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Characterizations of Centrifugal Electrospun
Polyvinyl Alcohol/Sodium Alginate/Tamanu
Qil/Silver Nanoparticles Wound Dressing

Thi Phuong Anh Tran, Anh Hue Luong™, and Wei-Chih Lin

Abstract—Known for its water solubility, flexibility,
strong adhesion, and eco-friendly nature, polyvinyl alco-
hol (PVA) is widely used in various industries. In the
medical field, it is used for applications such as cre-
ating bandages and orthopaedic devices. Incorporating
sodium alginate (SA) into PVA membranes enhances their
structural integrity, breathability, and permeability, thereby
minimising the risk of cellular damage in the wound zone.
Moreover, the addition of tamanu oil (Calophyllum ino-
phyllum L.) and silver nanoparticles, both of which are
known for their antibacterial properties and benefits in tra-
ditional wound healing, further enhances the membranes’
wound-healing effectiveness. Following production, the
membranes undergo a series of tests designed to evalu-
ate their physical properties as well as their antioxidant
and antibacterial capabilities. Subsequently, in vitro test-
ing is conducted using human skin cells; experiments on
Wistar rats are then performed. Numerous experiments
have consistently demonstrated that the performance of
polyvinyl alcohol/sodium alginate/tamanu oil (PVA/SA/Qil)
membrane is superior to that of polyvinyl alcohol/sodium
alginate/tamanu oil/silver nanoparticles (PVA/SA/Oil/Ag NP)
membrane. Specifically, the polyvinyl alcohol/sodium algi-
nate (PVA/SA) combination exhibits an impressive wound-
healing rate of 98.82% after 15 days, with cells maintaining
a high viability of 92% in a nourishing environment.
Moreover, these membranes exhibit exceptional resistance
to the oxidation of free radicals, surpassing the 70%
threshold, and they possess antibacterial activity against
Staphylococcus aureus subsp. aureusin vitro. Based on
the obtained results, the nanofiber membranes composed
of polyvinyl alcohol/ alginate/ tamanu oil, with or without
silver nanoparticles, have shown potential as wound dress-
ings in the wound care discipline.
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[. INTRODUCTION

ECAUSE numerous factors can hinder the wound-healing
B process, it is important to develop a better understanding
of the factors that affect tissue repair. This understanding will
support the identification of the appropriate treatment methods
for accelerating wound healing and treating wounds. Among
such methods, wound dressing is a crucial factor in wound
care. A good wound dressing meets requirements such as the
ability to absorb a large amount of fluid, including blood,
pus, and other exudates; the ability to keep the wound dry
and prevent infection; antimicrobial properties that prevent the
spread of bacteria and other pathogens in the wound; and the
ability to create favourable conditions for cellular regeneration
and tissue remodelling, which accelerate wound healing [1].

Polyvinyl alcohol (PVA) has a wide range of practical appli-
cations due to its hydrophilic and biocompatible properties.
Polyvinyl alcohol can easily be dissolved in water, can easily
be sprayed into fibres in the form of a solution, is chemi-
cally resistant, and is physically durable. PVA is used as an
adhesive and emulsifier and plays many important roles in
the sewing and paper manufacturing industries [2]. Moreover,
PVA is praised for its biodegradability, aligning with eco-
friendly trends. It is approved for use in several medical
applications, including transdermal patches, the creation of
jellies that quickly dry on contact with skin, and immediate-
and sustained-release pill formulations [3].

Sodium alginate (SA) is a polyelectrolyte that can be used
in the manufacturing of various products that benefit life, such
as biomaterial sources, bioshells, food-sector applications,
cosmetics, textiles, and so on. Artificial alginate fibers may be
injected via reasonably stable, tiny holes to produce filaments,
which has led to the growing popularity of SA-based solutions.
In addition, because alginate fibers accelerate both the cellular-
fixation process and wound healing, their potential medical
applications have attracted a great deal of attention [4], [5],
[6], [7], [8], [9], [10]. Thus, using a combination of PVA
and SA membranes is recommended. Whereas SA provides
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flexibility, PVA provides stiffness, and this combination of
qualities results in the formation of a moderately strong barrier.

Moreover, Calophyllum inophyllumL., also known as
tamanu or beach calophyllum, is a member of the Clusi-
aceae (syn. Guttiferae) family [11]. This species is a large
evergreen tree that originates from various regions, including
Africa, South India, Southeast Asia, Polynesia, the Philip-
pines, and Australia. In traditional medicine, various parts
of the C. inophyllum plant, including its leaves, bark, fruits,
and seeds, have been used to treat numerous diseases [12].
However, the oil extracted from the seeds has been used pre-
dominantly in cosmetic and therapeutic applications to address
various skin conditions, including burns, dermatoses, eczema,
certain skin allergies, acne, psoriasis, herpes, chilblains, skin
cracks, diabetic sores, haemorrhoids, dry skin, and hair loss.
Tamanu oil has also proved effective in treating conjunctivitis
and facilitating the healing of burns and flat wounds [13].
During a phytochemical screening, the compounds present in
the plant material were identified. The screening detected the
presence of various flavonoids in the oil, including calophyl-
lolide, calophyllic acid, inophyllum B, inophyllum C, and
inophyllum E [14]. These compounds are the key compo-
nents found in tamanu oil, along with polyphenols having
antioxidant properties. Together, they contribute to the oil’s
impressive ability to reduce inflammation, promote healing,
and specifically aid in wound healing [15], [16]. Tamanu oil
exhibits anti-inflammatory, antioxidant, antibacterial, antivi-
ral, antifungal, photoprotective, and wound-healing activities.
Moreover, in the International Nomenclature of Cosmetic
Ingredients, tamanu oil is termed “Calophyllum inophyllum
seed oil” [17].

