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Abstract

In recent times, there has been a burgeoning interest in harnessing natural plant extracts for the development of innovative
biological scaffolds. This article centers on the extraction of Parrotia persica extract and explores its potential suitability
for integration into nanofibrous structures. In pursuit of this objective, nanofibers were meticulously crafted using a blend
of polyvinyl alcohol (PVA) and the derived Parrotia persica extract (E), employing the electrospinning technique. Different
PVAJE ratios (90:10, 80:20, and 50:50) were investigated. The formation of layer-by-layer structures (four layers) was
achieved by sequentially electrospinning a layer of PCL nanofibers onto a collector, followed by the deposition of a layer of
PVA/E ((80:20) and (50:50)) with the identical thickness. The results revealed that the layered fibers exhibited a strikingly
three-dimensional architecture, closely resembling the natural extracellular matrix. Notably, among the samples, the PCL-
PVA/E (80:20)-PCL composition demonstrated the most favorable morphology, featuring a contact angle of approximately
40.45° and a diameter measuring 403 nm. Fourier transform infrared spectroscopy (FTIR) analysis conclusively confirmed the
presence of Parrotia persica extract, PVA, and PCL within the intricate layers. Furthermore, fibroblast cell culture observations
revealed the attachment and spreading of cells on the surface of the PVA/E (80:20)-PCL samples, underscoring their potential
for facilitating cellular growth and tissue regeneration.Taking into account their highly desirable hydrophilic properties, the
incorporation of Parrotia persica extract with its antibacterial and antioxidant attributes, as well as the presence of PCL
endowed with elastic properties akin to those of natural skin, the prepared nanofibrous structures exhibit a promising outlook
as viable skin substitutes.
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1 Introduction technique for nanofiber production, involves the application

of an electrostatic force to a polymer solution, resulting in

Nowadays, humans are exposed to various threats and
injuries that can lead to complex healing processes and
even organ failure or death [1]. The healing time of a
wound depends on its extent, size, and depth, which classify
wounds into superficial, partial thickness, and full-thickness
categories [2]. Electrospun nanofibers have emerged as a
promising approach for preventing bacterial infections and
promoting wound healing [3-5]. These nanofibers possess
a high surface-to-volume ratio [6], excellent porosity, and
mimic the natural extracellular matrix, thereby accelerating
the healing process [7, 8]. Electrospinning, a widely used
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the formation of nanofibers [6]. The process comprises four
stages: the creation of a Taylor cone from polymer solu-
tion droplets, the stretching and thinning of the jet, and the
deposition of solid fibers onto a collector [9]. By carefully
controlling parameters such as voltage, time, and distance
between the needle and collector, nanofibers with desired
characteristics can be obtained [10-12]. Nanofibers can be
fabricated from various natural and synthetic polymeric com-
pounds [13]. Use of plant extracts for the treatment of burns
and diabetic wounds is a common operation followed over
the decades, and it is a significant aspect of health man-
agement. Many medicinal plants, as natural derivate and
biologically active compounds, have a long history of cura-
tive properties in wound healing and medical fields, and
there is a growing request for new antimicrobial plant-
based drugs. In the field of wound healing, the use of
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herbal extracts in electrospun nanofiber membranes has
demonstrated antibacterial, antiviral, and antifungal proper-
ties, making them suitable for wound dressing applications
[14]. Numerous plant extracts, including chamomile, cur-
cumin, Moringa, Eucalyptus, Trigonella foenum, Securigera
securidaca, Rosemary officinalis, and Palestinian sage fruit
extract, have been investigated for their effectiveness in treat-
ing wounds, particularly low-thickness wounds and burns.
Extracts such as green tea, aloe vera, chamomile, and grape
seed have also been successfully incorporated into nanofibers
[1, 15]. Parrotia persica extract, derived from the Persian
ironwood tree, holds significant promise and potential for
various applications within the medical field. Parrotia per-
sica, a medicinal plant belonging to the Hamamelidaceae
family [16], has gained attention due to its antibacterial and
antioxidant properties. It has been traditionally used for fever
and diabetes [17]. Studies have isolated various compounds
from Parrotia persica, including flavonoids like kaempferol
and quercetin, which accelerate wound healing and tannins,
known for their ability to stimulate blood vessel formation
and aid in wound repair [18]. Tannins are polyphenolic com-
pounds found in plants that possess antiseptic properties [19].
Furthermore, the bark extract of Parrotia persica has been
analyzed, revealing the presence of aromatic acids, aliphatic
acids, phenolic compounds, sugars, and sugar derivatives
[20]. Given the potential of Parrotia persica extract in wound
healing, incorporating it into nanofiber structures becomes
a compelling option. For dermatological applications, syn-
thetic polymers like polycaprolactone (PCL) and polyvinyl
alcohol (PVA) were selected as suitable platforms for loading
the extract. PCL, a biodegradable and cost-effective poly-
mer, offers flexibility, crystallinity, and stiffness, making
it an excellent candidate for tissue engineering. However,
its hydrophobic nature and limited biological interaction
capacity with cells are drawbacks that can be overcome by
combining it with other biomaterials [21, 22].

