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Abstract

This study aims to develop a bioactive hydrogel composed of Papaver somniferum extract (PSE) and polyvinyl alcohol (PVA)
for enhanced in vivo wound healing applications. The pod-derived PSE was incorporated at varying concentrations (0.25%,
0.5%, and 1.0% w/v) into the PVA matrix via ex situ impregnation to form the PSE-PVA hydrogel. Scanning electron microscopy
(SEM) showed a smoother, more organized texture and fiber-like morphology of the PSE-PVA hydrogel. Fourier transform
infrared (FTIR) analysis confirmed chemical interactions between PSE and PVA components. The swelling behavior of the PSA-
PVA hydrogels showed a concentration-dependent increase in water absorption, reaching a maximum swelling ratio of 86%
after 250 min at 1.0% PSE concentration. Antibacterial testing through disc diffusion assay demonstrated formation of clear
inhibition zones measuring 16.5 mm against Escherichia coli and 15.2 mm against Staphylococcus aureus at 1.0% PSE-PVA
concentration. In vivo wound healing studies showed that the PSE-PVA hydrogel achieved the highest wound closure, reducing
wound size by 95% by day 24—compared to 78% with PSE alone and 20% in the untreated control group. Histological analysis
showed that wounds treated with 1% PSE-PVA hydrogel exhibited rapid epidermal regeneration, re-epithelialization and
granulation. Histology studies confirmed the early formation of hair follicles and sebaceous glands in treated tissues. These
findings suggest that PSE-PVA hydrogels are promising candidates for multifunctional wound dressings due to their
biocompatibility, antibacterial efficacy, and ability to accelerate tissue regeneration.
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1. Introduction

The skin serves as the primary protective barrier of the body,
shielding against environmental toxins while regulating
essential physiological processes and providing defence
mechanisms. Skin repair after injury involves multiple
complex processes that stimulate tissue regeneration and
promote healing.l'?l The main goal of wound healing is to
restore tissue integrity and maintain homeostasis.># This
natural healing process occurs in four distinct, yet overlapping
phases: haemostasis, inflammation, proliferation, and
remodelling.’) Wound healing is one of the most intricate
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biological processes, requiring precise coordination of various
cell types at specific times and locations. Each cell type plays
a key role in haemostasis, inflammation, cell growth, re-
epithelialization, and remodelling.l) Cellular events like
mitosis govern this healing process, but delays can lead to
complications.”! Conventional wound dressings, such as
patches and gauze, are often inadequate and, in some cases,
may worsen the condition by causing additional tissue
damage.® These limitations highlight the need for innovative
wound dressings that not only protect wounds from microbial,
chemical, and physical damage but also support cell adhesion
and proliferation.”’” Moreover, incorporating bioactive
substances is essential to accelerate healing.['!'") Consequently,
the development of advanced dressing materials has become a
critical focus in modern medical technology.

Hydrogels have emerged as one of the most effective
materials for modern wound dressings, owing to their
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remarkable moisture retention and bioactivity properties.!'!
These materials facilitate oxygen permeability, absorb
exudates, and maintain a moist environment, all of which
contribute to improved wound healing.[’! Additionally,
hydrogel adhesives serve to prevent bacterial colonization and
promote gaseous exchange, which helps inhibit the growth of
anaerobic bacteria. The incorporation of encapsulated
antibiotics within the polymeric network of hydrogels further
enhances their antibacterial properties.l'*!5) Wound dressings
made from materials with intrinsic antibacterial characteristics
are especially desirable. In comparison to traditional dressings,
modern hydrogel-based alternatives are preferred due to their
ability to deliver bioactive molecules in a controlled and
targeted manner, leading to better therapeutic outcomes.!'®!
Among the various types of hydrogels, polyvinyl alcohol
(PVA) hydrogels have gained significant attention for wound
healing applications. This is due to their excellent
biocompatibility, chemical stability, ease of synthesis, and
tunable properties.['’1PVA hydrogels are typically prepared by
dissolving PVA in water, followed by physical crosslinking
through hydrogen bonding interactions between the hydroxyl
groups in the polymer structure.'s'”l The characteristics of the
resulting hydrogel are influenced by several factors, including
the molecular weight, degree of hydrolysis, crosslinking
method and conditions, and the incorporation of other
compounds into the hydrogel. The number of freeze-thaw
cycles during crosslinking can also significantly affect the
mechanical strength, elasticity, and swelling properties of the
hydrogel. Furthermore, blending PVA with other polymers or
bioactive molecules can enhance its functionality, such as
improving antimicrobial activity or supporting tissue
regeneration.[20-22]