In the past, the electrospinning technique was a tradi-
tional method for the production of nanofiber from polymers.
It brings numerous benefits compared to other nanofabrication
methods [18]. It aligns with three key directions in nanoscience
and engineering: scaling down to picotechnology, achiev-
ing enhanced order with diverse nanoarrays, and creating
intricate structures such as multi-chamber configurations and
nanodevices [19], [20], [21]. The development of complex
nanostructures stands out as a significant advancement in this
field. For several decades, electrospinning has demonstrated
its ability to greatly improve the drug delivery applications of
biomolecules by producing medicated nanofibers [18], [20].
On the other hand, the versatility of structural polymeric
nanohybrids in various functional applications has garnered
significant interest. However, electrospinning typically pro-
duces short fibers, which may not be ideal for applications
that require long fibers or continuous materials [22], [23].
Additionally, achieving a high degree of fiber alignment can
be challenging, which may limit its suitability for certain
applications that require precise fiber orientation [22], [24].
Furthermore, the application of electrospinning for large-
scale production of nanofibers is restricted due to its low
efficiency in the preparation process [24]. Therefore, cen-
trifugal electrospinning (CES) is a revolutionary method that
combines centrifugal spinning and electrospinning (ES) to
produce nanofibers [24]. Several advantages of the centrifugal
electrospinning technique have been reported in preliminary

research [24], [25], [26]. This method enables the effective
manufacturing of nanofibers with robust bonding based on the
use of both centrifugal and electrostatic forces [24]. By using
this technique, ultrathin nanofibers could be generated with
diameters in the tens of nanometer regime and the productivity
of the highly interconnected nanofiber nonwoven meshes was
orders of magnitude faster compared to that of materials made
with traditional electrospinning methods [26]. The concentra-
tion of the polymer, the spinning rate, the operating voltage,
and the size of the needle play important roles throughout
the manufacturing process [24]. Notably, the presence of
residual solvents in the fibres may be effectively addressed
by the CES method if a molten polymer is employed as
a precursor [24], [25]. In recent years, scientists have been
exploring how tiny nano and microfiber frameworks can aid
in healing wounds, regenerating tissue, and protecting the
skin [27]. The fibers that are created through this process are
exceptionally well-suited for various healthcare applications,
such as crafting frameworks for tissue engineering, creat-
ing solid dispersions for delivering medications, producing
antimicrobial meshes for filtration purposes, and developing
bandage-like fibrous coverings for wound care [27], [28]. The
significant potential of these advancements, as well as their
future developments, underscores their importance in the field
of biomedical research and application.

The primary objective of this study is to investigate the
effectiveness of PVA and SA nanofiber biomembranes in
facilitating wound healing in vivo. To enhance the healing
capabilities of the developed membrane, tamanu oil was
integrated into the mixture of the membrane solutions. Addi-
tionally, in an effort to bolster the PVA/SA membrane’s
healing properties, tamanu oil and nanosilver were intro-
duced into the aqueous membrane solution used to create the
antioxidant and antibacterial biomembranes. Before the animal
experiment was conducted, the quality of the membrane was
thoroughly evaluated through a set of in vitro assessments
that comprised physical tests as well as tests of resistance
to oxidation, antibacterial activities, and cell viability. These
evaluations could serve as the foundation for developing
products that support the process of healing both human and
animal wounds.

II. MATERIALS AND METHODS
A. Chemicals

This study employed the following chemicals: polyvinyl
alcohol (Sigma-Aldrich), sodium alginate (Sigma-Aldrich),
tamanu oil (Thai Duong, Vietnam), 2,2-diphenyl-1-
picrylhydrazyl (DPPH; Sigma-Aldrich), fetal bovine serum
(Sigma-Aldrich), ethanol (C,H5OH), trypsin (Sigma-Aldrich),
Dulbecco’s modified eagle medium (Sigma-Aldrich),
phosphate buffer solution (Sigma-Aldrich), L-ascorbic acid
(Sigma-Aldrich), and silver nitrate (AgNO3; Sigma-Aldrich),
cell counting kit-8 (CCK-8) (Sigma-Aldrich), penicillin-
streptomycin solution (Sigma-Aldrich).

