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ABSTRACT: Facial masks contain additives such as thickeners
and preservatives that have adverse effects on the skin, and there is
growing demand for organic products. Inspired by this, we
developed a poly(vinyl alcohol) (PVA) nanofibrous facial mask
that contains all-natural ingredients such as honey and an eggshell
membrane (ESM) by a green solvent-based electrospinning
technique. Various analyses, including SEM, XRD, FT-IR, and
TGA measurements, and tests for water solubility, wettability,
water absorption and retention, antioxidant activity, and antibacterial properties were performed. SEM analysis showed average
diameters from 257 to 325 nm. XRD results indicated decreased crystallinity after cross-linking. FT-IR measurements confirmed
ester and acetal cross-link formation. TGA demonstrated enhanced thermal stability in cross-linked samples, especially PVA10%
_lemon/esm10/honey20-H. Water solubility tests showed that heated samples were more stable. Water absorption rates exceeded
400%, with PVA10%_lemon/esm10/honey20-H having the highest retention rate. Wettability analysis showed significant changes in
contact angles after heating. Antioxidant assays revealed that PVA10%_lemon had the highest DPPH activity (71.2%) among
unheated samples, decreasing after cross-linking. Antibacterial tests showed significant activity only in PVA10%_lemon/esm10/
honey20, against both Escherichia coli and Bacillus subtilis bacteria. Active ingredients can be added directly to this facial mask. This
facial mask is gentler on the skin, and its ingredients have antiaging and anti-inflammatory properties. This mask can avoid the use of
preservatives. This prepared facial mask has potential to be used in the organic skincare product industry and can also help the
chemical industry toward sustainable and healthy practices.

1. INTRODUCTION
The skin is the largest organ in the human body, accounting
for approximately 16% of its total weight.1 The skin is
composed of three layers: the subcutaneous tissue, the dermis,
and the epidermis. Aging is caused by both endogenous and
extrinsic determinants, which contribute to the progression of
skin aging and the loss of physiological functions. Intrinsic
factors include age and hormonal changes in skin tissue, while
extrinsic factors include smoking, ultraviolet rays, and lifestyle
choices.2 In today’s world, social media has expanded people’s
perspectives and significantly influenced beauty standards,
leading to a growing awareness of facial care so the demand in
the global face pack market has increased.3 According to a
study by Transparency Market Research, the global face pack
market reached an estimated $713 million by 2031. This
growth is attributed to the increasing incidence of skin diseases
and a growing interest in maintaining beautiful skin.3

According to NPD Group’s Facial Skin Care Consumer
Report, which surveyed female users, 46% of respondents
reported purchasing products that are free of sulfates,
phthalates, and gluten, an increase of 6 percentage points
over the past two years. Additionally, more than half of the

women surveyed are looking for skin care products made with
organic ingredients.4 Face packs include various types such as
nonwoven masks, pulp masks, hydrogel masks, biocellulose
masks, knit masks, and ampule sheet masks, as well as bubbling
sheet masks.5,6

Traditional wet masks primarily function through the
essence of liquid that they contain; however, their efficacy is
often limited due to the presence of additives like thickening
agents, film formers, and ultraviolet absorbents, which can
compromise safety, skin health, and convenience.7−9 These
masks typically incorporate components such as vitamins,
antioxidants, oils, emulsifiers, and silicones to control moisture
loss and improve skin texture. Despite their benefits, the
synthetic nature of these additives has driven interest toward
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“green tech” solutions that favor natural and sustainable
materials. Additionally, these facial masks need to be packed in
nonbiodegradable plastic barrier packaging. After their use,
landfills and incineration are the main end-of-life options. A
dry facial mask would certainly be a great solution to these
issues. First, dry masks can avoid the use of antibacterial agents
and preservatives. Second, dry masks can be sealed in
biodegradable-paper-based packaging. Then, they have more
hygienic and convenient operation. Most importantly, they can
save a lot of water and raw materials and reduce their waste,
but they are costly and prone to active ingredient
inactivation.10−12 Electrospinning technology has been suc-
cessfully adopted in the cosmetics industry, and it is used for
face pack materials because it produces nanofibers with a high
surface area to volume ratio, enhancing the contact between
the skin and the face pack and improving the penetration of
active ingredients.13,14 Recently, nanofiber mats have seen a
hike in the market. Nanofibers can be used in different
applications including high performance apparel, sound-heat
absorbing materials, wound treatment, face masks, inorganic
materials, oil-absorbing materials, and insulation materials.15,16

