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Advanced nanofiber therapy: multifunctional
silver-nanoparticles@polyacrylonitrile
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enhanced in vivo diabetic wound-healing and
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Green-synthesized silver nanoparticles (Bio-Ag NPs) derived from Syzygium guineense offer an eco-

friendly,

cost-effective platform with potent antibacterial

activity and biocompatibility. These

nanoparticles were integrated into electrospun polyacrylonitrile (PAN) nanofibers, creating Bio-Ag
NPs@PAN nanocomposites for enhanced diabetic wound healing applications. The synthesized materials
were systematically characterized using Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction

(XRD),

scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The

antibacterial efficacy of Bio-Ag NPs was evaluated against Gram-positive Staphylococcus aureus and

Gram-negative Escherichia coli, demonstrating inhibition zones of 17.0 £ 0.310 mm and 16.3 + 0.290
mm, respectively. Additionally, the antioxidant potential of Bio-Ag NPs was confirmed using the DPPH

assay, highlighting their physiological benefits. In vivo studies on a diabetic rat revealed the remarkable

wound-healing efficiency of Bio-Ag NPs@PAN nanofibers. Over 3, 7, 11, and 14 days, these nanofibers

significantly enhanced wound closure by promoting re-epithelialization, fibroblast proliferation, and

extracellular matrix formation. Notably, Bio-Ag NPs(B)J@PAN nanofibers accelerated diabetic wound
healing by 52%, 68%, 88%, and 99% on days 3, 7, 11, and 14, respectively, with increased collagen
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deposition. This study demonstrates the multifunctional capabilities of Bio-Ag NPs@PAN nanofibers in

addressing the challenges associated with diabetic wound healing, offering faster recovery and improved
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1 Introduction

Bio-synthesized nanoparticles (Bio-NPs) are being widely
investigated in various biomedical fields as a means of
enhancing and safeguarding our health." The world is now
focusing more on Bio-NPs because of their high compatibility,
low toxicity, cost-effectiveness, environmental friendliness, and
efficient production via green synthesis for producing genuine
and reasonably priced metal nanoparticles for various biolog-
ical applications.” Green-synthesized nanoparticles offer an eco-
friendly, cost-effective, and less toxic alternative to conventional
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wound closure. Furthermore, the findings underscore the potent antioxidant and antibacterial properties
of Bio-Ag NPs, emphasizing their potential for diverse biomedical applications.

chemical synthesis, being derived from plant extracts of leaves,
flowers, fruits, and stem bark.** There are diverse types of metal
nanoparticles such as gold nanoparticles (AuNPs),*® silver
nanoparticles (Ag NPs),”*> Platinum nanoparticles (Pt NPs),***®
palladium nanoparticles (Pd NPs),"”*° copper nanoparticles(Cu
NPs)**>* and others that can exhibit different characteristics
depending on their size, shape, and composition. Among these,
biosynthesized silver nanoparticles (Bio-Ag NPs) are promising
candidates for antibacterial and antioxidant applications due to
their dual functionalities, stability, biocompatibility, and
versatility in biomedical applications.™**

Plants are natural biochemical factories, historically and
currently used in medicine, producing potent bioactive
compounds (phytochemicals) rich in active ingredients within
all their parts.” The widely grown fruit-bearing tree Syzygium
guineense (S. guineense) (Willd.) DC. produces a substantial
amount of agricultural byproducts, including leaves, stem bark,
leftover fruits, charcoal, and lumber. It is a traditional medic-
inal herb that is also referred to as wild berry, waterberry, and
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snake bean.* S. guineense is a medium-sized or tall evergreen
tree that ranges in height from 15 to 30 meters. It belongs to the
Myrtaceae family of plants and is found in portions of Africa
and Asia.””** S. guineense has demonstrated potent antibacterial
properties against a wide range of pathogens, including both
Gram-positive (G +ve) and Gram-negative (G —ve) bacteria. This
efficacy is attributed to its bioactive compounds, such as
flavonoids, tannins, and essential oils, which possess strong
antimicrobial activity.>**” This medicinal plant is used to treat
urinary tract infections, skin infections, hypertension, malaria,
snake bites, hemorrhoids, gonorrhea, tuberculosis (TB),
stomach aches, liver problems, cardiovascular disorders, and
diabetes, which can all be treated using an infusion made from
its leaves, fruits, and bark.>**> While a few studies have explored
the antibacterial properties of bio-synthesized nanoparticles
derived from the leaves of this medicinal plant,* there is
a notable lack of research on its potential for diabetic wound
healing and antioxidant activity. This study aims to address this
gap by comprehensively investigating the plant's efficacy in
promoting diabetic wound healing and its antioxidant capa-
bilities, thereby expanding the understanding of its therapeutic
applications and potential benefits in managing diabetic
complications.

Diabetes mellitus (DM) is one of the most prevalent chronic
diseases globally, affecting more than 500 million individuals. It
is characterized by a disruption in glucose metabolism, leading
to elevated blood sugar levels.**** Beyond its primary metabolic
implications, diabetes often results in severe complications,
such as chronic diabetic wounds and diabetic foot ulcers. These
conditions not only impair quality of life but also significantly
increase the risk of limb amputation and mortality, high-
lighting the urgent need for effective therapeutic interventions
to manage and mitigate these life-threatening complica-
tions.***” The healing process in diabetic wounds is greatly
impaired due to a complex inflammatory environment charac-
terized by bacterial infections, excessive accumulation of reac-
tive oxygen species (ROS), and hypoxic conditions. As a result,
diabetic wounds heal much slower than normal wounds.*® The
delayed healing of diabetic wounds is primarily driven by
hyperglycemia, which leads to a cascade of complications,
including impaired keratinocyte and fibroblast activity, di-
srupted epithelialization, and hindered wound closure. These
factors collectively contribute to the prolonged and often inef-
fective healing process in diabetic wounds.**™** In recent years,
plant-derived bio-silver nanoparticles (Bio-Ag NPs) have
garnered significant attention in the field of wound healing,
particularly for diabetic wounds. This is due to their multifac-
eted therapeutic properties, including antibacterial, anti-
inflammatory, and regenerative effects. Additionally, Bio-Ag
NPs exhibit reduced toxicity, enhanced biocompatibility,
potent antioxidant activity, and the ability to stimulate fibro-
blast proliferation and collagen synthesis.**»*

Polyacrylonitrile (PAN) is a synthetic polymer with potential
in wound healing due to its biocompatibility, versatility, and
ability to be processed into fibers and nanofibers.** PAN-based
materials promote wound healing through cell proliferation,
moisture retention, antibacterial properties, biodegradability,
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and mechanical support.***® When combined with nano-
particles, PAN not only reduces the risk of wound infection but
also mimics the mechanical strength of the extracellular matrix,
providing a supportive structure for tissue regeneration. Its
properties can be further enhanced by incorporating natural
materials such as silver nanoparticles (Ag NPs), which improve
its functionality for faster and more effective wound healing.
This synergistic combination leverages the antimicrobial and
regenerative capabilities of Ag NPs while maintaining the
structural integrity and biocompatibility of PAN, making it
a promising material for advanced wound care applications.*>°

