.1 Microscopic Analysis of PET Nanofiber Before and After Modification

Figure 3(a) displays the micrographs of uncoated PET fibres produced using electrospinning. The
morphology was homogeneous, characterised by a lack of features and a smooth texture. Figure 3(b)
illustrates the electrospun PET coated with fibrin gel. The fibrin structures exhibited a smooth, flat
surface and a translucent appearance following the coating process. The fibrin gel structures, after
being coated with fibrin gel on PET nanofibers, were not visible due to the translucent nature of the
hydrogels [11,12].

Consequently, surface treatment was performed to enhance the hydrophilicity of PET nanofiber.
The hydrophilic surface facilitates the adsorption of organic substances, thus attracting cells to its
surface [13]. Following the surface treatment depicted in Figure 3(c), PET exhibits a rough texture
characterized by an irregular surface along the fibers. These fiber orientations are also crucial for
increasing a fibre's strength and stiffness [14].The morphology of PET fibers treated with NaOH is
superior to that reported by Hadjizadeh et al., which indicates that the surface treatment of PET mats
with 1IN NaOH resulted in increased surface roughness and the formation of holes following
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treatment durations of 2 and 4 hours [15]. The objective of this surface treatment is to enhance the
hydrophilicity of the fiber surface thus period of 1 hour is enough for the treatment. This assertion is
corroborated by further research [16,17]. It can be concluded that sodium hydroxide (NaOH) surface
treatment at 65°C for 1 hour sufficiently enhances the hydrophilicity of PET nanofibers without
significantly compromising their physical properties.
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(d)
Fig. 3. PET Microscopic analysis of (a) PET nanofiber before coating (b) PET coated fibrin gel
(10kX and 20kX) (c) PET treated NaOH (d) PET treated NaOH coated fibrin gel

It was reported before, surface treatment of NaOH towards as received non-woven PET matrices
with the diameter size of 25um increases the surface roughness when treated up to 120-hour. It was
found that murine embryonic stem cells accumulated along with the fiber structure for 12-hour cell
culture[17]. In this present study also shows the surface of PET electrospun nanofiber able being
functionalization by NaOH surface treatment even though the fiber diameter range is between
300nm-600nm. The surface of PET nanofiber after functionalizing is not only able to attract the cells
as mentioned before but also protein (fibrin gel) [18]. Results in Figure 3(d) also show PET fiber after
treated with NaOH improved adhesions in the case of surface treatment. After PET treated with
NaOH, nanofiber was subsequently coated with fibrin gel and the fiber surface became smooth,
indicating that a fibrin gel was formed on the surface of the fiber.

3.2 EDS and Mapping Analysis of PET Nanofiber Before and After Modification

Figure 4 shows EDS result of PET coated fibrin gel with different elements exist of the sample
including C, O, F, N, Mg, P, S, Cl, and Ca. These elements are referring to the PET and fibrin gel. Oxygen
increases from 30.39% to 37.98% and the existence of nitrogen with 3.79% proved that fibrin gel was
successfully coated on the PET nanofiber. Fibrin gel was coated unevenly on PET fibre. This is because
PET is a hydrophobic and inert in nature [7,20,23]. This statement is proven by EDS mapping
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indicating the distribution of the main element of fibrin gel are C, N, and O on the PET fiber. The
distribution of N element is non-homogenous in the mat.

Figure 4 also shows the EDS spectrum of PET coated fibrin gel. Different elements exist on the
sample including C, O, F, N, Mg, P, S, Cl, and Ca. The existence of C, N, and O in the EDS result is
correlated with the main components of fibrin gel on PET nanofibers. Superior changes of oxygen
element to 54.26% and the existence of nitrogen with 5.96% confirmed the existence of fibrin on the
PET treated fiber after the coating process where the oxygen element represents carboxyl bonding
and nitrogen is amide bonding [19]. The coating is fully covering the cellular fibers due to the increase
in the hydrophilicity of the PET surface [18]. The distribution of C, N, and O which are the main
element of fibrin gel deposited on the PET fiber was evaluated with the EDS mapping. The EDS
mapping result of PET treated NaOH coated fibrin gel shows a uniform distribution of the C, N and O
element throughout the surface matrix. This result is similar to the previous study where the fibrin
regularly coated each fiber in the mat. The study also showed some of the fibrin randomly formed a
thin fibrous mesh on the membrane surface [12].
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Fig. 4. EDS and Mapping results of on PET fibre and PET treated NaOH coated fibrin gel
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This finding is consistent with the results of other research groups, which have demonstrated that
PET functionalized by NaOH treatment and coated with fibrin gel can promote cell adhesion, growth,
and proliferation on various electrospun substrates [25,26]. PET, when modified with appropriate
chemical functionalities, effectively attracts and binds primary amine (—NH.) groups from proteins in
biological fluids or culture media. Integrin receptors on the outer membranes of cells subsequently
"recognize" and bind to specific proteins. This interaction occurs because, in aqueous solutions at
physiological pH, the protonated amine group carries a localized positive charge, which facilitates the
attraction of negatively charged biomolecules (proteins) and cells.

3.3 Counting Initial Cells Attachment of HUVEC on PET Before and After Modification

For cellular attachment study, HUVEC were seeded at 1 x 10° cells/ml. At 2, 4 and 6 h after cell
seeding, unattached cells were washed out and the attached cells were stained by the live-dead kit
assay. The comparative morphology of HUVEC on the bare PET, PET coated fibrin gel and PET
nanofiber after surface treatment with NaOH and coating with fibrin gel is presented in Figure 5. The
viable cells are green while dead cells are red in color. Results showed more HUVEC were attached
on PET treated NaOH coated fibrin gel up to 6 hours.

In the case of the bare PET surfaces, it is anticipated that the cells maintained a round shape even
after 4 and 6 hours of attachment with 59% and 73% of live cells respectively, showing that cells were
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able to attach but cannot spread in the shorter time. PET coated fibrin gel shows cells dense areas
within 4 and 6 hours with 71% and 74%. The PET treated NaOH coated fibrin gel showed 71% live cell
percentage for 4 hours cultures followed by 76% of live cell percentage after 6 hours.

PET COATED
PET FIBRIN GEL
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Fig. 5. Cell attachment of PET, PET coated fibrin and PET treated NaOH coated fibrin for 2, 4, and

6 hours
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4. Conclusions

Surface modification techniques aim to enhance the surface properties of fibers by incorporating
various functional groups. For that reason, significant increases in oxygen and nitrogen content were
observed on the PET-treated fiber after the coating process, with oxygen indicating carboxyl bonding
and nitrogen representing amide bonding. The results indicate that PET treated with NaOH and
coated with fibrin gel promotes enhanced growth of HUVEC cells, as evidenced by improved cell
attachment observed within the first 6 hours of culture. Consequently, this study suggests that PET
treated with NaOH and coated with fibrin gel holds promise for biomedical applications, particularly
in small-diameter vascular grafts.
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