The unique properties of nanofibers, such as a large surface
area for their weight, give them excellent adsorption abilities.
The supramolecular arrangement effect has a high strength due
to the straight alignment of polymer chains. The dense
structure leads to improved heat resistance.17 The high surface
to volume ratio of nanofibers can increase the contact area
between the skin surface and the face pack, thereby increasing
skin penetration.18 Additionally, the nanofibers’ fine structure
can provide better adhesion to the skin and deliver ingredients
more effectively.19

Poly(vinyl alcohol) (PVA) nanofibers are widely used in
pharmaceuticals,20 antibacterial treatments,21 tissue engineer-
ing, and other applications due to their biodegradability,
biocompatibility, nontoxicity, and low cost. As an excellent
film-forming agent, PVA creates a protective and moisturizing
barrier on the skin. The eggshell membrane, rich in bioactive
compounds such as collagen, elastin, glucosamine, chondroitin
sulfate, hyaluronic acid, keratin, and sulfur-rich proteins,
enhances these benefits. It contains over 500 proteins,
including various structural proteins,22,23 which collectively
improve skin hydration, elasticity, and reduce inflammation,
promoting antiaging effects.24,25 Additionally, it stimulates the
production of type III collagen, further contributing to the
skin’s antiaging properties and overall health.26−28 Honey,
renowned for its historical use in skincare, adds significant
advantages to this formulation. It primarily consists of sugars
like fructose and glucose, along with proteins, amino acids,
vitamins (ascorbic acid, biotin, nicotinic acid, pantothenic acid,
pyridoxine, and thiamine), and enzymes (diastase, invertase,
glucose oxidase, and catalase). Additionally, honey contains
minerals such as potassium, magnesium, phosphorus, calcium,
iron, and copper, as well as various plant-derived com-
pounds.29,30 These components make honey packed with
antioxidants, enzymes, and nutrients that nourish and revitalize
the skin. Its natural antibacterial properties help to cleanse and
prevent acne, while its humectant nature retains moisture,
keeping the skin hydrated and soft.31,32 The phenolic acids,
flavonoids, and proteins in honey exhibit antibacterial
properties by exerting osmotic pressure on bacterial cells,
thus inhibiting their growth.33 Its anti-inflammatory properties
soothe irritated skin and promote healing, making honey a
valuable component in face packs. The long history of honey in

beauty treatments attests to its efficacy in enhancing skin
health and appearance.34,35 For cross-linking the PVA/eggshell
membrane-honey nanofiber, we use lemon juice. Lemon is rich
in vitamin C and citric acid, which not only act as natural
cross-linking agents but also provide additional skincare
benefits.36,37 Vitamin C helps in collagen synthesis, brightening
the skin, and reducing dark spots, while citric acid acts as a
gentle exfoliant, removing dead skin cells and promoting a
smoother, more radiant complexion.38 The incorporation of
lemon juice enhances the overall efficacy of the skin pack,
making it a comprehensive solution for moisturizing, antiaging,
and skin brightening.39,40

Face packs contain additives, such as thickeners and
preservatives, which have an adverse effect on the skin, and
there is a growing demand for products made from organic
products. To meet the demand, in this study, we fabricated a
PVA nanofibrous facial mask that contains all-natural
ingredients such as an eggshell membrane, lemon, and honey
using an electrospinning technique. Furthermore, active
ingredients can be added directly to this face mask. This
allows face packs to be made without additives. Additionally,
the high specific surface area of nanofibers can help with more
skin penetration of the active ingredients. From these, the
purpose of this research is to create a face pack that is gentler
on the skin.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(vinyl alcohol) (PVA, Mw 85,000−

124,000, 87−89% hydrolyzed) was purchased from Sigma-
Aldrich (USA), the eggshell membrane was sourced from
Farm-Foods (Japan), lemons were obtained from Sunkist
(USA), and honey was acquired from Dabur India Limited
(India).