Some plants, containing bioactive ingredients, are
considered ideal candidates for wound healing due to their
simplicity and affordability.>! Among these, the opium poppy
(Papaver somniferum) has a long history of traditional use in
wound healing and other medicinal applications.>*>/In recent
years, various plant-based (Aloe vera, Moringa oleifera,
Centella asiatica) and polymeric biomaterials have been
explored for wound healing applications due to their
biocompatibility, antibacterial properties, and ability to
promote tissue regeneration.?! Adding to this growing field of
research, this study investigates the unique therapeutic
potential of P somniferum extract. Unlike many other
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botanical sources, P. somniferum contains pharmacologically
active alkaloids such as morphine, codeine, thebaine,
noscapine, and papaverine, which provide a rare combination
of analgesic, anti-inflammatory, antispasmodic, and
antimicrobial properties.l?’1 Morphine and codeine, for
example, exhibit potent pain-relieving properties and have
been reported to promote granulation tissue formation and
reduce inflammatory  response.’!  Papaverine  has
demonstrated vasodilatory and antimicrobial effects, while
noscapine has shown anti-inflammatory and antioxidant
activities in various wound models.*?! The presence of such
compounds in the extract may synergistically contribute to
enhanced wound healing and infection control when
incorporated into the hydrogel system. Previous research has
also demonstrated antimicrobial, antioxidant, anti-cancer, and
antidiabetic effects associated with P. somniferum extracts
(PSE).*31 For instance, morphine, a key alkaloid derived from
the opium poppy, has been shown to enhance wound healing
by promoting angiogenesis, collagen production, and
epithelialization.** These findings suggest that PSE extracts
can accelerate wound closure, improve collagen formation,
and reduce oxidative stress and inflammation.

This study focuses on developing biodegradable hydrogel
membranes for wound dressing applications. While PVA-
based nanocomposite films have been previously explored for
various uses, including wound dressings,?>%*! this study
introduces a novel approach by incorporating a plant extract
prepared in a water-methanol mixture. The hydrogel
membranes were comprehensively characterized through
SEM, FT-IR, and moisture retention capacity evaluations.
Additionally, the study thoroughly investigated the
antibacterial properties, wound-healing potential, and tissue
regeneration capabilities of the plant extract-based hydrogel,
emphasizing its potential as an advanced material for wound
healing applications.

2. Materials and methods

2.1 Materials

Parts of P. somniferum (pods) were collected from the Khyber
Pakhtunkhwa (KP) province of Pakistan. Polyvinyl alcohol
(PVA; average molecular weight ~89,000-98,000 g/mol; 98—
99% hydrolyzed) was obtained from Daejung Chemicals
(South Korea). Ethanol (99.8%), methanol (99.9%), glycerol,
and formaldehyde were sourced from Sigma-Aldrich (St.
Louis, MO, USA).

2.2 Preparation of P. somniferum extract

P, somniferum pods (50 g) were collected, washed with
distilled water, and dried in the shade to prevent
photochemical reactions. The dried pods were then ground
into a fine powder and mixed with a 1:3 methanol-water
solution (final volume 300 mL). The mixture was stirred for 7
days at 25 °C. After filtration to remove solid particles, the
extract was concentrated using a rotary evaporator (REV-
2000AX) at 153 rpm and 60 °C to remove the methanol. The
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Fig. 1: (A) Schematic representation of the process for extracting P. somniferum extract (PSE) and synthesizing PVA and PSE-PVA
hydrogels. The process begins with the extraction of PSE from pods using a milling machine, followed by refinement using a rotary
evaporator. The PSE extract was then combined with PVA, and the resulting mixture underwent a controlled process to form PSE-
PVA hydrogels. (B) Photographs displaying hydrogels with varying concentrations of PSE, including 0.25%, 0.5%, and 1%, showing
differences in texture and appearance based on the PSE concentration.

remaining extract was further dried in a water bath at 73 °C to
remove any residual water, cooled, and stored at 4 °C for
future analysis. The dry weight of the extract was recorded to
determine the extraction yield, and a stock solution was
prepared for further use. A schematic illustration of the
preparation of PSE, following a previously reported
protocol,*”I with some modifications, is shown in Fig. 1.

2.3 Preparation of PSE-PVA hydrogels

First, a PVA hydrogel membrane was prepared using a method
described in the literature.®! Briefly, 5 g of PVA at a
concentration of 10 wt.% was dissolved in 50 mL of distilled
water. The solution was heated to 70 °C and stirred
continuously for 2 h to ensure complete dissolution, resulting
in a transparent solution. Next, 2 mL of formaldehyde (37%
aqueous solution) was added as a crosslinker, and 1.0 mL of
glycerol was incorporated as the plasticizer to enhance
membrane flexibility and the mixture was stirred gently to
ensure uniform incorporation of all components. Next, PVA
hydrogel membranes impregnated with plant extract (i.e.,
PSE-PVA hydrogels) were prepared by adding various
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concentrations of PSE (1%, 0.5%, and 0.25%) to 12 mL of the
PVA solution and stirred for 1 h. These concentrations were
prepared as w/v (weight of dried extract per total volume of
solution), and the final concentration of PSE in each hydrogel
formulation corresponded to 0.25%, 0.5%, or 1.0% relative to
the 12 mL volume of the PVA solution. The selected
concentrations of PSE (0.25%, 0.5%, and 1.0% w/v) were
based on preliminary optimization studies aimed at optimizing
extract solubility, formulation stability, and antibacterial
activity. These concentrations provided effective integration
into the PVA matrix without compromising hydrogel integrity
and remained non-toxic. A 2.0 mL formaldehyde was then
added as a cross-linker, and the mixtures were heated in a
water bath at 45 °C for 4 h. The solutions were poured into
petri dishes to form membranes and left to dry overnight at
room temperature. The resulting flexible PSE-PVA
membranes were carefully separated, stored in plastic bags,
and refrigerated for six days. A schematic illustration of the
preparation of PSE-PVA hydrogel membranes is shown in Fig.
1A and B.