Polyvinyl alcohol (PVA) is derived from the hydrolysis of
vinyl acetate monomer with acetate. It exhibits remarkable
biocompatibility, biodegradability, electrospinnability, non-
toxicity, suitable bio-adhesion, hydrophilicity, and chemical
resistance, making it highly effective in the field of electro-
spun nanofibers. This polymer possesses ideal mechanical
properties that promote cell diffusion, adhesion, and migra-
tion. However, one limitation of PVA is its lack of inherent
bioactivity. Therefore, it is often blended or spun with natural
polymers or other biomaterials to enhance cellular interac-
tion in wound healing applications [1, 22, 23].

In this study, Parrotia persica extract was incorporated
into a layered structure composed of polycaprolactone and
PVA. This combination offers a suitable simulation of the
natural properties of human skin. PCL provides elasticity
similar to that of the skin and enhances scaffold strength
in aquatic environments. The inclusion of Parrotia persica
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extract contributes to the structure by providing antioxidant
and antibacterial properties, making it beneficial for treating
infected wounds. Moreover, loading Parrotia persica extract
into PVA, which exhibits hydrogel properties, facilitates its
controlled release at the site of repair. Additionally, PVA
imparts water-loving characteristics to the prepared structure,
promoting improved cellular interactions while effectively
absorbing wound secretions and preventing infections, all
while maintaining a moist wound environment. The novelty
of PVA/PCL loaded with Parrotia persica extract nanofibers
for wound healing lies in the synergistic combination of ver-
satile biomaterials and natural bioactive compounds to create
an innovative wound dressing solution.

2 Experimental

2.1 Materials

Polycaprolactone (PCL) with a molecular weight of 80 kDa
was acquired from Sigma, while polyvinyl alcohol (PVA)
with a molecular weight of 72 kDa was obtained from Merck.
To obtain the bark extract, freshly cut trees were selected, and
the extraction process was initiated.

2.2 Methods
2.2.1 Extraction of Parrotia Persica

In this study, traditional extraction methods were employed
to obtain the extract from the Parrotia persica tree. The extrac-
tion process involved boiling a layer of freshly peeled bark
in water until the water acquired a dark brown color. Subse-
quently, the mixture was allowed to cool and separate, with
the concentrated liquid containing the extract of the Parrotia
persica tree.

2.2.2 Preparation of Electrospinning Solutions

The first step involved dissolving PCL with a concentration
of 15% by weight/volume in a 90% acetic acid solvent, while
PVA was dissolved in water with a concentration of 10 (%
w/v). Subsequently, Parrotia persica extract was added to
the polymer solutions at varying concentrations of 5%, 10%,
20%, and 50% by weight, based on the dry weight of the
polymer. The electrospinning method was then employed to
prepare nanofibers from the polymer solutions.