B. Preparation of PVA and SA Nanofiber Membranes

The membrane isolation and vesicle production were con-
ducted following the methodology outlined by [24] and [29],
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although with minor modifications. To prepare solutions with
a 20% PVA concentration, PVA was dissolved in distilled
water at 90°C for 5 hours under continuous stirring. To yield
distinct sample variations, a mixture was then prepared by
incorporating either 20% tamanu oil or a combination of 20%
tamanu oil and 20% nanosilver (Ag NP). Additionally, SA was
dissolved in distilled water and blended to a 2% solution
(weight percentage) for 1 hour at 30°C. The resulting SA
solution was then vigorously mixed with PVA at a 7:3 ratio
while maintaining room temperature. Stirring was continued
for 30 minutes at 30°C to ensure complete dissolution of
the PVA and SA. The resulting solution was loaded into a
5-mL glass syringe and positioned within a holder, which
was propelled by a pump to enable a steady flow rate. The
solutions entered the electric field, which was created with
an adjustable voltage source, after flowing from the syringe
through the blunt-tipped stainless steel needle. The needle was
fastened to a holder that could move forward in front of the
mandrel. A ground-collecting plate composed of aluminium
foil was located 6 cm from the needle tip as specified.
On the aluminium-foil-covered revolving mandrel, the remain-
ing polymer chains that make up the nanofibrous mats were
gathered. A variable speed was used for the mandrel’s rotation.
The CES process was conducted at ambient temperature,
employing high voltages of 12 kV and mandrel-rotation speeds
of 1300 rpm. Subsequently, the nanofibers collected on the
aluminium foil were stored at room temperature for use in the
characterisation studies. The samples were signed as PVA/SA,
PVA/SA/Oil, PVA/SA/Oil/Ag NP.

This study’s process of synthesising silver nanoparticles
involved adapting the original method of [30]. Using double
distilled water, two solutions were prepared, one with a
1% concentration of silver nitrate and the other with a 1%
concentration of L-ascorbic acid. These solutions were then
mixed in varying proportions and subjected to sonication in
a dark environment at a temperature of 25°C for 20 minutes.
The formation of silver nanoparticles was confirmed by the
presence of a golden-yellow colour and the absorption of
light at a wavelength of 300-500 nm by using a UV-Vis
spectrophotometer (Jasco V-730, Japan). Further investigation
showed that a stable, golden-yellow colour was achieved when
the concentrations of silver nitrate [30], [31], [32], [33].
Additionally, synthesized silver nanoparticles were observed
under an analytical scanning transmission electron microscope
(TEM, JEOL 3010).

The morphology of the nanofiber membranes was analyzed
using high-resolution scanning electron microscopy (SEM,
Zeiss GeminiSEM 450) with a 3 kV accelerating voltage. Prior
to observation, all samples underwent dehydration and were
coated with a thin layer of gold. The diameter of the fabricated
nanofibers was assessed using Oxford software.

C. Mechanical Properties

The properties of tensile strength were evaluated with ten-
sile testing. A tensile machine (FGS-50E-H, Nidec-SHIMPO,
Japan) was employed to investigate the tensile strength and
elongation of the hydrogel. The tensile properties were evalu-
ated by stretching the samples to break at a crosshead speed

of 20 mm/min. The initial cross-sectional area (10 mm?) was
used to calculate the tensile strength. The test was repeated
four times to report for each sample at room temperature.

PVA-concentrated biomembrane samples were dried at
105°C until the weight was constant. Subsequently, the dry
sample was soaked in water that had been kept at 37°C,
and the volume change was measured until it stopped rising.
The following formula was used to determine the membrane’s
degree of swelling [34], [37]:

. W — Wa
%Swelling degree = 7 x 100, (1)

d
where W; is the membrane’s mass after being submerged in
water and W, is the dried membrane’s mass.

D. Cell-Proliferation Assay

For this cell-proliferation experiment, the CCK-8 was
used. It computes the number of living cells in the
cell-proliferation experiment using a sensitive colourimet-
ric assessment of the solution response [35]. WST-8 or
[2-(2-methoxy-4-nitrophenyl) - 3 - (4-nitrophenyl) - 5 -
(2,4 disulfophenyl) - 2H - tetrazolium, monosodium salt] was
reduced by dehydrogenases in cells to form a yellow product
(formazan) that was soluble in the tissue-culture medium. The
detection sensitivity of CCK-8 is higher than that of other
tetrazolium salts, such as MMT, XTT, MTS, and WTS-1 [36].
Plate cells per well in a tissue-culture microplate with a clear
bottom. The cells were seeded onto the samples fixed in the
24-well plate and incubated in a 37°C, 5%-CO; incubator.
After 48 hours, a working solution composed of medium and
10% CCK-8 reagent was prepared to assess cell viability.
For the blank well (containing the medium without cells),
an equivalent amount of CCK-8 was added. The volume of the
working solution is 100 uL for a 96-well plate. The solution
was protected from the light and incubated in a 5%-CO,
incubator for 2.5 hours at 37° C. The increase in absorbance
was measured at 450 nm by using a microplate reader (Bio-
Rad 680, Bio-Rad, USA) [37]. The following formula was
used to determine the cell-viability rate:

As — Anc

% cell viability = ——
Apc — Anc

x 100, 2)
where Anc is the absorbance of the negative control, Apc is the
absorbance of the positive control, and As is the absorbance
of the sample.