2.2. Preparation of Nanofiber Membranes. Four
different solutions were prepared for the fabrication of
nanofiber membranes, as detailed in Table 1. The schematic

illustration for the fabrication of nanofiber membranes is
shown in Figure 1. Initially, a solution of 10 wt % PVA was
dissolved in water and stirred at 80 °C for 2 h. This sample was
designated as PVA10%. For the second solution, 10 wt % PVA
was dissolved in lemon juice under the same conditions, and
this sample was named PVA10%_lemon. In the third solution,
10 wt % PVA and 30 wt % eggshell membrane were dissolved

Table 1. Electrospinning Solution Scheme

samples
PVA
(wt %)

lemon
(solvent)

water
(solvent)

ESM
(wt %)

honey
(wt %)

PVA10% 10 √
PVA10%_lemon 10 √
PVA10%_lemon/
esm30

10 √ 30

PVA10%_lemon/
esm10/honey20

10 √ 10 20

Figure 1. Schematic illustration for the preparation of the electrospun
PVA_lemon/esm/honey nanofiber membrane.
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in lemon juice and stirred at 80 °C for 2 h, resulting in the
sample PVA10%_lemon/esm30. Using the ESM within this
range significantly improves the mechanical strength and
bioactivity of the resulting nanofibers, making them suitable for
various applications.41 The fourth solution consisted of 10 wt
% PVA, 10 wt % eggshell membrane, and 20 wt % honey
dissolved in lemon juice, stirred at 80 °C for 2 h, and
designated as PVA10%_lemon/esm10/honey20. A horizontal
arrangement of high voltage power supply (Har-100*12,
Matsusada Co., Tokyo, Japan), a rotating cylindrical collector,
and a syringe pump (KDS-100, KD Scientific, USA) was set up
for electrospinning. The spinning solution were filled in 20 mL
plastic syringes fixed with 20-gauge needles. A high voltage of
15 kV was applied at the needle tip. The flow rate was kept at
0.7 mL/h. The distance between the needle tip and the
collector was maintained at 15 cm. Nanofiber membranes were
collected on butter paper wrapped around the collector. The
electrospinning was carried out at an ambient temperature of
25 °C.

2.3. Cross-Linking. Poly(vinyl alcohol) (PVA) nanofibers
can undergo cross-linking through thermal treatment without
the need for additional chemical agents. This process involves
heating the PVA nanofibers to a temperature that facilitates the
formation of hydrogen bonds between hydroxyl groups on
adjacent polymer chains, leading to a physically cross-linked
network.42 Three types of nanofibers, PVA10%_lemon,
PVA10%_lemon/esm30, and PVA10%_lemon/esm10/
honey20 were heated at 90 °C for 1 day to achieve cross-
linking. The resulting cross-linked products were designated as
PVA10%_lemon-H, PVA10%_lemon/esm30-H, and PVA10%
_lemon/esm10/honey20-H, respectively.

2.4. Characterization. 2.4.1. Structural Characterization.
The surface morphology of the prepared nanofiber membranes
was examined by using a scanning electron microscope (SEM;
JSM-6010LA, JEOL Ltd., Japan) at an applied voltage of 10
kV, revealing detailed structural characteristics. To ensure
conductivity, the nanofibers were coated with platinum by
using a sputtering device (JFC-1600, JEOL, Japan). A total of
50 nanofibers were randomly selected from the SEM images,
and the average fiber diameter was calculated from SEM
images using ImageJ software. Chemical interactions within the
samples were investigated using Fourier transform infrared
spectroscopy (FT-IR; Shimadzu Corporation, Japan), with a
range of 4000−600 cm−1 wavenumber, which analyzes the
absorbed infrared light to identify molecular structures. The
crystallinity of the samples was confirmed by using X-ray
diffraction (XRD; Miniflex3000, Rigaku Co., Ltd., Japan),
which provides diffraction patterns indicative of crystalline
phases. The scanning speed was kept at 5°/min, and the 2θ
range was between 5 and 60°. Additionally, thermogravimetric
analysis (TGA; TGA8120, Rigaku Co., Ltd., Japan) was
performed to assess the thermal stability and composition of
the samples by measuring weight changes over a temperature
range of 0 to 500 °C with a heating rate of 10 °C/min up to
600 °C.