2.4 Characterization

The characterization of PSE-PVA hydrogel membranes
involved a comprehensive evaluation of their physical,
structural, and swelling properties to assess their performance
and potential applications. The physical properties of the
biocomposite scaffolds, including color, texture, and surface
integrity, were thoroughly examined. The dimensions of the
scaffolds were accurately measured using a digital Vernier
micrometer to ensure consistency. These measurements are
presented in Table 1, while images of hydrogels in Fig. 1

Eng. Sci., 2026, 39, 1958 |3


https://www.espublisher.com/
mailto:ashehzad@du.edu.om
mailto:gyang-hust@hust.edu.cn
mailto:wajid_kundi@njfu.edu.cn

Research article Engineered Science
Table 1: Physical assessment of synthesized hydrogels.
Hydrogel label Color Thickness (mm) Texture
0.25% PSE-PVA Pale brown 1.5+0.1 Smooth
0.50% PSE-PVA Honey brown 22+0.1 Smooth
1.00% PSE-PVA Dark brown 3.0+0.1 Irregular

provide their visual representation for clarity and comparison.
The swelling behavior of the PSE-PVA hydrogel was assessed
using the gravimetric method to measure its water absorptivity.
Briefly, pre-weighed samples were immersed in distilled water
at 25 °C for 4 h until equilibrium swelling was achieved. A fter
gently wiping off any excess surface water, the swollen
samples were weighed. The swelling ratio was calculated
using Eq. (1).

(Ws - Wd)

x 100
Wy

Swelling ratio (%) = (1)

where Wy and Wy represent the weights of the swollen and
dried gels, respectively. Measurements were performed in
triplicate to ensure the accuracy of the results.

The structural morphology of both PSE and PSE-PVA
hydrogel was observed through the scanning -electron
microscope (SEM, JEOL JSM-64900). Additionally, the
cross-sectional view of the PSE-PVA hydrogel was also
observed under SEM. Prior to SEM observation, the freeze-
dried samples were coated with osmium tetroxide (OsOs)
using a VD HPC-ISW osmium coater (Tokyo, Japan), and a
brass holder was used to secure the samples in the device.
Fourier transform infrared (FTIR) spectra of the freeze-dried
PSE and PSE-PVA membrane were recorded using a
PerkinElmer FTIR spectrophotometer (Spectrum TM100, GX
& Autoimage, USA), equipped with a KBr beam splitter and a
mid-IR detection range of 4000—400 cm™'.

2.5 In vitro antibacterial activity assay

Antibacterial activity of the PSE-PVA hydrogels was
evaluated against three standard bacterial strains:
Staphylococcus  aureus ATCC6538, Escherichia coli
ATCCS8739, Klebsiella pneumoniae KP6870155, and
Acinetobacter baumannii AB6870155, obtained from a
certified microbial culture bank. These strains were selected
due to their clinical relevance in wound infections. Each
bacterial strain was revived on its respective culture medium
and incubated at 37 °C for 18-24 h: E. coli on Luria broth, S.
aureus on MacConkey agar, and 4. baumannii and K.
pneumoniae on nutrient agar. Following incubation, a single
colony from each strain was inoculated into 5 mL of Mueller-
Hinton broth and incubated for 4 h at 37 °C. The bacterial
suspension was then standardized to 0.5 McFarland turbidity
(approximately 1 x 108 CFU/mL) using a turbidometer.
Antibacterial susceptibility testing was conducted using the
disc diffusion method, following standard procedures.’*”! The
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antibacterial activity of PSE and PSE-PVA hydrogels, in both
dry and wet forms, was assessed against each bacterial strain.
Standardized bacterial suspensions were uniformly spread
onto Mueller-Hinton agar plates. After the plates were allowed
to dry for 15 min, they were used to test antibacterial activity.
The plates were then incubated overnight at 37 °C for 24 h,
and the antibacterial activity was assessed by measuring the
zone of inhibition around each disc.

2.6 Full-thickness skin wound model

This study was carried out in accordance with relevant
guidelines and received approval from the Biosafety and
Bioethics Committee at the National University of Science
and Technology, Islamabad, Pakistan. All procedures adhered
to the ARRIVE guidelines (https://arriveguidelines.org) and
followed the principles of the 3Rs (replacement, reduction,
and refinement). Male mice, aged 5—6 weeks and weighing
approximately 25 g, were obtained from the Atta-ur-Rehman
School of Biological Sciences Animal House. The mice were
randomly assigned to three groups (n = 3 per group): Group 1
(control), Group 2 (PSE extract), and Group 3 (PSE-PVA
hydrogel). After anesthesia, the hairs on the backs of the mice
were shaved, and an 8 mm full-thickness skin wound was
created using a hole punch. The respective treatments were
then applied to the wound sites according to the group
assignments. Throughout the 24-day experimental period, the
applied dressings were replaced if they became visibly
detached or contaminated, in accordance with ethical animal
care guidelines to minimize handling stress and disturbance to
the healing process.