E. Antioxidant Assay

This assay was based on the theory that a hydrogen donor
is an antioxidant DPPH is one of the few stable and com-
mercially available organic nitrogen radicals. The antioxidant
effect is proportional to the disappearance of DPPH in test
samples [38]. DPPH was dissolved in ethanol 99% with the
necessary reaction concentration of 0.001 mg/mL. A 500-uL
sample was added to inhibit a constant volume of 500 uL
DPPH solution. Before letting the mixture sit at room temper-
ature in the dark for an hour, vortex it to create a homogenous
mixture. The absorbance of this mixture was measured at



TRAN et al.: CHARACTERIZATIONS OF CENTRIFUGAL ELECTROSPUN PVA/SA/OIL/Ag NP WOUND DRESSING 371

517 nm. The proportion of DPPH inhibition was calculated
with the following equation:

Ac — Ax
—— x 100, 3)
Ac

YolInhibition =
where Ac is the absorbance of the control and Ax is the
absorbance of the reaction mixture.

F. Antibacterial Assay

The antibacterial activity of the scaffolds was evaluated
using the diameter of the antibacterial against Staphylococcus
aureus subsp. aureus and Escherichia coli as representa-
tive gram-positive and gram-negative bacteria, respectively.
S. aureus subsp. aureus and E. coli were provided by the
Bioresource Collection and Research Center, Taiwan. The bac-
teria were grown overnight in nutrient agar to acquire isolated
colonies and then diluted to a viable bacterial suspension
containing approximately 108cells/mL [36]. Measuring the
optical density at 600 nm enabled a calculation of the growth
rate and bacterial concentration [39]. Subsequently, 100 pL
of the bacterial suspension was spread onto the nutrient agar,
then put the membranes onto the surface and allowed to grow
for 24 hours at 37°C. The bacterial viability was measured
to determine the antibacterial effect of the scaffolds. To
test the antibacterial property, five membrane samples were
used: PVA/SA, PVA/SA/Oil, PVA/SA/Oil/Ag NP, and Oil/
Ag NP. To test positively, a penicillin-streptomycin solution
0.5 mg/ml was used. To test negatively, nothing was utilised.
The inhibitory effect of each sample was measured by deter-
mining the diameter of the zone of inhibition, which indicates
the area where bacterial growth is prevented. The diameter of
the antimicrobial “halo” was calculated as follows [40]:

C=D-d “)

where C is the bridging of the zone of inhibition (cm), D is
the susceptible zone (cm), and d is the diameter of the sample
disk (cm).

G. Wound-Healing Assay

Experiments were conducted on male Wistar rats aged
8 weeks and weighing 200-250 g that were provided by
BioLasco, Taiwan. The experiment was conducted under the
approval of the Institutional Animal Care and Use Committee
of the National Sun Yat-sen University, Kaohsiung, Taiwan
(IACUC Approval No. 10738). The rats were adapted to the
experimental environment over the course of five days. Food
and water were provided during the experimental period. The
rats were divided into five groups with five mice/group as
follows: the control group was treated with normal saline
and commercial povidone iodine, one group was treated with
PVA/SA membrane, one group was treated with PVA/SA/QOil
membrane, one group was treated with PVA/SA/Oil/Ag NP
membrane, and one group was treated with tamanu oil
and nanosilver-loaded bandage. A wound with a length of
2-2.2 cm was created on the back of each mouse. The wound
status and wound size were recorded periodically over the

—*-PVA/SA —=—PVA/SA/Oil —= PVA/SA/Oil/AgNP

Stress (MPa)

Strain

Fig. 1. Stress—strain curve of the PVA/SA, PVA/SA/Qil, and
PVA/SA/Qil/Ag NP nanofiber membranes.

course of 15 days [34]. The percentage of wound healing was
assessed with the following equation:

w0 — Wx

Y Healing = x 100, %)

where WO is the wound area at day 0 and Wx is the wound
area at day 3, 6, 9, 12, and 15.

H. Histology

The assessment of the histological condition involved eval-
uating the extent of inflammation, re-epithelialization, and the
formation of granulation tissue in the tissue sections. The his-
tological study of the wound treated with the samples, which
occurred on day 15, involved the euthanasia of the rats. Sub-
sequently, wound tissue samples of all treatments, including a
5 mm border of adjacent normal skin, were carefully collected
for histological analysis. The harvested tissues were initially
fixed in a 4% paraformaldehyde solution for a duration of
6 hours. Following this, the samples were cut along the widest
margin and immersed in the fixing solution overnight. The
processed tissue samples underwent a series of procedures,
including dehydration, diaphanization, wax infiltration, and
embedding in paraffin. To evaluate the status of the newly
regenerated tissues concerning the treatment administered, the
paraffin-embedded tissue samples were sectioned into 5 um
thick slices and subjected to staining with hematoxylin and
eosin (H&E). For the qualitative histological analysis, a digital
slide scanner (MoticEasy-Scan, Hong Kong) was employed to
facilitate microscopic observations [34].

1) Statistical Analysis: All groups were compared using a
one-way analysis of variance (ANOVA) via Tukey’s factor test.
Each experiment was run at least three times in duplicate,
and the results were reported as means =+ standard deviations
(SD). A confidence interval was calculated and a significant
difference was highlighted with xx denoting a p value < 0.05.