2.2.3 Electrospinning
The electrospinning process was conducted using a Nano

Structure Asia electrospinning machine, equipped with a
voltage range of 0—40 kV and featuring both positive and
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Fig. 1 Schematic diagram of electrospinning and electrospun fibers

negative electrodes. For this study, a fixed drum plate con-
figuration was employed. The PCL solution and the PVA/E
solution were separately loaded into two syringes, which
were then connected to a single nozzle syringe pump. The
electrospinning process was carried out for a total dura-
tion of 40 min, with one nozzle being active while the
other remained idle. The electrospinning conditions used for
nanofiber preparation included a distance of 14 cm between
the needle tip and the drum, a flow rate of 1 mL/h, a labora-
tory temperature of 29.88 °C, and a humidity level of 29.88%.
A circular drum with a diameter of 5 cm was employed,
and a voltage of 15 kV was applied during the process. The
first sample was comprised of a PVA/E (90:10) blend, while
the second sample featured a PVA/E (80:20) blend, and the
third sample consisted of a PVA/E (50:50) blend. To achieve
the desired layered nanofiber structure with mechanical sta-
bility in aqueous media, the incorporation of PCL polymer
was undertaken for an additional layer. PVA/E (80:20) and
PVAJ/E (50:50) were selected for the other components of
the final structure. In one of the samples, a composite of
PVA/E (20:80) was applied as the uppermost layer, with PCL
serving as the second layer, PVA/E (80:20) constituting the
third layer, and PCL forming the final layer. Through this
arrangement, nanofibers were formed. In a parallel configura-
tion, a PVA/E (50:50) mixture was utilized instead of PVA/E
(80:20). Figure 1 shows the process of structure production
and final application of them. Concluding the assembly, an
additional layer of PCL nanofibers was electrospun onto the

PVA/E polymer mixture of the last layer. The resulting struc-
tures were meticulously examined and meticulously prepared
for subsequent testing and analysis. Upon finalization of the
process, the scaffold composed of the electrospun nanofibers
was meticulously retrieved from the drum, marking the readi-
ness for further comprehensive analysis and evaluation.

2.2.4 Characterization of Nanofibers

Contact angle measurement analysis was employed to assess
the hydrophilicity or hydrophobicity of the samples. This
analysis involved the application of a droplet of water onto the
surface of the nanofibers, followed by the measurement of the
contact angle formed by the droplet. To capture this process,
a video equipment model CAG10-9610IL58300, manufac-
tured by Jikan Company CAG-10, was utilized.

The morphology and diameter of electrospun nanofibers
were evaluated using scanning electron microscope MIRA
IIT model of TESCAN company, made in Czech Republic.

The TERMO NICOLET device, specifically the AVATAR
model manufactured in the USA, was utilized for Fourier
transform infrared spectroscopy (FTIR) analysis. The FTIR
analysis enabled the examination of the shift in position and
intensity of the peaks in the obtained spectra. By compar-
ing these peaks with the pure components, a comprehensive
understanding of the changes occurring in the samples could
be obtained. The spectral range for analysis was set from
4000 to 600 cm™! at 4 cm™! resolution with 20 scans.
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For evaluation of scaffold morphology effects on the cell
growth, SEM was used to evaluate the morphology, attach-
ment, growth, and spreading of cells on the nanofibers. L929
fibroblast cells were cultured in RMPI1640 supplemented
with 10% FBS and 1% penicillin/streptomycin (Sigma-
Aldrich) and stored at humidified atmosphere in 37 °C with
5% CO2. The cells’ medium was changed every 2 days. When
the cells reached more than 80% of confluency, they were
“passaged” and seeded on the plates wrapped with nanofibers
for cell behavior assays. Coverslip without nanofiber was
used as control. After 72 h of culture, cells were fixed using
3% glutaraldehyde for 20 min and subsequently dehydrated
using a series of ethanol solutions (50%, 70%, 95%, and
100%) for 10 min, then air dried. The samples were sputter-
coated with gold at a voltage of 15 kV under argon gas,
and images were taken by a field emission scanning electron
microscopy (FE-SEM) (TESCAN MIRA3-XMU, Czech and
FEI Nova NanoSEM 450, USA).