2.7 Wound healing

The morphological changes at the wound site were
documented using a digital camera on days 1 and 24 post-
treatment. Photographic images were taken to visually assess
the healing process. Wound healing was further evaluated by
measuring the wound area and assessing contraction. The
wound dimensions were quantified using a scale to determine
the extent of healing, providing a clear indication of tissue
regeneration and wound closure over time.

2.8 Haematoxylin and eosin staining and wound healing
analysis

Histological analysis was conducted to evaluate cellular and
molecular changes during wound healing. Wound tissue
samples were collected and fixed in 4% paraformaldehyde for
1 h to preserve tissue morphology and prevent cellular
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degradation. The fixed samples were then dehydrated through
a series of ethanol solutions, embedded in paraffin wax, and
sectioned for further analysis. Haematoxylin and eosin (H&E)
staining was used to visualize the tissue architecture, with
nuclei appearing blue and cytoplasm pink. The stained
sections were examined under a microscope, and various
software programs were employed to assess key aspects of
wound healing, including cell density, collagen deposition,
and angiogenesis.

2.9 Statistical analysis

Data are presented as the mean + standard deviation (SD) from
three independent experiments. Statistical analysis was
performed using SPSS, with the Student’s #-test and one-way
or two-way analysis of variance (ANOVA) applied as
appropriate. Mean differences were considered statistically
significant at *p < 0.05.

3. Results and discussion

3.1 Structural morphology of PSE-PVA composite
hydrogel

The SEM micrographs in Fig. 2 demonstrate the
morphological differences between pure PSE and its
composite hydrogel with PVA (i.e., PSE-PVA) at various
magnifications. Pure PSE hydrogel at X500 magnification (50
um scale bar) displays a relatively rough surface and porous
morphology with irregular and undefined structures,
indicating a heterogeneous texture. As the magnification
increases to X1000 (10 pm scale bar), the surface becomes
more compact and the structures appear finer. This form
interconnected microstructures, revealing self-assembly
processes during drying that form irregular, folded structures.
At X2500 magnification (10 um scale bar), a more intricate
and detailed surface texture emerges, showing the formation
of smaller aggregates or nanostructures with smoother regions
bounded by clustered microdomains within the PSE. This
could be attributed to the natural tendency of plant extract-

PSE (Surface)

based hydrogels to form nanoscale aggregates due to the
complex interactions of bioactive compounds in the plant
extract.[?’ The formation of such structures could influence the
viscosity, porosity, and bioactivity of the hydrogel. In contrast,
the addition of PVA resulted in a smoother, more organized
surface. At X1000 magnification (10 pum scale bar), the
surface appears much smoother and more uniform than in the
pure PSE hydrogel, indicating that the addition of PVA helps
to create a more consistent surface texture with minimal
aggregation or defects. The PVA component likely plays a role
in stabilizing the hydrogel structure, reducing the roughness
observed in pure PSE. At X2500 magnification (10 pm scale
bar), the cross-section view shows finer, more organized
layered structures with distinct ridges and striations,
suggesting that PVA contributes to the creation of a denser and
more structured hydrogel network. This also indicates the
effective impregnation of PSE in the PVA matrix. The layered
arrangement proposes the formation of a stable hydrogel-like
network, suggesting the mechanical integrity of the composite.
The PSE-PVA hydrogel at X1000 magnification (10 pm scale
bar) reveals eclongated, fiber-like structures within the
composite hydrogel, possibly indicating that PVA aids in the
alignment of components during hydrogel formation, leading
to the development of microfibers or threads. The formation
of fiber-like structures in the PSE-PVA composite hydrogel is
an important feature. Fiber formation in polymer-based
hydrogels is well-documented in the literature, particularly in
the context of PVA, where the polymer can lead to the
alignment of the hydrogel components, forming elongated and
fibrous structures.?*#% This phenomenon has been attributed
to the ability of PVA to organize the hydrogel matrix during
the drying or gelation process, aligning the polymer chains in
a way that supports fiber formation. In the case of the PSE-
PVA composite hydrogel, these fiber-like structures could be
beneficial for various applications. Such fibers in hydrogels
can improve their mechanical properties, increase surface area,
and enhance controlled release characteristics.[*#! Thus, the

" X2500
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Fig. 2: SEM images with different concentrations of P. somniferum extract (PSE) and P. somniferum extract/polyvinyl alcohol (PSE-

PVA) composite hydrogel.
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Fig. 3: (A) FTIR spectra of P. somniferum extract (PSE) and P. somniferum extract/polyvinyl alcohol (PSE-PVA) composite hydrogel.
(B) Swelling performance of PSE extract and PSE-PVA hydrogels with varying concentrations of PSE (0.25%, 0.50%, and 1.0%).