I1l. RESULTS AND DISCUSSION
A. Mechanical Properties

The membranes to various tests to evaluate their physical
properties, such as tensile strength and swelling behaviour.
Fig. 1 illustrates the stress—strain curves of three types of
membranes: PVA/SA, PVA/SA/Oil, and the PVA/SA/Oil/Ag
NP membrane. The chart shows that the PVA/SA/Oil mem-
brane exhibited a superior stress—strain curve compared to
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Fig. 2. Degree of swelling of the PVA/SA and PVA/SA/Qil nanofiber
membranes.

both the PVA/SA membrane and the sample incorporating
nanosilver and tamanu oil (PVA/SA/Oil/Ag NP). Specifically,
in the strain range of 0.03—0.053, the PVA/SA/Oil membrane
reached a stress value of over 8 MPa, while the other samples
only showed slight increases without surpassing 4 MPa. The
higher stress value for the PVA/SA/QOil nanofiber membrane
suggests that the addition of oil to the PVA/SA material might
have improved its mechanical properties. It also indicates
that this membrane can withstand higher levels of mechanical
deformation. Besides, the swelling behaviour of the PVA/SA
membranes was observed in both the presence and absence
of tamanu oil. The membranes were immersed in water,
and water-uptake capacity was monitored over an 8-hour
period, as shown in Fig. 2, the PVA/SA/Oil samples exhibited
slower and reduced swelling compared to the PVA/SA sam-
ples, showing a threefold difference. These results indicate
that the PVA/SA/Oil membrane has better water permeabil-
ity and mechanical properties, such as flexibility, resilience,
and strength. Therefore, both the PVA/SA and PVA/SA/Oil
membranes are believed to provide an improved wound heal-
ing process by effectively absorbing blood, pus, and wound
exudates, protecting the wound against harmful agents, and
maintaining a humid micro-environment around the wound.

B. Morphology of Nanofiber Membranes

The fabrication of nanofiber membranes using the CES
method allows for the production of membranes with con-
sistent fiber diameter, and long fibers. In Fig. 3A, it can be
observed that the fibers in both the PVA/SA/Oil and PVA/SA
membrane samples ranged predominantly from 100 to 300 nm.
These dimensions are substantially smaller when compared
to the 400 to 1800 nm diameter of fibers typically produced
using identical methods, as catalogued in [29], [33], and [41].
Furthermore, they are also less than the mean diameter
of PVA/SA membranes — 365.8 nm, as procured via the
electrospinning technique according to [42]. The scanning
electron microscope (SEM) images provided in Fig. 3B shows
that the fibers in the PVA/SA and PVA/SA/Oil membranes
largely share a similar morphology. They manifest as extended,
uninterrupted fibers that wind around one another and pile
up layer by layer until the desired thickness is achieved.
However, in the case of the PVA/SA membrane combined
with tamanu oil, it can be observed that the resulting fibers

100 100 A
Ad =207.62 nm ..

| Ad=165.80 nm

Frequency (%)

1-100 101-200 201-300 1-100 101-200 201-300

Diameter of PVA/SA/Oil nanofiber (nm)

AL T

Diameter of PVA/SA nanofiber (nm)

i

]

The diameter distribution of PVA/SA and PVA/SA/Oil mem-
branes respectively (A), and the fiber morphology of these membranes
under a Scanning Electronic Microscopy (SEM) of PVA/SA and
PVA/SA/Qil membranes respectively (B).

1um  PVA/SA/Oil

Fig. 3.

exhibit uneven sizes unlike the fibers in the PVA/SA mem-
brane without tamanu oil. An interesting observation with
this approach is that a considerable number of void spaces
form within the membrane structure. This imparts a certain
porosity and breathability to the membrane, an attribute that is
advantageous in fostering a conducive environment for wound
healing [43]. These findings correspond with the swelling
degree of each sample. Furthermore, the addition of oil in
the PVA/SA/Oil membrane made the inner material somewhat
impermeable, resulting in slower swelling capability compared
to the PVA/SA membrane. These insights indicate that the
nanofiber membranes possess the capacity to absorb exudates
secreted by damaged blood vessels in injured tissue, while
also inhibiting the ingress of external agents. This creates
an environment that not only prevents bacterial growth but
also maintains the necessary humidity for effective wound-
care management. In summary, the CES method enables
the production of nanofiber membranes with consistent fiber
diameter and long fibers. These unique properties allow the
nanofiber membranes to effectively absorb exudates and create
a better wound-care micro-environment [23].