3 Results and Discussion
3.1 Morphology of Fibers

Figure 2 presents scanning electron microscope (SEM)
images of the electrospun nanofibers. The average diameters
of the PVA/E (90:10), PVA/E (80:20), and PVA/E (50:50)
structures are approximately 405, 576, and 895 nm, respec-
tively. The variation in measured diameter can be attributed
to changes in the polymer solution concentration, as the
properties of the polymer are influenced by flow rate and
electrospinning tension, which in turn affect fiber morphol-
ogy. Consistent with previous studies, an increase in polymer
solution concentration typically results in larger fiber diam-
eters [24]. Hence, with a higher concentration of extract,
the entanglement of polymer chains increases, positively
impacting the measured average diameter. Overall, these
nanofibers exhibit a uniform distribution without bead for-
mation. Figure 2d and 2e corresponds to layered structures
comprising PCL and PVA/E (80:20) and PVA/E (50:50),
respectively. The surface of PCL nanofibers appears smooth
and round [25], as observed in previous studies. The pres-
ence of PCL in these figures contributes to a wider diameter
distribution within the formed structure. In Fig. 2d, the appro-
priate concentration of extract and PCL results in polymer
chains with an average diameter of 403 nm, which are well
intertwined and a fiber structure of the PVA/E (50:50) sample
with an average diameter of 592 nm.

In this study, PCL polymer, known for its strength, was
incorporated to reinforce the nanofiber scaffold [26]. The
addition of PCL did not cause a significant difference in
diameter compared to samples without PCL. Overall, the
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obtained images suggest that the layered scaffold of PCL-
PVA/E (80:20)-PCL exhibits smaller diameter with proper
morphology. In the morphology of PVA/E (50:50)-PCL, sev-
eral cracks can be seen that may result in lower strength of
fabricated structures.

3.2 Contact Angle of Fibers

Wettability of nanofibers, which determines their interac-
tion with a water droplet, is influenced by intermolecular
forces. The balance between cohesion and adhesion forces
defines the wettability of a material. When the adhesive force
between a liquid phase and a solid phase is stronger, the
liquid droplet spreads over the solid surface. Conversely,
cohesive forces within the liquid phase prevent spreading,
resulting in a spherical shape of the water droplet on the
surface [27]. The amount of wettability is quantified by the
contact angle, which represents the angle formed among the
three phases: liquid, solid, and gas [27, 28]. A contact angle
close to zero indicates hydrophilicity, while an angle nearing
180° suggests hydrophobicity. An angle of 90° signifies the
boundary between hydrophilicity and hydrophobicity [27].
This characteristic holds a significant importance in tissue
engineering applications as wettability affects cell adhe-
sion, proliferation, and exudate absorption capacity [25].
Hydrophilicity enhances cell adhesion and proliferation on
nanofibers, enabling uniform distribution of loaded cells
throughout the scaffold. On the other hand, hydrophobic
nanofibers lack effective functional groups and sufficient
surface sites for proper cell interaction, hindering cell via-
bility. The contact angle measurement results, depicted in
Fig. 3, provide insights into the wettability of the samples.
PCL and PVA are two synthetic polymers widely utilized
in tissue engineering due to their biodegradability and bio-
compatibility. PVA, being a hydrophilic biopolymer, exhibits
strong adhesion properties and promotes cell proliferation.
Conversely, PCL, being hydrophobic, is not suitable as a
substrate for cellular growth and migration [1, 25]. Lig-
nocellulose materials are typically hydrophilic due to the
abundance of hydrophilic groups that they contain [28]. Par-
rotia persica extract, rich in polyphenolic and polysaccharide
compounds [18], possesses numerous hydrophilic groups,
resulting in high hydrophilicity. As the amount of extract
in relation to PVA, a water-soluble polymer [29], increases,
the contact angle decreases, but this reduction is not signifi-
cantly. The measured contact angle for the PVA/E (50:50)
sample was 23.63°. In layered samples, the presence of
hydrophobic PCL, characterized by numerous hydrophobic
groups, leads to an increase in the contact angle [26, 30].
The measured contact angles for the layered samples PCL-
PVA/E (80:20)-PCL and PCL-PVA/E (50:50)-PCL were
approximately 40.45° and 53.42°, respectively. Although a
higher contact angle was expected due to the hydrophobic
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Fig.2 SEM images of samples:
a PVA/E (90:10), b PVA/E
(80:20), ¢ PVA/E (50:50),