Phyto-mediated synthesis is a highly efficient, green, one-
step method for creating Ag NPs. Plant phytochemicals natu-
rally reduce silver ions (Ag"* to Ag® via redox reactions), stabilize
the resulting nanoparticles, and conserve the energy of
biosynthesis while eliminating synthetic toxicants.”*** Ag NPs
exhibit strong antibacterial properties, excellent biocompati-
bility, and the ability to enhance tissue regeneration and cell
proliferation, making them a highly promising tool for wound
healing.**"** Additionally, Ag NPs possess antioxidant proper-
ties, reduce inflammation, and prevent infections, further
underscoring their therapeutic potential.***® To optimize their
effectiveness in diabetic wound healing, Ag NPs can be incor-
porated into electrospun nanofibers, creating a synergistic
combination that enhances wound-healing processes.’>*
Owing to these remarkable properties, this study investigated
the antibacterial and antioxidant capabilities of bio-synthesized
silver nanoparticles (Bio-Ag NPs) derived from S. guineense,
specifically targeting E. coli and S. aureus. Additionally, the Bio-
Ag NPs were incorporated into PAN nanofibers and evaluated in
vivo for their potential to enhance diabetic wound healing. The
study focused on leveraging the reactive oxygen species (ROS)
scavenging ability of Bio-Ag NPs to address the impaired heal-
ing processes in diabetic wounds, offering a novel and effective
approach to managing this challenging ailment.

2 Materials and methods

2.1. Chemicals

2.1.1. Solvents. Methanol (MeOH, =99.9%) and acetoni-
trile (ACN, =99.9%) were both supplied by ANPEL Laboratory
Technologies (Shanghai) Inc.; ethanol (EtOH, =99.7%) was
supplied by Tianjin ZhiYuan Reagent Co., Ltd; deionized water
(di-H,O, high purity) was provided by Tianjin Guanla Power
Supply Co., Ltd; dimethyl sulfoxide (DMSO, =99.9%) was
acquired from Shanghai Nianxing Industrial Co., Ltd, and N,N-
dimethylformamide (DMF, =99%) was procured from Tianjin
Science Bio-Tech Co., Ltd.

2.1.2. Reagents. Silver nitrate (AgNO;z;, =99.8%) was ob-
tained from Shanghai Zoran New Material Co., Ltd; poly-
acrylonitrile (PAN) with a molecular weight of 150 000 was
procured from Tianjin Science Bio-Tech Co., Ltd, and Shanghai
Aladdin Biochemical Technology, China, supplied the 2,2-
diphenyl-1-picrylhydrazyl (DPPH) used in this study. All chem-
icals were of analytical grade and used directly without further
purification.

Nanoscale Adv., 2025, 7, 6158-6178 | 6159
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2.2. Plant material collection and pre-treatment

The leaves and stem bark of an S. guineense plant were collected
from shero kebele Misha Wereda, Hadiya Zone, Central
Ethiopia region. The place is around 320 kilometers from
Ethiopia's capital city, Addis Ababa. The plant materials were
identified by expert taxonomist Melaku Wondafrash and
deposited as voucher specimens at the National Herbarium
(ETH), Addis Ababa University, Ethiopia.®*-** The plant samples
were washed and chopped into small pieces and allowed to dry
in a shaded area to prevent direct exposure to sunlight. They
were then dispersed and frequently turned over to avoid
fermentation and degradation. This was done for nearly four
weeks. Using an electric grinder, the dried materials were
crushed into a fine powder, then placed in polyethylene bags
with labeling on them, and kept at room temperature for further
analysis.

2.3. Extraction

Extraction in pharmaceuticals involves using solvents to sepa-
rate active plant-based compounds from inactive ones, using
techniques to eliminate inert materials and isolating thera-
peutically active components.>*** Ultrasonic-assisted extraction
(UAE) exploits acoustic cavitation to rapidly enhance solute
dissolution, diffusional mass transfer, and thermal equilibra-
tion, thereby optimizing extraction yields.®** In this study, 25 g
of milled leaf and stem bark of S. guineense were extracted by the
UAE technique at 70 °C for 1 hour using a solvent system con-
taining ethanol (140 mL), acetonitrile (40 mL), and deionized
water (20 mL) in a total volume of 200 mL (70:20:10). The
resultant extracts were then subjected to vacuum filtering, as
illustrated in Scheme 1a.

2.4. Synthesis of Bio-Ag NPs

A 3.5 g sample of AgNO; was dissolved in 400 mL of deionized
water and dispersed into two distinct 500 mL beakers. Each
beaker was filled with 100 mL of S. guineense leaf (L) and stem
bark (B) extracts, which acted as encapsulating, stabilizing,
reducing, and capping agents. To adjust the pH (11), a 0.5 M
NaOH solution was added dropwise under constant stirring.
NaOH's alkaline conditions enhance the phytochemical
reducing power, accelerate metal ion reduction (Ag"™ — Ag?),
and promote uniform nanoparticle formation, leading to
smaller, less aggregated nanoparticles with increased surface
area. Thus, the majority of the particles generated at low pH
values (7, 8, and 8.5) have irregular shapes. However, the Ag NPs
produced at high pH values (10 and 11) are smaller and more
uniform.®*®” The reaction mixture was heated to 40 °C and
stirred using a magnetic stirrer for 1 hour. Subsequently, the
mixture was incubated in a dark environment at room
temperature for 24 hours to expedite bio-silver nanoparticle
synthesis, and a color change indicates the creation of the Bio-
Ag NPs. The synthesized Bio-Ag NPs were then rinsed repeatedly
with deionized water to eliminate any impurities. The purified
nanoparticles were subsequently centrifuged at 10 000 rpm for
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10 minutes to increase purity. Finally, the Bio-Ag NPs were dried
at 60 °C for around 2 hours, minced into fine powder, and kept
for further characterization and analysis. The biosynthesis
process of Bio-Ag NPs is illustrated in Scheme 1b.

2.5. Fabrication of Bio-Ag NPs@Polyacrylonitrile (PAN) and
PAN nanofibers

PAN and Bio-Ag NPs@PAN nanofibers were synthesized through
the electrospinning technique. In CYKY's CY-SPLF-ES1 model
single syringe pump, the speed and flow rate can be adjusted to
achieve custom fabrication of fibers. Three distinct solutions were
prepared: 10 wt% (w/w) PAN, 10 wt% (w/w) Bio-Ag NPs(L)@PAN,
and 10 wt% (w/w) Bio-Ag NPs(B)J@PAN. These solutions were
thoroughly dissolved in dimethylformamide (DMF) by stirring in
vials at 30 °C for approximately five hours at 400 rpm. The
resulting homogeneous solutions were then loaded into a syringe
equipped with a needle, ensuring the removal of any bubbles to
achieve a uniform electrospun nanofiber structure. This meticu-
lous preparation process was critical for producing high-quality
nanofibers with consistent properties for subsequent applica-
tions. The needle was attached to one end of the power source,
and the syringe was placed onto the syringe pump. The collecting
mandrel was attached to the opposite end of the power supply
after being wrapped in freshly cleaned aluminum foil. The
distance between the collecting mandrel and the needle was
twelve centimeters. The nanofibers were electrospun at 10.66 kV,
and the flow rate was set to 1 mL h™". The fiber morphology was
systematically optimized by modulating three critical parameters:
(1) PAN and Bio-Ag NPs@PAN concentrations (8-14% wiw), (2)
flow rate (0.2-2 mL h™"), and (3) needle gauge (19-22G). SEM
analysis (Fig. 3a, ¢ and e) quantitatively confirmed that each
parameter dominantly controls distinct structural features, as
summarized in Table 1.