PVA-PSE composite could offer enhanced performance for
applications such as drug delivery systems or wound healing,
where controlled and sustained release is desired. These
findings suggest that the incorporation of PVA into the PSE
formulation significantly altered the surface morphology and
structure of the composite hydrogel. While pure PSE
displayed an irregular and rough surface, the PSE-PVA
composite exhibited a smoother, more organized surface, with
the potential formation of microstructural fibers. This
indicates that PVA not only stabilized the PSE hydrogel but
may also improve the mechanical and structural properties of
the composite material. The differences in surface texture and
the formation of fibers in the composite hydrogel suggest that
the PVA-PSE interaction may enhance the potential of
hydrogel for applications such as controlled release or
biomedical uses, where stability and structure are critical.

3.2 Chemical structure of PSE-PVA hydrogel

The comparative FTIR spectra of PSE and PSE-PVA
composite hydrogel showed altered spectral characteristics
(Fig. 3A), indicating chemical interaction between plant
extract and polymer backbone. This chemical interaction
provides insights into the functionalization and stability of the
composite material. The characteristic absorption peaks of
PVA appeared at 3286 cm™' (O-H stretching), 2930 cm™' (C—
H stretching), and 1095 cm™ (C-O stretching). In the FTIR
spectrum of PSE, the broad absorption band around 3300 cm™
'is characteristic of the O-H stretching vibration from
hydroxyl groups, which is commonly observed in alcohols
and phenols. The presence of this peak indicates that PSE
contains phenolic compounds or alcohols, which are typically
bioactive components of plant extracts.[*?] Similarly, the C-H
stretching vibration near 3000 cm™' further suggests the
presence of alkyl groups, which is common in many organic
plant-derived compounds.“! The peak around 1600 cm™!
corresponding to C=0 stretching confirms the presence of
carbonyl-containing compounds, likely from organic acids,
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esters, or aldehydes within the plant extract.[*4l Peaks in the
region around 1200-1000 cm™' indicate the presence of C-O
stretching, which could correlate to alcohols, esters, or ethers
in the plant components.*’ The introduction of PVA into the
PSE extract resulted in a noticeable change in the FTIR
spectrum of the PSE-PVA composite hydrogel, confirming the
successful interaction between PSE and PVA. The broad -OH
stretching peak around 3300 cm™! became less obvious and
shifted marginally, indicating formation of hydrogen bonding
between the hydroxyl groups of PSE and PVA.[9) The C-H
stretching vibration around 2925 ¢cm™ remained but became
slightly reduced in intensity, indicating integration of PSE into
the PVA matrix. The C=0 stretching peak around 1650 cm™
appeared more pronounced in the PSE-PVA composite,
representing the retention of carbonyl groups from PSE after
incorporation into the PVA matrix. The appearance of new
peaks around 1550-1450 cm™!, corresponding to C=N and C-
N vibrations, respectively, suggests the potential Schiff base
formation or additional interactions between PSE
phytochemicals and PVA during the gelation process.[”) The
C-N stretching vibration observed near 1250 cm™! further
suggests that the PSE-PVA composite hydrogel contains
nitrogen-related interactions, possibly due to the interaction of
nitrogen-containing compounds in PSE within the PVA matrix.
The shifts in peak positions and the intensities of these bands
suggest that chemical interactions, such as hydrogen bonding
and covalent linkages, might have occurred between the
functional groups in PSE (such as hydroxyl and carbonyl
groups) and those in PVA (such as the carbonyl and hydroxyl
groups). These interactions could play a significant role in the
physical properties of the composite material, including its
stability, hydrogel formation, and potential bioactivity. The
changes observed in the FTIR spectra of the composite suggest
that PVA not only provides a structural matrix but also
influences the interaction dynamics of the active components
in PSE. Overall, FTIR analysis confirms that the PSE-PVA
composite material is chemically distinct from the pure PSE
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extract, highlighting the important interactions that occur
between the plant extract (i.e., PSE) and the polymer (i.e.,
PVA).