d PCL-PVA/E (80:20)-PCL, and
e PCL-PVA/E (50:50)-PCL
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nature of the surface layer of nanofibers, the observed val-
ues were lower than anticipated. This can be attributed to
the porosity between fibers, allowing water penetration into
the completely hydrophilic middle layer. Nevertheless, when
compared to samples without PCL, these values indicate
increased water repellency in the layered samples.

3.3 FTIR Analysis

The FTIR analysis outcomes are illustrated in Fig. 4, delin-
eating the infrared spectral peaks that facilitate the structural
analysis of the fibrous materials comprising PCL, PVA, and
the extract. Figure 4-A showcases the extract’s spectrum.
Notably, the absorption within the 3600-3200 cm™' range
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Fig.3 Contact angle images of:
a PVAJ/E (90:10), b PVA/E a
(80:20), ¢ PVA/E (50:50),

d PCL-PVA/E (80:20)-PCL, and
e PCL-PVA/E (50:50)-PCL
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Fig.4 A FTIR related to the produced extract and B FTIR related to different nanofibrous samples

signifies the OH group’s stretching vibration. Furthermore,
the absorption at 2922 cm-1 denotes the stretching vibra-
tion of CH groups, while the peak at 1717 cm™! corresponds
to the C=0 (ketone) group’s stretching vibration. The pres-
ence of C=C groups is evidenced by the absorption peak
at 1609 cm™!, and the aromatic ring within the extract’s
structure becomes apparent at 1541 cm~!. Additionally, the
bending vibration of CH groups manifests at 1448 cm™!.
Moving on to Fig. 4-B, distinctive peaks indicative of the
PVA polymer are discernible. Notably, the characteristic
peak at 3447 cm™! corresponds to the OH group’s stretch-
ing vibration within PVA and the associated extract. The
peak at 2938 cm-1 is aligned with CH stretching vibrations,
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whereas the peak at 1652 cm-1 is attributed to C=0 stretching
vibrations. Further, the characteristic peak at 1442 cm-1 cor-
responds to the bending vibration of CH groups. The peaks
at 1144 cm~! and 1097 cm™! are definitive of CO stretching
vibrations, affirming the presence of PVA [31]. Distinctive
peaks attributed to the Parrotia persica extract are also evi-
dent. For instance, the peak at 1732 cm™! corresponds to the
C=0 stretching vibration, while the peak at 1650 cm-1 aligns
with the stretching vibration of C=C. The peak at 1320 cm™!
pertains to the bending vibration of CO, and the peak at
1260 cm™! corresponds to the stretching vibration of C—O.
Moreover, the peaks at 950 cm~! and 700 cm™! are associ-
ated with the bending vibration of C=C. Furthermore, Fig. 4
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Fig.5 Cell morphology on the A
cover slip (Control sample) and
B PVAJE (80:20)-PCL samples

100 pm

underscores the characteristic peaks characteristic of PCL
within the layered structure, thus confirming its presence in
the electrospun nanofiber scaffolds. Notably, for the PCL
polymer, the peaks at 2915 cm™! and 2879 cm™! correspond
to the CH2 stretching vibrations. The peak at 1239 cm™!
aligns with C—O-C stretching vibrations, while the peak at
1047 cm~! signifies C-O stretching vibrations. Additionally,
the peak at 1099 cm™! relates to carboxyl group vibrations.
Importantly, the characteristic peak at 1725 cm™ represents
C=0 stretching vibrations in both PCL and the extract [32].