2.6. Characterization of the Bio-Ag NPs, PAN, and Bio-Ag
NPs@PAN

A comprehensive set of characterization techniques were
employed to analyze the synthesized nanoparticles and nano-
fibers, including using a UV-vis spectrophotometer (Yoke
Instrument, Shanghai, China) to scan absorption spectra across
200-800 nm at 1 nm resolution. As reported in previous studies,
the surface plasmon resonance of Ag NPs results in a yellowish-
brown coloration in both solvent and aqueous environments.*®
In this study, the addition of S. guineense extracts to the aqueous
silver nitrate solution induced a color transition from pale
yellow to yellowish brown, then reddish brown, and finally
colloidal brown, indicating the successful formation of Ag NPs.
This color change aligns with observations in other studies,*”*
confirming the completion of the reaction between the both
extracts and AgNO;. Functional groups were characterized
using Fourier-transform infrared spectroscopy (FTIR; Bruker
INVENIO S, UK). FTIR spectroscopy was used to identify the
biomolecules present in the extracts, and the synthesized
nanoparticles. The FTIR analysis confirmed the presence of
various phytochemicals in the plant extracts, including

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 (a) Ultrasonic-assisted extraction of S. guineense leaf (L) and stem bark (B), (b) bio-synthesis of silver nanoparticles from leaf extract
(Bio-Ag NPs(L)) and stem bark extract (Bio-Ag NPs(B)), and (c) schematic representation of the electrospinning process for fabricating Bio-Ag
NPs@PAN.
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Table 1 Parameter optimization for PAN and Bio-Ag NPs@PAN fiber morphology®

Parameter Tested Range Key morphological impact Optimal value
PAN and Bio-Ag NPs@PAN 8-14% w/w 1 Conc.: fiber diameter1; bead formation | ; 10% wiw
concentrations ribbon like fibers at >12%

Flow rate 0.2-2mLh™! 1 Flow: diametert; beads? (>1.5 mL h™"); porosity 1 1mLh™!

Needle gauge 19-22G (@ 0.4-0.2 mm)

1 Gauge (smaller @): diameter | ; fiber uniformity?;

21G (@ 0.31 mm)

jet stability | at >22G

“ The structural framework of the electrospinning setup is demonstrated in Scheme 1c.

anthraquinone glycosides, tannins, phenolic compounds,
alkaloids, and saponins.®® X-ray diffraction (XRD) patterns were
acquired using a Rigaku Ultima IV diffractometer (Tokyo, Japan)
with Cu Ko radiation (A = 1.5406 A) at 40 kv/40 mA, scanning 26
angles from 5° to 80°. XRD analysis revealed the diffraction
patterns and lattice planes corresponding to the face-centered
cubic (FCC) structure of AgNPs, which matched the data re-
ported in ICDD file No. 00-004-7383.”> Surface morphological
analysis was conducted using an SU-8010 scanning electron
microscope (SEM), and energy dispersive X-ray spectroscopy
(EDX) was used to determine the elemental composition of
samples (SEM-EDX; Hitachi High-Technologies Co., Ltd, Tokyo,
Japan). SEM analysis was conducted after the initial centrifuga-
tion of the Ag NP-containing colloidal solutions at 4000 rpm for 15
minutes. The separated pellets were collected, while the super-
natants underwent a second centrifugation at 10 000 rpm for 20
minutes to ensure complete purification. The resulting superna-
tants were discarded, and the purified pellets were resuspended
in 0.1 mL of deionized water. The mixture was then thoroughly
homogenized, applied onto a glass coverslip, and air-dried for
SEM analysis.” Transmission Electron Microscopy (TEM)
(HT7700 High-Technologies Co., Ltd, Tokyo, Japan) was used to
reveal nanoscale structure, morphology, crystallography, and
composition. These characterizations collectively validated the
successful synthesis and structural integrity of the Bio-Ag NPs and
Bio-Ag NPs@PAN, highlighting their potential for various
biomedical applications.

2.7. Antibacterial analysis

The plates containing nutritious agar medium were swabbed
using the microbial cultures. The discs were immersed in the
following solutions: a 1 mM solution of silver nanoparticles
produced by plant-mediated synthesis; plant leaf extracts; and
double-distilled water as a negative control. The prepared plates
were subsequently incubated at 37 °C for 24 hours to assess
antibacterial activity.” The results indicated that S. guineense-
derived Ag NPs exhibited stronger antibacterial activity against
Gram-positive bacteria compared to Gram-negative bacteria. This
difference is likely due to structural variations in bacterial cell
walls, where the thicker peptidoglycan layer in Gram-positive
bacteria may enhance Ag NP interaction. Further, the bioactive
compounds present in the plant extracts, which act as capping
and stabilizing agents on the nanoparticle surface, may
contribute to their antibacterial properties.”™

6162 | Nanoscale Adv.,, 2025, 7, 6158-6178

2.8. Antioxidant activity assessment using DPPH assay

The antioxidant potential of the extracts and Bio-Ag NPs was
evaluated using the stable DPPH (2,2-diphenyl-1-picrylhydrazyl)
radical assay. The absorbance was measured at 517 nm, and the
DPPH radical scavenging activity was calculated using the
following equation:

Scavenging activity(%) = (1 - % X 100) (1)
C

where ‘A.’ denotes the absorbance of the control reaction and
‘As’ denotes the sample's absorbance. The term “ICs,” refers to
the antioxidant activity of both the extracts and Bio-Ag NPs,
representing the concentration required to inhibit 50% of
DPPH radical activity. Specifically, the IC5, value indicates the
concentration (mg mL™") of the dry material necessary to ach-
ieve 50% inhibition of DPPH radical production. Each ICsq
value was calculated using the regression equation derived from
the experimental data.”

2.9. Preparation of S. guineense leaf and stem bark extracts,
Bio-Ag NPs(L), and Bio-Ag NPs(B) for DPPH analysis

To prepare the samples for the DPPH (2,2-diphenyl-1-
picrylhydrazyl) assay, 5 g of leaf and stem bark samples was
placed into 100 mL beakers, and 50 mL of 99% methanol was
mixed with each. The mixtures were then placed in a shaking
water bath set at 100 rpm and 29.2 °C for 3 hours to facilitate
extraction. Concurrently, a DPPH solution was prepared by di-
ssolving 4 mg of DPPH in 100 mL of 99% methanol. This
solution was sealed with aluminum foil and stored in a dark,
cool environment to prevent degradation. After incubation, the
extracts were centrifuged at 8000 rpm for 15 minutes, and the
supernatant was vacuum-filtered to remove any particulate
matter. The filtered extracts were then aliquoted into volumes of
1,2, 3,4, 5,6, 7, and 8 mL, with each aliquot diluted with an
equal volume of 99% methanol. Next, 1 mL of each diluted
extract was mixed with 3 mL of the prepared DPPH solution,
followed by the addition of 10 mL of 99% methanol. The
mixtures were incubated in the dark for 30 minutes to allow the
reaction to proceed. Final concentrations of 40, 50, 60, 70, and
80 mg mL ' were achieved for the assay. Ascorbic acid and
methanol were used as positive and negative controls, respec-
tively. The DPPH assay was performed by measuring the
absorbance of the solutions at 517 nm using a spectrophotom-
eter. This method allowed for the evaluation of the antioxidant

© 2025 The Author(s). Published by the Royal Society of Chemistry
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activity of the extracts based on their ability to scavenge free
radicals, as indicated by a reduction in absorbance compared to
the control.