The characterizations of the synthesized silver nanoparticles
are illustrated in Fig. 4. To ascertain the emergence of nano-
sized silver formation, an analysis of the UV-Vis absorption
spectrum, ranging from 300 to 500 nm of the sample solution,
is presented in Fig. 4A. The absorbance linked to surface
plasmon resonance is notably sensitive to the characteristics
of the surrounding medium and particles, encompassing their
nature, size, and shape. In the UV-Vis absorption spectrum
of the sample, a distinct peak is observed at approximately
418 - 420 nm, signifying the formation of silver nanoparti-
cles [44]. Subsequently, the silver particles were examined
using TEM and EDS analysis, as depicted in Fig. 4B and 4C.
The shape of silver particles is spherical, with an average
diameter of around 50 nm. These findings align with previous
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Fig. 4. Analysis of synthesized silver nanoparticles (Ag NP). (A) UV-
Vis spectroscopy of Ag NP solution from 300 to 500 nm, (B) image of
silver nanoparticles under a Transmission Electron Microscopy (TEM),
and (C) Energy-dispersive X-ray Spectrum of Ag NP.
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studies [44], [45]. The EDS chart of the particles showcases
the appearance of silver (Ag - 55.4%), carbon (C - 36.7%),
and oxygen (O - 7.9%) in the sample solution, confirming that
the observed particles are silver [44].

C. Cell Viability

To assess cell viability, an experiment was conducted on
human dermal fibroblast (HDF) skin cells using the CCK-8
[33]. This test evaluated cell viability with the PVA/SA
membrane and with a combination of the PVA/SA/Oil and
PVA/SA/Oil/ Ag NP membranes under in vitro conditions. The
results presented in Fig. 5 show that the cell viability of PVA
and PVA/SA membranes reaches around 80% of the cells sur-
vived, with the PVA/SA membrane at approximately 77%, and
the PVA membrane at approximately 81%. In the PVA/SA/QOil

and PVA/SA/Oil/ Ag NP groups, this percentage increased to
over 90%, suggesting better cell viability in a nutritionally
complete environment. These results demonstrate that supple-
menting tamanu oil and nanosilver into the PVA/SA membrane
did not affect HDF cell growth. In other words, the fabricated
nanofiber membranes exhibit excellent biocompatibility. This
is a crucial factor in various biomedical applications, such
as tissue engineering and drug delivery systems. A previous
experiment found that 80% of HDF cells could survive on
fabricated scaffolds using PVA membranes [43].

D. Antioxidant-Capacity Assessment Using the DPPH
Method

As is well-known, in antioxidant experiments, the higher the
percentage of inhibition, the stronger the antioxidant capacity,
and vice versa. The antioxidant capacity of the membranes
was assessed using the DPPH method, which is presented in
the chart in Fig. 5. The obtained results undeniably support
the assertion that all three samples showcased compelling
antioxidant activity, with percentages surpassing 70%. These
membranes possess good antioxidant activity due to their
content of alginate, tamanu oil, and silver nanoparticles, all
of which have demonstrated effective antioxidant activity
in previous studies. For instance, sodium alginate isolated
from Tunisian brown seaweed exhibited a scavenging DPPH
radical activity of 74% at 0.5 mg/mL [46]. In another study,
the antioxidant effectiveness of tamanu oil was evaluated
and recorded, showing a strong inhibition of DPPH [47].
Moreover, silver nanoparticles, synthesized using plant extract
containing ascorbic acid and polyphenols, demonstrated robust
antioxidant resistance [44]. Hence, the PVA/SA, PVA/SA/Qil,
and PVA/SA/Oil/Ag NP nanofiber membranes could be used
as an antioxidant biomaterial in biomedical engineering appli-
cations, especially for skin wound dressing. There is a close
connection between chronic skin inflammation and reactive
oxygen species in the wound healing process. Reactive oxygen
species (ROS), also known as oxidative agents, including
superoxide (O>~) and hydrogen peroxide (H0,), are exces-
sively produced in the inflammation stage of the wound [48].
Therefore, the scavenging of ROS, termed antioxidant activity,
is an important step to decrease inflammatory reactions in
wound healing [1]. By effectively scavenging free radicals, the
enhanced protection afforded by these membranes will play a
pivotal role in mitigating the risk of infection and minimizing
the loss of important cellular components. This, coupled with
the ability of nanofiber membranes to scavenge free radicals
and provide superior protective properties, underscores their
potential as an advanced and promising approach in wound
care management.

E. Antibacterial Effectiveness

The results presented in Fig. 7 provide a comparison
between the antibacterial effectiveness of the PVA/SA biopoly-
mer nanofiber loaded with tamanu oil and nanosilver and that
of commercial antibiotics. In this experiment, the biopolymer
fibers were tested for their ability to inhibit the growth of
two types of bacteria, S. aureus subsp. aureus(Gram-positive
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Fig. 6. Antioxidant potential of the PVA/SA, PVA/SA/OIil, and
PVA/SA/Qil/Ag NP membranes, n =5, p < 0.05, (ns) means correlation
is nonsignificant at the 0.05 level.
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Fig. 7. The antibacterial testing aimed to determine the inhibitory
effect (by measuring the diameter of inhibition) of penicillin-streptomycin
solution 0.5 mg/mL (1), control (normal bandage) (2), the PVA/SA
membrane (3), the PVA/SA/Oil membrane (4), the PVA/SA/Qil/Ag NP
membrane (5), and the Oil/Ag NP membrane (6) against the growth of
(a) Staphylococcus aureus subsp. aureus and (b) Escherichia coli, n=4,
p < 0.05, (x) means correlation is significant at the 0.05 level, (ns) means
correlation is non-significant at the 0.05 level.