3.3 Swelling behavior of PSE-PVA hydrogels

Hydrogels are three-dimensional cross-linked polymers that
can absorb and retain significant amounts of water or
biological fluids, making them well-suited for biomedical
applications.[*! Their swelling behavior, which is a key
characteristic, is affected by factors such as the presence of
hydrophilic groups, cross-linking density, network elasticity,
and external conditions like pH and temperature.*) Fig. 3B
illustrates the swelling performance of PSE and its composite
hydrogel with PVA at varying concentrations of PSE (0.25%,
0.50%, and 1.00%) over a period of 250 min. All three PSE-
PVA composite hydrogels exhibited an increase in swelling
ratio over time, with higher concentrations of PSE resulting in
faster and more extensive swelling. The 1.0% PSE-PVA
composite hydrogel showed the highest swelling ratio,
reaching nearly 86% after 250 min, indicating that a higher
concentration of PSE significantly enhanced the swelling
capacity of the PSE-PVA hydrogel. The 0.50% PSE-PVA
composite reached around 70% swelling, while the 0.25%
PSE-PVA composite exhibited the slowest swelling behavior,
reaching a final swelling ratio of just under 50%. As time
progressed, the swelling of the PSE-PVA composites became
more pronounced, but the rate of swelling slowed as
equilibrium was approached. The swelling behavior suggests
that PSE concentration plays a critical role in enhancing the
water-absorbing properties of the hydrogel, with the 1.0%
PSE-PVA hydrogel swelling faster and more extensively than
the lower concentrations. This could be due to the increased
number of hydrophilic functional groups in the PSE, which
may interact with water molecules, allowing for a greater
volume of absorption. The swelling performance of the PSE-
PVA hydrogels might also be influenced by the nature of PVA,
which is known for its water-solubility and the formation of
hydrogen bonds with water molecules. The higher the
concentration of PSE, the greater the number of available
hydrophilic sites, promoting faster water uptake and a higher
swelling ratio. Additionally, the initial rapid swelling followed
by a plateauing of the swelling ratio suggests that the hydrogel
swells quickly when first immersed in water, but this rate
slows down as the hydrogel approaches its equilibrium state,
where water absorption stabilizes. In short, the hydrophilic
nature of PSE, combined with the water-soluble properties of
PVA, promotes the swelling effect, and higher concentrations
of PSE lead to greater water absorption. These findings
suggest that PSE-PVA hydrogels can be customized by
adjusting the PSE concentration to meet the specific
requirements of various biomedical applications. For example,
hydrogels with higher PSE concentrations exhibit enhanced
swelling capacity, making them ideal for drug delivery
systems that require controlled and sustained release of
therapeutic agents. Additionally, their ability to absorb and
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retain fluids effectively makes them well-suited for use in
wound dressings, where maintaining a moist environment is
essential for optimal healing.!*"!

3.4 In vitro antibacterial activity of PSE-PVA composite
hydrogels

Fig. 4 presents the antibacterial activity of PSE and the PSE-
PVA composite hydrogel against four bacterial strains: E. coli,
S. aureus, K. pneumoniae, and A. baumannii. Fig. 4A shows
images of bacterial growth in response to varying
concentrations of PSE (0.25%, 0.50%, and 1%) and PSE-PVA,
under both dry and wet conditions. The zone of inhibition
defined as the clear area where bacteria cannot grow, increases
with higher concentrations of PSE. At the 1.0% concentration,
the inhibition zones are significantly larger for all bacterial
strains, with S. aureus showing the largest zone, indicating a
strong antibacterial effect. This suggests that PSE has
significant antimicrobial properties, particularly at higher
concentrations. The antimicrobial activity of PSE was also
evaluated when incorporated into a PVA hydrogel matrix (i.e.,
PSE-PVA hydrogel). The results show that PSE-PVA
formulations, at concentrations of 1%, 0.5%, and 0.25%,
retained antibacterial activity in both dry and wet conditions.
Fig. 4B provides quantitative data on the zone of inhibition for
these formulations, measured in millimeters. A clear trend
emerges, with PSE demonstrating greater antibacterial activity,
particularly at the 1.0% concentration, which resulted in the
largest inhibition zones. For example, the 1.0% PSE-PVA
hydrogel produced a maximum inhibition zone of 16 mm =+
0.16% against K. pneumoniae in the dry gel form. The
differences in inhibition zones between the PSE-PVA groups
and the control were statistically significant (p < 0.05). This
suggests that the PSE-PVA hydrogel enhanced the
antibacterial activity of the extract, particularly against K.
pneumoniae, a common pathogen in hospital-acquired
infections. The 1% PSE-PVA hydrogel also showed a 15 mm
+ 0.12% inhibition zone against the Gram-positive strain S.
aureus. However, PSE-PVA consistently demonstrated
smaller inhibition zones compared to pure PSE, indicating
weaker antibacterial effects. The graph further supports the
observation that dry formulations (both PSE and PSE-PVA)
produced larger zones of inhibition than wet formulations.
Specifically, the antibacterial effect of PSE-PVA was less
pronounced at lower concentrations (0.25% and 0.50%),
suggesting that the composite hydrogel is less effective than
pure PSE in inhibiting bacterial growth. Additionally, the
inhibition zones were consistently larger under dry conditions,
suggesting that moisture may reduce the antibacterial efficacy
of the compounds. These findings suggest that PSE is a more
effective antibacterial agent compared to the PSE-PVA
composite hydrogel, particularly at higher concentrations and
under dry conditions. The antibacterial activity of the PSE-
PVA hydrogels was found to be comparable or superior to
other natural-extract-based hydrogels reported in recent
studies. For example, Moringa oleifera-PVA hydrogels
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showed formation of zones of inhibition of 11-13 mm against
S. aureus,”'V while Aloe vera-loaded hydrogels formed zones
of inhibition of 9-12 mm against E. coli and P. aeruginosa.*?
In contrast, the PSE-PVA hydrogel formed inhibition zones of
up to 16.5 mm against E. coli and 15.2 mm against S. aureus,
indicating a strong antibacterial profile. The observed
antibacterial activity may be attributed not only to the
bioactive compounds in PSE but also to potential synergistic
effects with the PVA matrix. The PVA network likely supports
a sustained release of alkaloids and flavonoids from the
hydrogel surface, enhancing bacterial membrane disruption
and prolonging contact time, which collectively contribute to
stronger antibacterial efficacy. While the dry formulations
were more potent, further optimization of the PSE-PVA
composite hydrogel could enhance its antibacterial properties
for therapeutic use. Overall, the results indicate that the
antimicrobial efficacy of the PSE-PVA hydrogel is
concentration-dependent and strain-specific. The hydrogel
formulation shows promising antibacterial potential,
particularly against Gram-negative bacteria. Variations in
antimicrobial activity can be attributed to several factors,
including the concentration of the plant extract, its
incorporation into the hydrogel matrix, and the susceptibility
of the bacterial strain. Additionally, the extraction method and
specific plant part used may influence the potency of the
extract. These findings highlight the potential of the PSE-PVA
hydrogel as a novel antibacterial agent, with possible
applications in wound healing and infection prevention by
reducing microbial load without relying on systemic
antibiotics.¥) While the PSE-PVA hydrogel exhibited strong
antibacterial activity in vitro, this, however, alone does not
confirm infection prevention in vivo. Future studies involving
infected wound models will be necessary to directly assess the