2.10. In vivo diabetic wound healing

2.10.1. In vivo experimental descriptions. Sprague-Dawley
white rats (SD) were purchased from Sibeifu (Beijing) Biotech-
nology Co., Ltd (Production License No.: SCXK (Beijing) 2024-
0001). The animals were kept in the SPF animal laboratory at
the Clinical Research Institute of China-Japan Friendship
Hospital under controlled conditions, maintaining a constant
temperature of 22-24 °C and humidity of 55 £+ 5%, with artifi-
cial light and darkness for 12 hours, and free access to drinking
water and food. Male SD rats (7-8 weeks old, weighing 230 g)
were first acclimated for seven days. Following a 12-hour fasting
period, the SD rats were intraperitoneally injected with strep-
tozotocin (STZ) at a dosage of 60 mg kg~ " (GC301002-100 mg,
Servicebio, Wuhan, China). Fasting blood glucose levels were
subsequently measured by collecting blood from the rat tail
vein. Diabetes was confirmed in rats when blood glucose levels
exceeded 250 mg dL ™" for three consecutive days, successfully
establishing the diabetic rat model.”* A 10 mm diameter inci-
sion wound was made between the two scapulae on the back of
diabetic rats under respiratory anesthesia, and a full-thickness
skin defect model of diabetic rats was established.”” The rats
were randomly assigned to four groups: the control group, the
PAN group, the Bio-Ag NPs(L)@PAN group, and the Bio-Ag
NPs(B)@PAN group, with four rats in each group. Wound
healing progression was observed and documented through
photography on days 0, 3, 7, 11, and 14.”® After 14 days, the rats
were euthanized via intraperitoneal injection of 6% pentobar-
bital sodium (3 mL kg™ '). The full-thickness skin tissue from
the surgical site was excised and fixed in 4% paraformaldehyde
for pathological examination. This study was approved by the
Animal Ethics Committee of China-Japan Friendship Hospital
(Approval Number: ZRDWLL240089), ensuring compliance with
ethical standards for animal research.

2.10.2. Evaluation of diabetic wound healing progress. The
extent of diabetic wound healing was assessed by measuring the
wound area at specific time intervals. Wound images were
captured on 0, 3, 7, 11, and 14 days using a digital camera. The
wound area was analyzed using Image] software to quantify the
percentage of wound closure over time. The wound contraction
rate was calculated using the following equation:

Wound closure percentage =

initial wound area — remaining wound area
initial wound area

x 100) )

Histological analyses were conducted on the collected
wound tissues, which were fixed in 4% paraformaldehyde and
embedded in paraffin. Sections were stained with hematoxylin
and eosin (H&E) and Masson's trichrome to evaluate re-
epithelialization, collagen deposition, and inflammatory cell
infiltration. These histological observations provided insights
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into the healing process and tissue regeneration across post-
treatment.

2.11. Statistical analysis

The data were statistically analyzed using SPSS 21.0, while
graphing and visualization were performed using Origin 2024
SR1 (version 10.10.178) and BioRender software. Descriptive
statistics, including mean percentages and standard deviation
(SD), were calculated for each variable to summarize the data.
For comparative analysis, a one-way analysis of variance
(ANOVA) was conducted, followed by Tukey's post hoc test to
identify specific differences between groups. A p-value of less
than 0.05 (p < 0.05) was considered statistically significant,
ensuring the reliability and validity of the findings. This
rigorous statistical approach provided a robust framework for
interpreting the experimental results.

3 Results and discussion

3.1. Characterization of the chemical structure

Fig. 1a presents the FTIR spectra of S. guineense leaf and bark
extracts, revealing a broad peak in the range of 3598-3425 cm ™,
which corresponds to ~OH stretching vibrations, indicating the
presence of hydroxyl groups. Peaks observed at 3100 cm™" are
attributed to C-H sp” hybrid bonds, while the absence of peaks
in the triple bond region confirms the lack of -C=N- groups in
both extracts. Following the biosynthesis of Bio-Ag NPs(L) and
Bio-Ag NPs(B), a characteristic peak emerged at 2954 cm™ ',
signifying sp® hybrid C-H stretching vibrations. Additionally,
a peak at approximately 2240 cm™ ' in both Bio-Ag NPs(L) and
Bio-Ag NPs(B) confirmed the presence of -C=N- triple bonds. A
peak at 1735 cm ™" was observed, corresponding to the >C=0
stretching of carbonyl groups, further supporting the structural
modifications induced by nanoparticle synthesis. The FTIR
spectra of PAN, Bio-Ag NPs(L)@PAN, and Bio-Ag NPs(B)@PAN
nanofibers also displayed distinctive peaks. The peak at
2954 cm ™! confirmed the presence of sp* hybrid C-H stretching
vibrations, while the peak at 1735 cm™ ' corresponded to the
~C=0 stretching of carbonyl groups. The moderate sharp peak
at 1049 cm ™! was attributed to the -C-O stretching of phenolic
compounds. The subtle peak at around 883 cm ™" indicated the
presence of an Ag-O bond, arising from the bending vibrations
of Ag-O-H bonds. The peak at 2240 cm™ ' in the nanofibers
confirmed the presence of -C=N- triple bonds. Additional
identified peaks included the amine -C—N stretching vibra-
tional band at approximately 1060 cm ™', -C=C-~ stretching at
1662 cm ™', and -C-H scissoring at 1450 cm ™.

FTIR analysis further confirmed that S. guineense leaf and
stem bark extracts contain several essential phytochemicals,
such as flavonoids, phenolic compounds, and alkaloids, which
play a crucial role in the biosynthesis of Bio-Ag NPs. These
findings highlight the functional groups and structural char-
acteristics of the extracts and synthesized nanoparticles,
providing valuable insights into their chemical composition

and potential applications.
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Fig. 1
stem bark extract (Bio-Ag NPs(B)).

Fig. 1b displays the XRD patterns of Bio-Ag NPs(L) and Bio-
Ag NPs(B), confirming their crystalline nature. The diffraction
peaks corresponding to the face-centered cubic (FCC) lattice
planes of Bio-Ag NPs(L) appear at 26 = 31.06° (110), 44.3° (200),
54.6° (331), 64.5° (220), 77.5° (311), and 81.6° (222). Similarly,
the diffraction peaks for Bio-Ag NPs(B) are observed at 31.06°
(110), 38.2° (111), 44.3° (200), 54.6° (331), 64.5° (220), 77.50°
(311), and 81.6° (222) which was consistent with previous
studies.>>”**® The presence of these distinct peaks confirms the
successful biosynthesis of crystalline Bio-Ag NPs using S. gui-
neense plant extracts. The crystalline size of the Bio-Ag NPs

6164 | Nanoscale Adv., 2025, 7, 6158-6178

(a) FTIR spectra, (b) XRD patterns, and (c) UV-visible spectra of Bio-Ag NPs synthesized from S. guineense leaf extract (Bio-Ag NPs(L)) and

corresponding to each lattice plane was determined using
Debye-Scherrer's equation.”**

0.942
D= —
Bcosl

(3)

The average crystalline size of the Bio-Ag NPs, calculated
across all lattice planes, was determined to be 17.35 nm for Bio-
Ag NPs(L) and 17.42 nm for Bio-Ag NPs(B). The detailed crys-
talline size corresponding to each diffraction plane is provided
in Tables S1 and S2 (SI).
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(a and b) TEM images of Bio-Ag NPs(L); (c and d) SAED patterns of Bio-Ag NPs(L); (e and f) TEM images of Bio-Ag NPs(B); (g and h) SAED

patterns of Bio-Ag NPs(B), TEM analysis of Bio-Ag NPs showing particle size distribution for (i) Bio-Ag NPs(L) and (j) Bio-Ag NPs(B).