bacteria) and E. coli (Gram-negative bacteria). Regarding the
inhibitory effect against Gram-positive bacteria, the PVA/SA
biopolymer membrane loaded with tamanu oil and nanosilver
exhibited significant efficacy. In comparison with a penicillin-
streptomycin solution of 0.5 mg/mL (a positive control), the
inhibitory zone of the PVA/SA/Oil/Ag NP membrane on
the growth of S. aureus subsp. aureus is notably effective,
approximately 0.5 times larger. Following this, the inhibitory
zone of the PVA/SA/Oil membrane (0.36 times larger). The
Oil/Ag™-loaded bandage is 0.32 times larger, compared to
the positive control. S. aureus subsp. aureus, a common
resident bacterium on the skin and a cause of infections and

A+

80 « - +

60 -

Percetage of healing (%)

Day 6 Day 9 Day 12 Day 15

@ Control BPVA/SA @PVA/SA/Oil ®PVA/SA/Oi/AgNP 2 Oil/Ag NP

Fig. 8. Percentage of healing in rats at 3, 6, 9, 12, and 15 days, n = 4,
p < 0.05, (x) means correlation is significant at the 0.05 level, (ns) means
correlation is nonsignificant at the 0.05 level.

skin diseases, was selected as a representative Gram-negative
bacterium to test antibacterial activity in the study. Infections
by pathogenic bacteria are crucial issues in the wound healing
stage, and avoiding them is essential to prevent complications
after surgery [49]. To effectively protect the wound, antibacte-
rial biomembranes are of research interest. The antimicrobial
effectiveness of the biomembranes containing tamanu oil or
silver nanoparticles in previous research is also mentioned
in [50] and [51], demonstrating the biomembranes’ ability to
inhibit the growth of Gram-positive bacteria, specifically S.
aureus subsp. aureus. In this study, due to the supplementation
of tamanu oil and silver nanoparticles — potent compounds for
antibacterial activity — it is proven that the membranes possess
good antibacterial activity against S. aureus subsp. aureus.
However, the assessment of the inhibitory effect against Gram-
negative bacteria demonstrated that the PVA/SA biopolymer
fibres loaded with tamanu oil and nanosilver did not have an
inhibitory effect. It is not recorded the inhibitory effect against
E. coli (Gram-negative bacteria) of all treatments, including
the PVA/SA, PVS/SA/Oil, PVA/SA/Oil/Ag NP, and Oil/Ag
NP membranes. Gram-negative bacteria generally possess high
levels of resistance and are rather difficult to treat with
antibiotics. Therefore, to explore the antibacterial potential of
the biopolymer fibres made from PVA/SA against other Gram-
negative bacteria, further research is needed.

F. Wound Healing

The results of the experiment on wounds in mice treated
with PVA/SA, PVA/SA/Oil, and PVA/SA/Oil/Ag NP mem-
branes were compelling and reliable. As Fig. 8 illustrates, the
wound-healing capability of the membrane and the effective-
ness of incorporating tamanu oil and nanosilver was clearly
evident in a comparison with the control sample — which did
not use any wound-healing aids. With sample 2 (PVA/SA), the
wound had dried and healed faster than with the other samples
after 15 days of observation, although it did so more slowly
than with samples 3 (PVA/SA/Oil) and 4 (PVA/SA/Oil/Ag
NP). Throughout the monitoring process, samples 3 and
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Fig. 9. Wound area of rats at day 0, 3, 6, 9, 12, and 15 after using
the PVA/SA, PVA/SA/Qil, PVA/SA/Qil/Ag NP, and Oil/Ag NP membranes
and control.
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4 exhibited faster blood drying and a faster reduction in
wound diameter than did sample 2. Notably, after 15 days
of observation, the wound diameter was smaller than that
associated with sample 2. Regarding sample 5 (Oil/Ag NP),
which served as a positive control in the experiment, in the
first 3, 6, and 9 days of observation, the wound drying was
slow and accompanied by some bleeding, and the healing
effect was not particularly convincing. However, by day 15,
sample 5 exhibited good results, with a smaller wound opening
compared to the other samples. These results clearly indicate
that PVA/SA in combination with tamanu oil and nanosilver
has the potential to heal wounds and promote the healing
process. However, further research and testing are needed
to evaluate the effectiveness and persuasive nature of this
approach in wound treatment.

Fig. 9 offers an in-depth analysis of the pace of wound
healing for the five experimental treatments over a span of
15 days. It is evident that the wound treated with sam-
ple 3 (PVA/SA/QOil) had entirely recuperated, in contrast
to the wounds associated with sample 2 (PVA/SA) and 4
(PVA/SA/Oil/Ag NP), which had yet to fully heal. Interest-
ingly, the size of the wounds associated with sample 1 (control)
and 5 (Oil/Ag NP) on day 15 was somewhat similar to that
of the wound associated with sample 3 on day 12. Ultimately,
the healing outcomes depicted in Fig. 8 and 9 underlined the
superior performance of the PVA/SA/Oil membrane relative
to that of the other samples.