RS
g

(A E. coli

PSE

Dry Wet

0.50%

0.25%]0.25%

PSE-PVA

ability of the hydrogel to prevent or manage clinical infections.

3.5 Wound appearance and closure, and histological
analysis
The wound healing potential of both PSE and PSE-PVA
hydrogel was evaluated for 24 days using a murine model,
with the animals divided into three groups. The visual
presentation of wound appearance and closure is shown in Fig.
5A. The control group displayed minimal healing throughout
the experiment. At day 0, the wound size is large, and while
some scab formation is visible by day 4 and 14, the wound
remains relatively open with only slight closure observed by
day 24. In contrast, the animals in the PSE group showed a
more noticeable healing trend. Although the wound is still
visible at days 4 and 14, there is a clear subsequent reduction
in size, with further healing by day 24. The animals in the PSE-
PVA group showed the most significant healing, with the
wound almost completely closed by day 24 (p < 0.05). This
group demonstrated rapid healing, with visible closure by day
4 and 14 and substantial reduction in wound size by day 24.
Fig. 5B presents the quantitative measurements of wound
size. At day 0, all groups showed similar wound sizes of
approximately 8 mm?. However, by day 4, the animals in the
PSE-PVA group showed the greatest reduction in wound size,
followed by the PSE group, which also showed significant
healing. The animals in the control group showed minimal
reduction in wound size, indicating slower healing. This trend
continued through days 14 and 24, with the PSE-PVA group
exhibiting the smallest wound size, indicating the most
effective healing. The PSE group showed a moderate
reduction in wound size, while the control group still
demonstrated a relatively larger wound size, showing slower
healing compared to the treatment groups.

. E. coli K. pneumoniae

S. aureus GEE A. baumannii

e

Dry

)

o

0.25% 0.50%

PSE Concentration

1.00%

0.25% 0.50% 1.00%
PSE-PVA Concentration

Fig. 4: (A) Visual representation of the zone of inhibition for varying concentrations of P. somniferum extract (PSE) and P
somniferum extract/polyvinyl alcohol (PSE-PVA) composite gel in both dry and wet states. (B) Quantitative measurement of the
zone of inhibition for different concentrations of PSE and PSE/PVA hydrogels.
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Fig. 5: (A) Visual observation of wound healing in the mice model over time. (B) Quantitative measurements of the wound healing
progression for 24 days. Error bars represent SD deviation (n = 3). The difference in wound healing between hydrogel groups was
considered significant at *p < 0.05. (C) Histological analysis of the control group, PSE group, and PSE/PVA hydrogel group. Black,
red, blue, yellow, and white circles show the formation of hair follicles, subcutis, reticular dermis, epidermis, and subcutaneous

glands, respectively.

Wound closure was significantly faster in the PSE-PVA-
treated group compared to the control and PSE only group (p
< 0.05). These results indicate that both PSE and PSE-PVA
hydrogel have a positive effect on wound healing compared to
the control group. The PSE-PVA group demonstrated the most
effective healing, suggesting that the combination of PSE with
PVA may enhance the wound healing process. This could be
due to the improved delivery or sustained release properties of
the PSE-PVA formulation, which might facilitate faster tissue
repair and regeneration. The PSE group also showed an
improvement in wound healing compared to the control,
which supports the potential therapeutic role of PSE. However,
the healing in the PSE group is slower than in the PSE-PVA
group, implying that the formulation with PVA might provide
additional benefits. The control group showed minimal