Fig. 1c displays the UV-vis absorbance spectrum of Bio-Ag
NPs, recorded at a Ay, of 320 nm after 25 minutes. This
absorption band is primarily attributed to the surface plasmon
resonance (SPR) of Bio-Ag NPs, a characteristic feature of silver
nanoparticles. Similar absorbance peaks at a Apax of 320 nm
were observed at 50 and 75 minutes, demonstrating consistent
and stable nanoparticle formation over time. While phyto-
synthesized Ag NPs typically exhibit an SPR peak at 400-
450 nm, a blue shift to 320-380 nm signals dense phytochem-
ical capping altering the NP's surface environment and/or
incomplete reduction of silver precursors. Moreover, the tiny
size of Ag NPs causes a shorter wavelength to appear in the UV-
vis spectra; in contrast, a bigger size causes a longer wave-
length.®**> The reduction of silver ions (Ag") to silver atoms (Ag®)
is facilitated by biomolecules present in the plant leaf and stem
bark extracts, which act as both reducing and stabilizing agents.
This process initiates the nucleation of small silver atom clus-
ters, which eventually aggregate to form nanoparticles.

© 2025 The Author(s). Published by the Royal Society of Chemistry

Polyphenolic compounds, in particular, play a key role in
reducing silver ions to silver atoms, which then coalesce into
nanoparticles. Over time, the silver atoms undergo gradual
oxidation, leading to the formation of Ag,O (silver oxide),
further confirming the dynamic transformation and stabiliza-
tion of Bio-Ag NPs. Ag,0, a semiconductor with a bandgap of
1.2 eV,® generates electron-hole (e -h") pairs under UV-visible
irradiation. Concurrently, phytochemicals in S. guineense
extracts (e.g., phenolics, aldehydes) act as electron donors,
reducing Ag” in Ag,0 to Ag°. This effect drives the photore-
duction of Ag" to metallic Ag° through the two synergistic
electrochemistry equations; the first pathway is direct photo-
catalytic reduction:**-%¢

A0 + v — 2Ag" + 2¢~ + 10, (photoexcitation) (4)

Ag" + e — Ag® (reduction by photoelectrons) (5)

Nanoscale Adv., 2025, 7, 6158-6178 | 6165
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The second pathway is biomolecule-mediated reduction,
which was the residual of organic compounds (such as R-CHO
aldehydes) in the bio-capping layer reducing Ag,O:

Ag,0 + 2H* + R-CHO — 2Ag° + H,0 + R-COOH  (6)

The combined action reforms Bio-Ag NPs, while oxidized
phytochemicals like R-COOH enhance colloidal stability via

View Article Online

Paper

surface coordination.®”*® This demonstrated that Bio-Ag NPs
were successfully synthesized.

The TEM micrographs of Bio-Ag NPs(L) and Bio-Ag NPs(B)
are shown in Fig. 2a, b, e and f revealing their finely grained
structure with diverse morphologies, including nearly spher-
ical, triangular, hexagonal, prismatic, and cylindrical shapes.
The selected area electron diffraction (SAED) patterns in Fig. 2c,
d, g and h exhibit four distinct diffraction spots for Bio-Ag
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Fig. 3 SEM images of PAN (a) and its particle size distribution (b); Bio-Ag NPs(L)@PAN (c) and its particle size distribution (d); and Bio-Ag NPs(B)
@PAN (e) and its particle size distribution (f); EDX spectra of Bio-Ag NPs (g), PAN alone and Bio-Ag NPs@PAN (h).
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NPs(L) and five for Bio-Ag NPs(B), corresponding to the crys-
talline planes of (110), (200), (331), and (220) for Bio-Ag NPs(L),
and (110), (111), (200), (331), and (220) for Bio-Ag NPs(B). High-
resolution TEM (HRTEM) images confirm lattice fringes with d-
spacing values of 0.3875 nm for Bio-Ag NPs(L) and 0.3469 nm
for Bio-Ag NPs(B), indicating their crystalline nature. Fig. 2i and
j depict the particle size distribution histograms of Bio-Ag
NPs(L) and Bio-Ag NPs(B). The relatively uniform size distribu-
tion, ranging from 4.43 nm to 15 nm for Bio-Ag NPs(L) and 8 nm
to 27.3 nm for Bio-Ag NPs(B), indicates that the biosynthesis
process successfully produced monodispersed nanoparticles. A
narrower size distribution enhances nanoparticle stability, as
uniform particles are less prone to aggregation over time.
Additionally, size distribution plays a crucial role in deter-
mining the surface-area-to-volume ratio, which directly influ-
ences the antibacterial efficacy of the nanoparticles. Smaller
particles provide a greater number of active sites, thereby
enhancing antimicrobial activity. These characteristics high-
light the potential of Bio-Ag NPs for different applications,
particularly in antibacterial treatments and wound healing.

SEM analysis was conducted to examine the morphology of
PAN nanofibers and the structural modifications resulting from
the incorporation of S. guineense leaf and stem bark extracts
containing Bio-Ag NPs. Fig. 3a, ¢, and e present SEM images of
PAN alone, Bio-Ag NPs(L)@PAN, and Bio-Ag NPs(B)@PAN,
respectively, offering detailed insights into the nanofiber char-
acteristics. The SEM images reveal that the polymer nanofibers
exhibit a smooth, uniform, and cylindrical morphology, indic-
ative of a well-organized structure. The incorporation of S. gui-
neense leaf and stem bark extracts not only introduced bioactive
compounds but also served as natural reducing and capping
agents, facilitating the formation of a robust and well-
structured nanofiber network. These bioactive compounds
played a crucial role in ensuring the stability, homogeneity, and
enhanced structural integrity of the synthesized Bio-Ag NPs and
nanofibers. The results demonstrate that the integration of S.
guineense extracts containing Bio-Ag NPs with PAN significantly
enhances the properties of the nanofibers, making them highly
suitable for advanced applications in biomedical fields.

EDX analysis was performed to confirm the successful
synthesis of Bio-Ag NPs(L) and Bio-Ag NPs(B) derived from S.
guineense leaf and stem bark extracts. For Bio-Ag NPs(L), the
weight percentages of C, N, O, and Ag were determined to be
65.24%, 19.79%, 10.26%, and 4.71%, respectively. Similarly, the
EDX analysis of Bio-Ag NPs(B) revealed weight percentages of
C, N, O, and Ag of 59.00%, 17.41%, 13.67%, and 9.92%,
respectively, as illustrated in Fig. 3g and S1. Additionally, the
EDX spectra of Bio-Ag NPs(L)@PAN and Bio-Ag NPs(B)@PAN
confirmed the presence of C, N, O, and Ag, with significant
elemental peaks observed in the EDX elemental maps, as
highlighted in Fig. 3h and S1. For Bio-Ag NPs(L)@PAN, the
weight percentages of C, N, O, and Ag were 63.85%, 20.25%,
11.45%, and 4.44%, respectively. In contrast, Bio-Ag NPs(B)
@PAN exhibited weight percentages of C, N, O, and Ag of
60.05%, 20.26%, 10.41%, and 9.29%, respectively.