3.4 Cell Culture Studies

Many plant extracts, including those from Parrotia per-
sica, have been investigated for their potential interactions
with fibroblast cells. These interactions can include pro-
moting cell proliferation, migration, and collagen synthesis,
which are essential processes for wound healing and tis-
sue regeneration. Additionally, the extract’s antioxidant and
anti-inflammatory properties may contribute to creating a
conducive environment for fibroblast activity. Figure 5 shows
SEM images of fibroblast cells on control sample that con-
tains coverslip and four layered PVA/E (80:20)-PCL sample
after passing 3 days. Fibroblasts grown on a coverslip are
observable in Fig. 5A. As itis clear from the related pictures,
the fibroblast cells are uniformly spread on the surface of
scaffold and completely cover it, so that on cell growth in
three dimensions can be seen in it (Fig. 5B).

4 Conclusion

Parrotia persica, commonly known as Persian ironwood,
is renowned for its diverse bioactive constituents, which
encompass phenolic compounds, flavonoids, tannins, and
other secondary metabolites. These components bestow
upon it potential therapeutic attributes, including noteworthy
antioxidant and anti-inflammatory effects. In this ground-
breaking endeavor, we achieved successful incorporation
of Parrotia Persica plant extract into a meticulously engi-
neered nanofibrous scaffold, resulting in a scaffold with
highly favorable surface properties. This feat was accom-
plished by seamlessly blending varying concentrations of the
extract with PVA structures. To ensure robustness and stabil-
ity in aqueous environments, a layer of PCL was strategically
applied atop the PVA/extract layers using the precision
of the electrospinning technique. The layer-by-layer elec-
trospinning process yielded nanofibers characterized by a
continuous network and an impeccably uniform structure,
devoid of any undesirable bead formation. Notably, the
overall morphology of the PCL-PVA/E (80:20)-PCL struc-
ture showcased highly desirable properties, demonstrating
a significant breakthrough. Infrared spectroscopy analysis
provided robust confirmation of chemical bonding within
the nanofiber scaffold, effectively validating the success-
ful integration of PCL, PVA, and the extract within the
intricacies of the layer-by-layer structure. The characteristic
peaks observed in the spectra provided concrete evidence of
the presence of these essential constituents. Contact angle
analysis revealed the excellent water affinity of PVA and
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the extract, rendering them exceptionally suitable for the
intricate layer-by-layer structure. The uniform distribution
of cells on the scaffold surface affirmed excellent bio-
compatibility and distinctly favorable cellular interactions.
Of particular significance, the PVA/E (80:20)-PCL scaf-
fold showcased remarkable three-dimensional cell growth,
signifying its exceptional potential for stimulating cell pro-
liferation and facilitating tissue regeneration. This exciting
discovery underscores the pivotal role played by the combi-
nation of hydrophilic and hydrophobic components within
the scaffold, giving rise to its distinctive properties and
promising prospective applications. The confluence of appro-
priate morphology, hydrophilicity, and exceptionally positive
cellular interactions positions these nanofibers as highly
promising candidates for advanced wound dressings and
the creation of innovative tissue engineering scaffolds. To
validate the full clinical potential and benefits of these revolu-
tionary nanofiber materials in promoting wound healing and
tissue regeneration, further rigorous investigations and essen-
tial in vivo studies are undoubtedly warranted. This exciting
endeavor holds immense promise for advancing the frontier
of medical science.
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