2.4.2. Water Solubility, Absorption, and Retention. The
water-related properties of the nanofiber samples were
thoroughly evaluated through solubility, absorption, and
retention tests. For the water solubility test, all nanofiber
samples were cut into 2 cm × 2 cm pieces, placed in vials
containing distilled water, and observed for dissolution. The
water absorption capacity was tested by immersing 20 mg
samples of the cross-linked nanofibers (PVA10%_lemon-H,

PVA10%_lemon/esm30-H, and PVA10%_lemon/esm10/
honey20-H) in phosphate-buffered saline (0.01 M, pH 7.2−
7.4) for 40 or 120 s to absorb surface moisture, followed by
weight measurement. The water absorption rate was calculated
using the following formula:

m n
m

water absorption (%) 100= ×
(1)

where m is the initial weight and n is the final weight. The
water retention test involved immersing the same types of 20
mg samples in phosphate-buffered saline for 40 s to absorb
moisture and then measuring the weight at 15 min intervals
over a 60 min period. The water retention rate was calculated
using the following formula:

m t
m

water retention (%) 100= ×
(2)

where m is the initial weight and t is the weight after a specified
time.

2.4.3. Surface Wettability Test. The surface wettability of
the fabricated nanofiber samples was evaluated by measuring
the contact angle. This test involved placing a droplet of liquid
on the solid surface of the nanofibers and observing the
droplet’s behavior. The contact angle, which is the angle
between the liquid droplet and the solid surface, was calculated
using Young’s equation:

S L cos SL= · + (3)

where γS is the surface tension of the solid, γL is the surface
tension of the liquid, and γSL is the interfacial tension between
the solid and the liquid.

h
r

arc
h
r

tan 2 tan1 = =
(4)

with h representing the height and r the radius of the droplet.
Each sample was measured five times to ensure accuracy, and
the average contact angle was calculated. This analysis
provided insights into the hydrophilicity and potential skin
interaction properties of the nanofiber membranes.

2.4.4. Antioxidant and Antibacterial Properties. The
antioxidant and antibacterial properties of the nanofiber
samples were rigorously assessed. The antioxidant activity
was measured using a 2,2-diphenyl-1-picrylhydrazyl (DPPH)
free radical test. Samples were immersed in an 0.1 mM DPPH
ethanol solution and incubated for 30 min in the dark at 37 °C.
The absorbance at 517 nm was measured using UV−vis
spectroscopy, and the antioxidant activity was calculated using
the following formula55

Ac As
Ac

antioxidant activity (%) 100= ×
(5)

where As is the absorbance with the sample and Ac is the
absorbance without the sample. For antibacterial testing, the
nanofibers’ properties were evaluated using Escherichia coli and
Bacillus subtilis. After culturing the bacteria for 24 h, 30 μL of
each bacterium was sprayed on agar medium. The samples,
sterilized with ultraviolet light for 6 h, were cut to a diameter of
10 mm and placed on the agar medium and then incubated for
24 h. The presence or absence of antibacterial properties was
determined based on the bacterial growth around the samples.
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Figure 2. SEM images of (a) PVA10% and (b) PVA10%/esm30 in water and nanofiber diameter histograms of (a-1) PVA10% and (b-1)
PVA10%/esm30.

Figure 3. SEM images (a, b, and c) and its corresponding nanofiber diameter histograms (a-1, b-1, and c-1) of PVA10%_lemon, PVA10%_lemon/
esm30, and PVA10%_lemon/esm10/honey20. SEM images (a*, b*, and c*) and its corresponding nanofiber diameter histograms (a*-1, b*-1, and
c*-1) of PVA10%_lemon-H, PVA10%_lemon/esm30-H, and PVA10%_lemon/esm10/honey20-H.
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3. RESULTS AND DISCUSSION
3.1. Surface Morphology. The nanofiber membranes

were successfully obtained. The SEM images and fiber
diameter histograms of PVA10%_lemon and PVA10%
_lemon/esm30 in water are depicted in Figure 2. The
nanofiber membranes showed smooth, uniform, and beadless
morphology. The average fiber diameter for the PVA10%
_lemon sample is 257 nm, whereas it increases to 325 nm in
the PVA10%_lemon/esm30 composite. This increase suggests
that incorporating ESM into the PVA matrix influences fiber
formation, potentially due to an increase in solution viscosity
and molecular interactions between PVA and the ESM that
results in increased fiber diameter.43 Figure 3 further depicts
the SEM images and diameter histograms of PVA10%_lemon,
PVA10%_lemon/esm30, and PVA10%_lemon/esm10/
honey20 before and after cross-linking. The nanofiber
membranes showed thicker fibers with dense morphology
especially in the case of honey-incorporated nanofiber
membranes. The fiber diameters were 445, 552, and 533 nm,
respectively, which shifted to 459, 367, and 419 nm after cross-
linking. The fabricated nanofibers, with diameters below 550
nm, are considerably thinner than typical face pack materials,
indicating enhanced skin permeability.44 Fibers within this
range are fine enough to adhere closely to the skin, ensuring a