Engineered Science Publisher

healing progression, which highlights the efficacy of the
treatment groups (PSE and PSE-PVA) in promoting wound
closure. These results align with previous studies that
demonstrate the effectiveness of hydrogels in wound healing
applications. For example, Li et al. highlighted the benefits of
hydrogel formulations in promoting cell migration and
proliferation, both of which are critical phases in the healing
process.** Furthermore, incorporating plant extracts, such as
PSE, into hydrogels has been shown to enhance their
bioactivity and therapeutic effects. One study found that
natural compounds in hydrogels not only provided
antimicrobial activity but also stimulated fibroblast activity,
thereby accelerating wound repair.’) Additionally, the
combination of plant extracts with synthetic polymers like
PVA has been documented to produce synergistic effects. A
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recent study showed that PVA composite hydrogels improved
mechanical properties and moisture retention, both of which
are beneficial for wound healing, packaging, and other
applications.’%57 These findings further support the idea that
the PSE-PVA hydrogel composition plays a crucial role in
enhancing its wound healing efficacy. The superior wound
healing potential demonstrated by the PSE-PVA hydrogel in
this study is consistent with existing literature, which
emphasizes the importance of hydrogel formulations enriched
with bioactive compounds for effective wound management.
In conclusion, both PSE and PSE-PVA demonstrated
promising effects on wound healing, with the PSE-PVA
formulation showing superior results. We will explore the
mechanism behind the enhanced healing in the PSE-PVA
group, as well as optimize the formulations for even better
therapeutic outcomes in wound care in our future studies.
The effectiveness of PSE and PSE-PVA hydrogel in wound
healing and closure was assessed through histological
examination of the different animal treatment groups. The
histological findings for each group were compared with the
control, as shown in Fig. 5C, providing valuable insights into
the wound healing progress and tissue regeneration across
various treatments. The histological analysis of the tissue
sections from the Control, PSE, and PSE/PVA hydrogel
groups revealed important differences in skin structure
following treatment (Fig. 5C). The optical microscopic images
of the histology clearly showed no wound healing. The area
remained in an inflammatory state, and no evidence of the
formation of the subcutaneous, dermal, or epidermal layers
was observed. This indicates that the control group exhibited
limited wound healing, highlighting the necessity of effective
treatment to accelerate the healing process. In contrast, Group
2, which was treated with PSE, also demonstrated incomplete
wound healing after two weeks. While some improvement was

noted, the regenerative process of the skin was still insufficient.

Notably, the wound site lacked the development of key skin
structures, including sebaceous glands, hair follicles, and the
epidermal layer, indicating that PSE treatment alone did not
fully support the regeneration of complex skin tissues within
the given timeframe. Group 3, which received the PSE-PVA
hydrogel treatment, showed the most promising results.
Within just one week of treatment, significant improvement
was observed in the healing process of the skin. The
histological image shows the rapid regeneration of the
epidermal layer, the formation of new hair follicles, and the
development of sebaceous glands. These observations suggest
that the PSE-PVA hydrogel not only accelerated the wound
healing process but also promoted the regeneration of essential
skin structures, providing a more complete recovery compared
to the PSE treatment alone. The epidermal layer, which serves
as the first line of defense in skin regeneration, was notably
formed within one to two days in this group, a clear indication
of the superior performance of the PSE-PVA hydrogel. In
conclusion, the PSE/PVA hydrogel demonstrated a strong
potential for promoting skin regeneration. The formation of
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sebaceous glands and changes in epidermal and dermal
structures indicate that the hydrogel could be a promising
candidate for enhancing tissue differentiation and supporting
wound healing processes. These findings are in accordance
with the well-explored pharmacological properties, including
analgesic, antibacterial, antipyretic, and anti-inflammatory
effects of P somniferum.'>® These properties make P
somniferum a valuable candidate in wound healing
applications. Traditionally, the medicinal uses of P
somniferum, primarily for sedative analgesics, cough
treatment, and diarrhea management, are well documented.’>”!
However, it is essential to recognize that P. somniferum
contains alkaloids such as codeine and thebaine, which may
have detrimental effects on wound healing and overall health
if misused. Therefore, while P. somniferum demonstrates
promising therapeutic potential; further studies are needed to
fully understand its bioactive compounds' influence on wound
healing. Moreover, optimizing its use in therapeutic
applications to ensure safety and efficacy remains a critical
area for future research.

4. Conclusion

This study successfully developed a bioactive hydrogel
composed of P. somniferum extract (PSE) and polyvinyl
alcohol (PVA) for wound healing applications. The unique
structure of hydrogel, characterized by smoother and more
organized textures, suggests its suitability for promoting cell
growth and tissue regeneration. The high swelling behavior of
hydrogel is crucial for maintaining a moist wound
environment that enhances healing. The PSE-PVA hydrogel
displayed strong antibacterial activity against common
wound-associated pathogens, demonstrating its potential in
preventing infection at the wound site. /n vivo studies
confirmed the promising therapeutic effects of the hydrogel,
with a 95% reduction in wound size in 24 days. Histological
analysis further supported these findings, showing rapid
epidermal regeneration, early formation of new hair follicles,
and sebaceous glands, which are indicative of effective tissue
repair and regeneration. Overall, the P. somniferum extract-
loaded polyvinyl alcohol hydrogel holds strong potential for
clinical applications in wound healing, offering advantages
such as controlled drug release, infection prevention, and
enhanced tissue regeneration. With further optimization and
investigation of in vivo release profiles of bioactive molecules
and toxicity analysis, this hydrogel could significantly
improve therapeutic outcomes in wound care and other related
medical applications. Future studies will focus on translational
steps, including hydrogel scale-up, regulatory compliance,
and comprehensive assessment of long-term stability,
degradation behavior, drug release kinetics, and in vitro
cytotoxicity to establish the clinical applicability and
biocompatibility of the formulation. Additionally, long-term
storage stability and shelf life under different environmental
conditions will be evaluated to ensure practical usability.
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