Furthermore, the EDX spectrum of pure PAN confirmed the
presence of C, N, and O, with weight percentages of 73.84%,

© 2025 The Author(s). Published by the Royal Society of Chemistry
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19.23%, and 6.93%, respectively. These results validate the
successful incorporation of Bio-Ag NPs into the PAN nanofibers
and highlight the presence of Bio-Ag NPs in the nanocomposite
materials. The EDX analysis provides strong evidence for the
synthesis and integration of Bio-Ag NPs.

3.2. Antibacterial test results

The antibacterial properties of Bio-Ag NPs were evaluated
against two bacterial strains: Gram-positive (S. aureus) and
Gram-negative (E. coli). The results demonstrated that Bio-Ag
NPs exhibited significant antibacterial activity, with inhibition
zones of 17.0 £ 0.310 mm for S. aureus and 16.3 & 0.290 mm for
E. coli. Due to structural differences in bacterial cell walls, Bio-
Ag NPs exhibited a higher antibacterial effect against Gram-
positive bacteria compared to Gram-negative bacteria. In this
study, leaf and stem bark extracts of S. guineense, along with Bio-
Ag NPs, were tested at a concentration of 20 mg mL ™", resulting
in inhibition zones ranging from 10 to 17 mm. The highest
inhibition zone of 17 mm was observed against S. aureus, fol-
lowed by 16.3 mm against E. coli. Lower concentrations (5-
15 mg mL™ ) of the leaf and stem bark extracts, as well as Bio-Ag
NPs, also demonstrated significant antibacterial activity against
both bacterial strains. These findings highlight that antibacte-
rial efficacy is influenced by both concentration and the type of
bacterial strain. At higher concentrations, S. aureus exhibited
greater susceptibility compared to E. coli, indicating a stronger
inhibitory effect on the Gram-positive strain. The antibacterial
assay, as illustrated in Fig. 4a and b and detailed in Tables S3
and S4, demonstrated that S. guineense leaf and stem bark
extracts, along with Bio-Ag NPs(L) and Bio-Ag NPs(B), exhibited
potent and progressively increasing antibacterial activity at
different concentrations. This concentration-dependent activity
underscores the potential of these extracts and Bio-Ag NPs as
effective antibacterial agents, particularly against Gram-positive
bacteria more like S. aureus but also Gram-negative bacteria like
E. coli. These results further validate the therapeutic potential of
S. guineense-derived Bio-Ag NPs for applications in combating
bacterial infections.

3.2.1. Antibacterial mechanisms of Bio-Ag NPs. The
hypothesized mechanism of Ag NPs' antibacterial action
involves their accumulation in the bacterial cell wall, disrupting
the lipid bilayer and compromising membrane integrity.>® Ag
NPs or the released silver ions (Ag') can penetrate bacterial
cells, where they interact with phosphorus and sulfur-
containing biomolecules, inhibiting protein synthesis and
halting DNA replication. The antibacterial activity of Ag NPs is
significantly influenced by the surface area of the nano-
material;* that with a larger surface area releases higher
amounts of Ag" ions, enhancing their antibacterial efficiency. In
contrast, Ag NPs with a smaller surface area exhibit limited Ag"
ion release, leading to weaker antibacterial activity.®® Ag NPs
have unique physical and chemical characteristics that allow
them to interact with bacterial cells in multifaceted ways.”* They
possess a broad spectrum of antibacterial properties due to
their ability to permeate bacterial cell walls. They alter the
structure of cell membranes, which can lead to cell death.?> The
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http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5na00343a

Open Access Article. Published on 22 August 2025. Downloaded on 12/14/2025 9:13:35 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale Advances

View Article Online

(a)

= S. aureus
E. coli
~16

5 10 15
Concentration (mg/mL)

20

Paper
= S. aureus (b)
E. coli
E16
E
212
(=]
N
S 81
=
= 4

5 10 15
Concentration (mg/mL)

20

AR EEEEEEEEEEEEEEEENEENEEENEEEENEEEENEEENEENEEENEEEEENEEEENEEEEEEEEEEEEERS
. (C) Disrupt cell wall and membrane by Bio-AgNPs -
- n
: @9 00 6 O
: 9 & .
- Leaf . ‘a
n

. Denatured Ribosomes (®!nterfere DNANDT: MDY :
- replication =
a —~Bark ' ‘

[ ] N £

: g bl Dlsrupt membrane *
: by R :
* Syzygium -
0 pr?du tcop “\ :
: —0 @ h :

Fig. 4 Antibacterial activity of (a) Bio-Ag NPs(L) and (b) Bio-Ag NPs(B). Data were analyzed using one-way ANOVA followed by Tukey's multiple
comparisons test and are presented as mean + SD, with statistical significance set at P < 0.05. (c) Schematic illustration depicting the antibacterial

mechanism of bio-synthesized silver nanoparticles (Bio-Ag NPs).

efficacy of these nanoparticles is attributed to their nanoscale
size and large surface area-to-volume ratio, allowing for
enhanced interaction with microbial cells. The exact mecha-
nisms behind the antibacterial action of Ag NPs are complex.
However, it has been suggested that Ag NPs can continuously
release silver ions, which play a crucial role in inhibiting
bacterial growth. The silver ions adhere to the bacterial cell wall
and cytoplasmic membrane due to electrostatic interactions,
thereby increasing membrane permeability and leading to cell
envelope disruption.®® Silver ions can also penetrate the bacte-
rial cells, where they deactivate respiratory enzymes, generate
reactive oxygen species (ROS), and interfere with adenosine
triphosphate (ATP) production. This disruption in energy
production can ultimately result in cell death, as this process is
vital for cellular functions and replication.”** The mechanism
in Fig. 4c. This
study provides a consolidated review of published studies on
the antibacterial activity of silver nanoparticles (Ag NPs)

of antibacterial inhibition is shown

6168 | Nanoscale Adv, 2025, 7, 6158-6178

synthesized using different plant extracts, enabling a compara-
tive assessment of their efficacy, which are tabulated in Table 2.

3.3. Antioxidant activity in DPPH assay

The synthesized Bio-Ag NPs(L) and Bio-Ag NPs(B) exhibited
significantly enhanced antioxidant activity compared to the raw
plant extracts. This improvement is attributed to the nano-
particles’ small size, large surface area, and unique physico-
chemical properties. The inherent antioxidant properties of Bio-
Ag NPs(L) and Bio-Ag NPs(B) enable them to effectively scavenge
free radicals and promote the bioactivity of plant-derived
molecules, especially Bio-Ag NPs. The results revealed a scav-
enging activity of 48.53% at the lowest concentration (40 mg
mL ") with an absorbance of 0.603 and 90.60% at the highest
concentration (80 mg mL ") with an absorbance of 0.202. These
findings further validate the study, showing that as concentra-
tion increased, absorbance decreased while scavenging activity

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table2 Summary of literature reviews on the antibacterial properties of Ag NPs synthesized using various plant extracts for comparative analysis

S. no. Name of plants Inhibition zone (mm) Bacterial strains References
1 Bergenia ciliata 8.5 S. aureus 95

2 Balloon flower plants 12 E. coli 96

3 Aloe fleurentiniorum 12, 14.5 E. coli, S. aureus 97

4 Chenopodium murale 12.7 S. aureus 98

5 Syzygium guineense 17, 16.6, 15.5, 16.3, 16, 15 S. aureus, E. coli This study
6 Ocimum Sanctum (Tulsi) 14 E. coli 99

7 Banana peel 17,16 E. coli, S. aureus 100

100-
804
6010 [
40
201
..