uniform contact surface and effective delivery of active
ingredients. Fibers in this diameter range create an
interconnected porous structure that balances breathability
and occlusion, making the mask comfortable to wear while
allowing moisture retention.45 Notably, the composite fibers
incorporating PVA, honey, and ESM exhibited larger diameters
compared to pure PVA fibers, likely due to the increased
viscosity of the spinning solution, which influences the
stretching and thinning of the jet during electrospinning.
Higher viscosity can reduce the extent of jet elongation,
resulting in thicker fibers.46 These interconnected nanofibrous
membranes hold significant potential for applications such as
wound dressings, facial masks, and adsorption systems.47

3.2. Water Solubility Analysis. The water resistance,
thermal stability, and mechanical robustness of PVA nanofibers
are essential for diverse applications, particularly in the
biomedical field.48 To evaluate the water stability, the
composite nanofibers were subjected to solubility tests both
before and after thermal cross-linking. The results of the water
solubility test are depicted in Figure 4, which revealed that
unheated samples dissolved completely in water, rendering the
nanofibers invisible. Interestingly, the PVA10%_esm30 sample
displayed inherent water resistance even without heating,
attributed to the incorporation of the ESM. Conversely,

Figure 4. Water solubility test of (a) PVA10%, (b) PVA10%_esm30-H, (c) PVA10%_lemon, (c*) PVA10%_lemon-H, (d) PVA10%_lemon/
esm30, (d*) PVA10%_lemon/esm30-H, (e) PVA10%_lemon/esm10/honey20, and (e*) PVA10%_lemon/esm10/honey20-H. The samples are 2
× 2 cm.
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thermally cross-linked samples such as PVA10%_lemon-H
(c*) and PVA10%_lemon/esm10/honey20-H (e*) retained
their structural integrity and remained visible in water,
demonstrating the effectiveness of the cross-linking process.
These cross-linked nanofibers exhibited remarkable water
stability, lasting up to 1 day. Enhanced stability is likely due
to the formation of robust intermolecular bonds during
thermal cross-linking of PVA with citric acid and other natural
additives, such as lemon and honey.49 This cross-linked
network strengthens the nanofiber structure, preventing
dissolution by inhibiting the disintegration of PVA chains.50

3.3. Wettability Analysis. The wettability of all nanofiber
membranes was investigated by measuring the water contact
angle (WCA). Generally, a WCA value that is ≤90° indicates
the hydrophilic nature of the nanofiber surface, and a WCA
value ≥90° of the nanofiber surface is considered hydrophobic.
Additionally, other factors are also responsible for the WCA of
the surface such as the chemical composition of the nanofibers,
roughness of the nanofiber surface, and surface free energy.41

Wettability analysis was conducted to assess the hydrophilic or
hydrophobic nature of the PVA nanofiber composites before
and after thermal cross-linking, which is crucial for under-
standing their interaction with water. The water contact angle
(WCA) measurements for the nanofiber samples, as shown in
Figure 5, provide insight into their surface properties. For the
unheated samples, the contact angles indicated varying degrees
of hydrophilicity and hydrophobicity. Pure 10%PVA exhibited
a highly hydrophilic nature, with a contact angle of 13.6°. The
addition of the ESM increased the hydrophobicity to 58.3°.
Incorporating lemon further shifted the contact angle to 91.0°,
indicating hydrophobicity. Adding the ESM and lemon
together resulted in a composite with a contact angle of
35.8°, balancing between the hydrophilic and hydrophobic

properties. The addition of honey to this composite increased
the contact angle to 62.0°. After thermal cross-linking,
significant changes in contact angles were observed. The
PVA10%_lemon-H sample showed a decrease in the contact
angle by approximately 30.55%, indicating increased hydro-
philicity. Lemon extract contains hydrophilic components,
such as polyphenols. During the heating process, these
compounds may migrate to the fiber surface, enhancing
hydrophilicity and further reducing the WCA.51 The PVA10%
_lemon/esm30-H sample exhibited a substantial increase in
contact angle by approximately 122.32%, suggesting a dramatic
shift toward hydrophobicity. The PVA10%_lemonesm10/
honey20-H sample also showed an increase in contact angle
by approximately 23.23%, reflecting enhanced hydrophobic
properties after cross-linking.52 These results suggest that the
hydrophilicity of PVA nanofiber composites is significantly
influenced by the addition of the ESM, lemon, and honey, as
well as by the thermal cross-linking process. Unheated samples
are generally more hydrophilic, with pure PVA showing the
highest water affinity. The addition of lemon and honey
increases hydrophobicity, particularly after cross-linking, which
reduces the availability of hydrophilic groups on the nanofiber
surfaces. This shift toward increased hydrophobicity in heated
samples indicates successful cross-linking and potential
applications where moisture resistance and durability are
desired.53,54