G. Histology

As Fig. 10 shows, all the treatments (PVA/SA, PVA/SA/Oil,
PVA/SA/Oil/Ag NP, and Oil/Ag NP) resulted in a full recovery
of the epidermis and dermis, whereas the control treatment did
not result in a fully reconstitute epidermis. In normal skin,
the epidermis layer plays a crucial role as a protective barrier
against factors from the external environment such as microor-
ganisms, viruses, and other pathogenic factors [49]. Therefore,
the reorganisation of the epidermis layer of wounded skin
is necessary. The results demonstrated that the epithelial
layer of the injured skin treated with PVA/SA nanofiber,
PVA/SA/OIil nanofiber, and PVA/SA/Oil/Ag NP nanofiber not
only recovered faster than that in the control sample (without
treatment) but also showed fully the structure of skin. At least
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Fig. 10. Histology of the wound zone treated with various samples at
day 15 after dual staining with haematosin & eosin (H&E) dye.

two fundamental skin layers (the epidermis and dermis) were
observed on the damaged skin treated with PVA/SA nanofiber,
PVA/SA/Oil nanofiber, and PVA/SA/Oil/Ag NP nanofiber.
It consists of four layers: the stratum corneum, stratum gran-
ulosum, stratum spinosum, and stratum basale [52]. These
layers are key components in the formation of the epider-
mis. As a result, the complete epidermis is covered entirely
the wound zone in the groups treated with the PVA/SA,
PVA/SA/Oil, and PVA/SA/Oil/Ag NP nanofiber membranes.
That is, all the samples had the capacity to enhance the wound-
healing process.

Fig. 11 illustrates the histological examination of the
wounds after 15 days of treatment with the samples. When a
skin wound occurs, the body’s initial response is the formation
of a blood clot to prevent excessive bleeding. This is followed
by inflammatory reactions in which various inflammatory
cells, such as neutrophils, eosinophils, lymphocytes, and
macrophages, are released to absorb antigens. In response to a
skin injury, the body immediately activates the immune mecha-
nism and initiates the reconstruction of damaged skin [53]. The
results indicate that the inflammation stage was prolonged in
this group. In other words, the healing process was incomplete
after 15 days. Inflammation is a biophysical reaction that
involves the recruitment of immune cells, such as neutrophils,
lymphocytes, and macrophages, through chemical elements to
remove foreign particles [52], [53]. Additionally, the growth
factors and cytokines that stimulate the proliferation stage in
the wound-healing process are excreted during this stage [52].
In contrast, the histological image of the wound treated with
PVA/SA/Oil nanofiber shows a completed reconstruction of



376

IEEE TRANSACTIONS ON NANOBIOSCIENCE, VOL. 23, NO. 2, APRIL 2024

Blood cells

. —» Neutrophil
Eosinophil

» Lymphocyte

» Dermal fibroblast cell

» Blood vessel

» Collagen

» Sweat gland

» Immature sebaceous gland

» Sebaceous gland

Fig. 11.
staining.

Dermis layer of the wound zone in all the groups after H&E

the skin. As Fig. 11 shows, not only collagen proteins, which
are released by dermal fibroblast cells, but also new vessels,
which supply nutrient components and oxygen to promote the
regeneration and angiogenesis of granulation tissue, appeared
densely in the dermis layer. In addition, the appearance of
sebaceous glands indicated that the damaged skin was healing
effectively. Moreover, fibroblast cells fully covered the dermis
layer in the groups treated with the PVA/SA, PVA/SA/Oil,
and Oil/Ag NP membranes. This phenomenon demonstrated
that re-epithelialisation and wound contraction were occurring.
Consequently, a mass of collagen fibres and endothelial cells
were produced markedly to penetrate the wound zone. This
stage can be defined as the proliferation phase of the healing
process.

In a word, the histological results for all the treatment
groups indicated the recovery of normal skin structure after
15 days. These results demonstrated that nanofiber membranes
composed of PVA and SA with or without tamanu oil and
nanosilver were capable of healing injured skin. Among these
membranes, the PVA/SA/Oil nanofiber membrane was the
best extracellular space for increasing the growth of factors,
fibroblast cells, and endothelial cells in the healing stage.

V. CONCLUSION

In this study, a series of antibacterial, antioxidant, and
flexible nanofiber membranes based on PVA, SA, tamanu oil,
and nanosilver was fabricated, and the membranes’ morpho-
logical, mechanical, and biocompatible characteristics were
evaluated. All the nanofiber membrane samples exhibited
impressive liquid-absorption capabilities within 8 hours via
swelling degree. Furthermore, these samples had not only high
levels of antioxidant activity but also the capacity to inhibit S.
aureus subsp. aureus. The cell-cytotoxicity results (in vitro)
and the results of the animal-model tests (in vivo) testified
to the membranes’ good biocompatibility and wound-healing
capacity. The pristine PVA/SA nanofiber with or without

tamanu oil and nanosilver also promoted the healing of injured
skin. The PVA/SA/Oil nanofiber membrane outperformed the
others, achieving a healing percentage of over 98% within
15 days. This study identifies biomaterials that have the
potential to improve wound-dressing applications.
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