RSA (%)

40
Concentration (mg/mL)

50 60

Fig. 5 DPPH assay findings.

enhanced, eventually reaching its maximum threshold. The
regression (R*) values for the leaf and stem bark extracts were
0.931 and 0.9612, respectively, while Bio-Ag NPs(L) and Bio-Ag
NPs(B) exhibited even higher R* values of 0.9976 and 0.9921,
respectively, indicating a strong correlation with antioxidant
activity. As shown in Tables S5 and S6, the IC;, values of the leaf
and stem bark extracts were 9.23 and 36.01 at the lowest
concentration (40 mg mL™") and 47.293 and 72.36 at the highest
concentration (80 mg mL™"). In contrast, the ICs, values of Bio-
Ag NPs(L) and Bio-Ag NPs(B) were 39.29 and 41.08 at 40 mg
mL !, and 75.37 and 81.66 at 80 mg mL ', respectively. The
antioxidant scavenging efficiency in the DPPH assay is illus-
trated in Fig. 5, further validating the superior antioxidant
potential of Bio-Ag NPs(L) and Bio-Ag NPs(B) compared to the
raw extracts. This highlights the enhanced bioactivity of the Bio-
Ag NPs, making them promising candidates for applications in
oxidative stress-related therapies and other biomedical fields.
The antioxidant mechanism of S. guineense plant extracts,
Bio-Ag NPs(L) and Bio-Ag NPs(B), is attributed to their high
surface-to-volume ratio, which enhances their interaction with
free radicals, leading to effective radical scavenging. The
bioactive compounds in S. guineense extracts, including poly-
phenols, flavonoids, and alkaloids act synergistically with Bio-
Ag NPs to enhance their antioxidant efficacy. Moreover, silver
ions (Ag") released from the Bio-Ag NPs further contribute to
antioxidant activity by neutralizing free radicals. Antioxidants
play a crucial role in preventing oxidative damage by inhibiting
reactive oxygen species (ROS), which can impair cellular

© 2025 The Author(s). Published by the Royal Society of Chemistry
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function.’>*** These findings underscored the potential of Bio-
Ag NPs as effective antioxidant agents with promising thera-
peutic applications in diabetic wound healing.

3.4. Characterization of diabetic wound healing and closure

According to the wound closure (%) data in Fig. 6a and b, all
treatment groups exhibited progressive healing, with the
injured skin showing significant reepithelialization from day 3
to day 14. Among the nanofiber-treated groups, Bio-Ag NPs(L)
@PAN and Bio-Ag NPs(B)@PAN exhibited the highest wound
closure percentage on day 3, consistently maintaining this trend
through days 7, 11, and 14. Although wound closure was
observed in both the PAN nanofiber-treated and control groups,
it was significantly lower compared to the groups treated with
Bio-Ag NPs(L)@PAN and Bio-Ag NPs(B)@PAN. As the treatment
period advanced, the percentage of wound closure steadily
increased across all groups. Bio-Ag NPs(B)@PAN exhibited the
highest wound closure percentages on days 3 (52%), 7 (68%), 11
(88%), and 14 (99%), significantly outperforming the control
group, which achieved 20%, 49%, 60%, and 71% wound
closure, respectively (p < 0.05). On the fourteenth day post-
incision, the wounds treated with Bio-Ag NPs(B)@PAN (99%)
and Bio-Ag NPs(L)@PAN (97%) were nearly fully healed, align-
ing with findings from previous literature.> At the 0.05 signifi-
cance level, the mean + SD values for wound closure were
significantly different post-treatment. The Bio-Ag NPs(L)@PAN
and Bio-Ag NPs(B)J@PAN groups exhibited superior wound

Nanoscale Adv., 2025, 7, 6158-6178 | 6169
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Fig. 6

In vivo diabetic wound healing process: (a) representative images showcasing wound healing progression over time. (b) Quantitative

analysis of wound closure (%) on days 3, 7, 11, and 14 post-treatments. (c) Histological evaluation of wound sections using Masson's Trichrome
(MT) and Haematoxylin & Eosin (HE) staining, highlighting tissue morphology and collagen distribution. (d) Collagen deposition analysis post-
treatment. Data are expressed as mean + SD (n = 4), with statistical significance set at p < 0.05.

healing, with complete reepithelialization, near-total wound
closure, and an almost intact arrangement of collagen fibers in
the dermis, in contrast to the control group.

3.5. Histological analysis of diabetic wound tissue

Hematoxylin and Eosin (HE) staining and Masson's Trichrome
(MT) staining are widely used in pathology and biomedical
research to analyze tissue sections. HE staining assesses tissue
architecture, cellular morphology, and overall organ structure,
while MT staining specifically highlights collagen fibers. The
standard deviation (SD) quantifies variability in measurements,
where a lower SD indicates high consistency and minimal
variation, while a higher SD reflects greater variability. The
mean area percentage of MT staining measures the proportion
of collagen fibers relative to the total tissue area. Throughout
the study period, the mean collagen area percentage for Bio-Ag
NPs(L)@PAN and Bio-Ag NPs(B)@PAN confirmed that collagen
levels significantly occupied the tissue area. Collagen deposi-
tion was assessed in various tissue sections, with Bio-Ag NPs(L)
@PAN and Bio-Ag NPs(B)J@PAN demonstrating the highest

6170 | Nanoscale Adv, 2025, 7, 6158-6178

levels. The findings from Table S7 show a significant decrease in
SD from days 3 to 14, indicating increasingly uniform collagen
distribution over time. This growing consistency highlights the
reliability of the collagen deposition process and suggests an
adaptive tissue response during maturation. To evaluate skin
regeneration at the cellular level and the healing potential of
diabetic wounds, histological slices of the defect area were
stained with HE on days 3 and 14 post-treatment. Histopatho-
logical analysis on day 7 revealed extensive infiltration of
inflammatory innate immune cells, such as neutrophils,
lymphocytes, and macrophages as well as significant inflam-
mation in the control group wounds. Conversely, the wounds in
the Bio-Ag NPs(L)@PAN and Bio-Ag NPs(B)@PAN groups
showed enhanced healing, with greater collagen density and
a tissue structure resembling normal skin, including well-
defined epidermis and stratum spinosum layers. On day 14,
all groups reached the proliferation phase, forming an epithe-
lial layer. However, the Bio-Ag NPs(L)@PAN and Bio-Ag NPs(B)
@PAN groups displayed an almost fully regenerated and thicker
epidermis compared to the control group. The different stages

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Schematic illustration of the diabetic wound healing mechanism accelerated by Bio-Ag NPs@PAN nanofibers, as well as PAN alone.