3.4. Water Absorption and Retention Analysis. To
study the application of nanofiber facial masks, the water
absorption and retention ability of these prepared nanofiber
membranes were investigated for the evaluation of the
moisturizing capacity.55 A water absorption test was conducted
on three cross-linked samples, PVA10%_lemon-H, PVA10%
_lemon/esm30-H, and PVA10%_lemon/esm10/honey20-H,

Figure 5. Water contact angle of the nanofiber membrane before (a, b, c, d, and e) and after (c*, d*, and e*) cross-linking samples and (f) WCA
measurements in bar graph representation with an error bar.
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as depicted in Figure 6a. Among these, PVA10%_lemon/
esm30-H and PVA10%_lemon/esm10/honey20-H displayed
distinct behaviors, with maximum water absorption achieved
within 40 s. All samples exhibited water absorption rates
exceeding 400%, which is ideal for facial mask applications.
This high absorption capacity is primarily attributed to the
nanofibers’ large specific surface area. A water retention test,
shown in Figure 6b, demonstrated that PVA10%_lemon/
esm10/honey20-H had the lowest initial absorption rate but
the highest retention rate after 60 min, indicating superior
moisture retention capabilities. These variations in absorption
and retention are attributed to differences in the composition
and structure of the nanofibers.56 Cross-linking modifies
intermolecular forces, porosity, and surface characteristics,
influencing water interaction. Furthermore, the addition of
lemon and honey components enhances the hydrophilicity and
water-trapping ability, thereby affecting the performance.
These findings emphasize the potential for customizing
nanofiber properties for advanced applications in materials
science and biomedical engineering.57,58

3.5. Antioxidant Test. DPPH and hydroxyl (HO•) free
radical scavenging assays are useful ways to characterize
antioxidant activity. The scavenging free radical ability of
nanofibers toward DPPH and hydroxyl radicals was assessed.
The antioxidant activity results indicate that unheated samples
consistently exhibit higher DPPH radical scavenging activity
compared to their heated counterparts, as depicted in Figure 7.
Pure PVA10% demonstrated no antioxidant properties;
however, incorporating the ESM, lemon, and honey markedly
improved the DPPH activity. Among the unheated samples,
PVA10%_lemon exhibited the highest activity at 71.2%,
followed by PVA10%_/esm10/honey20 at 56.4% and
PVA10%_lemon/esm30 at 39.1%. In contrast, PVA10%/
esm30 displayed the lowest activity, at 12.5%. The enhanced
antioxidant activity in lemon- and honey-enriched samples is
attributed to natural antioxidants, including vitamin C,
polyphenols, flavonoids in lemon, and phenolic compounds
in honey, which possess potent radical scavenging properties.59

Upon thermal cross-linking, antioxidant activity declined in all
samples, with PVA10%_lemon/esm30-H showing the highest
DPPH activity at 42.1%, followed by PVA10%/esm30/
honey20-H at 22.4% and PVA10%_lemon-H at 19.3%. The

reduction is likely due to thermal degradation or structural
alterations of the antioxidant components, impairing their
efficiency. Additionally, the cross-linking process may limit the
availability and mobility of these active compounds, reducing
their radical scavenging potential. These findings underscore
the significant enhancement of antioxidant properties achieved
by incorporating natural additives such as lemon and honey.
However, optimizing cross-linking conditions and using
thermally stable antioxidants could be crucial to retaining
superior antioxidant performance in the final nanofiber
composites.60,61

3.6. Antibacterial Test. The antibacterial activity of the
fabricated nanofibers was assessed against B. subtilis (a
representative Gram-positive bacterium) and E. coli (a
representative Gram-negative bacterium). Among the samples
evaluated, only the honey-containing composite, PVA10%/
esm10/honey20, demonstrated antibacterial efficacy. The
inhibition zones, reflecting bacterial viability suppression,
measured 1.1 mm for E. coli and 3.2 mm for B. subtilis, as
illustrated in Figure 8. Th MIC of Gram-positive bacteria is
often lower (5−20%), while the MIC of Gram-negative

Figure 6. (a) Water absorption rates of cross-linked nanofiber samples PVA10%_lemon-H, PVA10%_lemon/esm30-H, and PVA10%_lemon/
esm10/honey20-H over time and (b) water retention rates of the same cross-linked nanofiber samples.