of diabetic wound recovery, as visualized through HE and MT
staining, are demonstrated in Fig. 6¢c and d. MT staining
highlighted collagen fibers in blue and subcutaneous muscle
fibers in red, revealing a progressive increase in collagen
deposition as wounds healed. On day 14, collagen distribution
in the control group remained sparse, whereas the Bio-Ag
NPs(B)@PAN group exhibited significantly higher collagen
deposition with well-developed, tightly packed collagen fibers.
Although collagen content in the PAN-treated group was not
drastically different, it was considerably higher in the Bio-Ag
NPs(L)@PAN and Bio-Ag NPs(B)J@PAN groups compared to
the control. Collagen, a key component of the extracellular
matrix (ECM), plays a crucial role in wound healing by
preserving growth factors, enhancing their function, and
supplying essential nutrients for tissue regeneration.*®

3.6. Mechanism of diabetic wound healing facilitated by
PAN, Bio-Ag NPs(L)@PAN, and Bio-Ag NPs(B)@PAN

The application of Bio-Ag NPs embedded in Polyacrylonitrile
(PAN) nanofibers offers a multifunctional approach to accel-
erate diabetic wound healing. These nanocomposites enhance
healing through antibacterial activity, anti-inflammatory
effects, enhanced angiogenesis, and improved cell prolifera-
tion. Diabetic wounds are highly susceptible to bacterial infec-
tions due to high glucose levels that promote microbial growth.
Bio-Ag NPs(B)@PAN and Bio-Ag NPs(L)@PAN release silver ions
(Ag"), which disrupt bacterial cell membranes, inhibit protein
synthesis, and induce oxidative stress, effectively eliminating
Gram-positive and Gram-negative bacteria. The PAN nanofiber

© 2025 The Author(s). Published by the Royal Society of Chemistry

matrix provides a protective barrier against external pathogens
while ensuring sustained Ag" release. Chronic inflammation in
diabetic wounds delays healing due to excessive pro-
inflammatory cytokines (TNF-o, IL-6).1°*'** Bio-Ag NPs modu-
late macrophage polarization, shifting them from an inflam-
matory M; phenotype (pro-inflammatory) to a pro-healing M,
phenotype.’® This transition reduces oxidative stress and
promotes tissue regeneration. Bio-Ag NPs stimulate vascular
endothelial growth factor (VEGF) production, which promotes
new blood vessel formation (angiogenesis).'* Increased angio-
genesis improves oxygen and nutrient supply, accelerating
granulation tissue formation. PAN nanofibers mimic the
extracellular matrix (ECM), create a moist wound environment,
and prevent dehydration, providing a scaffold for fibroblast
migration and collagen deposition.’”” The PAN nanofiber
network allows for a controlled and sustained release of Bio-Ag
NPs, ensuring prolonged antibacterial and regenerative effects.
This prevents cytotoxicity due to excessive Ag' release while
maintaining a steady therapeutic concentration at the wound
site. Therefore, Bio-Ag NPs(L) and Bio-Ag NPs(B) stimulate
fibroblast proliferation and upregulate collagen synthesis,
promoting faster re-epithelialization and stronger wound
closure. Consequently, the application of Bio-Ag NPs(L)@PAN
and Bio-Ag NPs(B)J@PAN in diabetic wound healing offers
a synergistic effect by combating infections through antimi-
crobial properties, reducing inflammation by modulating
macrophage activity, and enhancing angiogenesis to improve
oxygen supply.'®®'*#'*® The mechanism of diabetic wound
healing is illustrated in Fig. 7. The results of this study were
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Table 3 An overview of previous studies on diabetic and normal wound healing using various materials, provided for comparison with the

findings of this study

Post-treatment (days) Diabetic wound closure figures References Remarks
0,7, 14,21 59 Diabetic wound healing
0,4,7,14,21 43 Diabetic and normal wound healing
0,3,7,14 42 Normal wound healing at AGS@AgNPs
0,3,7,11, 14 This study Diabetic wound healing in this study demonstrated
significant similarities to findings reported in the literature,
highlighting comparable healing patterns and effectiveness
0,3, 14 39 Diabetic wound healing
0,7, 14 109 Wound healing of diabetic ulcers
-2,0,3,7,10, 14 EBHHE= 110 Diabetic wound healing
O@aiae s
IIGIA0
78 Diabetic wound healing

0,3, 7,10, 14 l‘ .I. o)
@IL I HE,

compared with previous research on diabetic and non-diabetic
wound healing using a variety of materials, as shown in Table 3.

4 Conclusion

In this study, Bio-Ag NPs(L) and Bio-Ag NPs(B) were successfully
synthesized from the medicinal plant S. guineense, along with

6172 | Nanoscale Adv, 2025, 7, 6158-6178

PAN, Bio-Ag NPs(L)@PAN, and Bio-Ag NPs(B)@PAN nanofibers
using the electrospinning method. The successful synthesis and

structural integrity were validated through a comprehensive
suite of characterization techniques, including UV-vis spec-
troscopy, FTIR, XRD, SEM, TEM, and EDX analyses. FTIR

analysis identified the biomolecules responsible for stabilizing,
reducing, and capping the Bio-Ag NPs, and UV-vis spectroscopy

© 2025 The Author(s). Published by the Royal Society of Chemistry
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verified their synthesis with an absorbance peak at 320 nm. The
antibacterial properties of Bio-Ag NPs(L) and Bio-Ag NPs(B)
were evaluated at different concentrations, demonstrating
significant antibacterial activity. Additionally, both extracts and
Bio-Ag NPs exhibited strong intrinsic antioxidant properties,
enhancing the bioactivity of plant-derived molecules by scav-
enging free radicals. At a minimum concentration of 40 mg
mL ™" and a maximum of 80 mg mL ™", the scavenging activity
reached 48.53% and 90.60%, respectively. Furthermore, in vivo
diabetic wound healing studies confirmed the successful
synthesis and application of PAN, Bio-Ag NPs(L)@PAN, and Bio-
Ag NPs(B)@PAN nanofibers for diabetic wound repair. Bio-Ag
NPs(L)@PAN and Bio-Ag NPs(B)@PAN significantly acceler-
ated re-epithelialization and wound closure compared to PAN
and the control groups. Histological analysis using HE and
Masson's trichrome staining further validated these findings,
revealing enhanced collagen deposition in wound tissues. The
Bio-Ag NPs(B)J@PAN group exhibited the highest collagen
density, indicating well-structured and tightly compacted
collagen fibers essential for wound healing. This work demon-
strated the effective synthesis and application of Bio-Ag NPs and
Bio-Ag NPs@PAN electrospun nanofibers in antibacterial,
antioxidant, and diabetic wound healing treatments. The
research highlights the therapeutic potential of S. guineense,
a plant rich in natural compounds that can be harnessed to
address a wide range of ailments. The findings suggest that this
novel approach could pave the way for the development of
advanced diabetic wound healing treatments and antimicrobial
therapies. Leveraging the antibacterial, anti-inflammatory, and
regenerative properties of S. guineense-derived Bio-Ag NPs offers
a promising solution to the challenges associated with diabetic
wound healing. The incorporation of Bio-Ag NPs into PAN
nanofibers not only enhances their structural integrity but also
improves their functional efficacy, making them suitable for
biomedical applications and underscoring the potential of Bio-
Ag NPs@PAN nanofibers as a multifunctional therapeutic
platform for promoting faster recovery and improving clinical
outcomes in multi-aliment management.
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