Figure 7. Antioxidant activity of PVA nanofiber composites as
measured by the DPPH radical scavenging assay.
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bacteria is typically higher (20−50%) due to their outer
membrane providing additional resistance.62 These findings
highlight that incorporating honey into the PVA_lemon/esm
nanofiber significantly enhances antibacterial properties,
particularly against Gram-positive bacteria. The antibacterial
effect of honey can be attributed to its natural antimicrobial
agents, including hydrogen peroxide, phenolics, and flavonoids,
which are known to disrupt bacterial growth and viability.63

These results underscore the potential of honey-infused PVA
nanofiber composites for applications requiring robust
antibacterial functionality.64

4. CONCLUSIONS
This study successfully developed poly(vinyl alcohol) (PVA)
nanofiber composites incorporating an eggshell membrane
(ESM), lemon extract, and honey using an electrospinning
technique (Table 2). SEM analysis revealed that the nanofiber
diameters ranged from 257 nm for 10%PVA to 325 nm for
PVA10%/esm30. Cross-linking improved the thermal stability,
especially in the PVA10%_lemon/esm10/honey20-H compo-
site. Water solubility tests showed enhanced water resistance in
heated samples, with all samples absorbing over 400%, and the
PVA10%_lemon/esm10/honey20-H sample exhibited the
highest water retention, indicating moisturizing potential.
Wettability tests showed a decrease in contact angles for
PVA_lemon and increases for PVA10%_lemon/esm30 and
PVA10%_lemon/esm10/honey20 after heating. The unheated
PVA10%_lemon sample displayed the highest antioxidant
activity, with 71.2% DPPH radical scavenging due to the
antioxidant properties of lemon and honey. The PVA10%
_lemon/esm10/honey20 composite also showed antibacterial

activity, with inhibition zones of 1.1 mm for E. coli and 3.2 mm
for B. subtilis. The PVA10%_lemon composite is ideal for
antioxidant facial masks, while the PVA10%_lemon/esm10/
honey20-H composite is recommended for hydrating and
antibacterial applications. The PVA10%_lemon/esm30-H
composite is suitable for applications that need improved
water stability and wettability. In conclusion, the developed all-
natural facial mask shows excellent properties for skin
hydration, antioxidant protection, and antibacterial benefits,
making it a sustainable, preservative-free option for improving
skin health.
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Table 2. Comparison of Developed PVA Nanofiber Composites with Related Literature

property developed nanofibers related literature reference

nanofiber
diameter

300−500 nm Electrospun nanofibers for skincare applications typically exhibit diameters in the
range of 200−500 nm

45

thermal
stability

enhanced in cross-linked samples, particularly in
PVA10%_lemon/esm10/honey20-H

Cross-linking methods, such as heat treatment, have been shown to improve the
thermal stability of electrospun nanofibers.

5 (SI)

water
retention

>400%, highest in PVA10%_lemon/esm10/
honey20-H

Nanofibers incorporating hydrophilic agents like hyaluronic acid or glycerin have
demonstrated similar or higher water retention capacities.

57

antioxidant
activity

71.2% DPPH activity (PVA10%_lemon) Nanofibers containing natural antioxidants, such as grape seed extract, have shown
DPPH radical scavenging activities ranging from 60 to 85%.

59

antibacterial
activity

inhibition zones: 1.1 mm (E. coli), 3.2 mm (B.
subtilis)

Electrospun nanofibers loaded with honey have exhibited significant antibacterial
properties against both Gram-positive and Gram-negative bacteria.

65

wettability contact angle decreased by 30.55% for
PVA_lemon, increased by 122.32%
(PVA_lemon/esm30)

Modifications in nanofiber composition, such as the incorporation of hydrophilic
or hydrophobic substances, can significantly alter wettability and contact angles.
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