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Abstract
The development of advanced wound dressings is crucial for accelerating the heal-
ing process and preventing infections. In this study, silver nanoparticles (HS-Ag-
NPs) were synthesized using Hydrocotyle sibthorpioides (HS) extracted through 
an eco-friendly green method and incorporated into polycaprolactone/polyethylene 
oxide (PCL/PEO) nanofibers produced by electrospinning. The HS-AgNPs were 
characterized by UV-Vis spectroscopy, SEM, DLS, zeta potential, and FTIR analy-
ses, which confirmed their spherical morphology, nanoscale size distribution (20–
80  nm), and high colloidal stability. Phytochemical screening of the HS extract 
revealed bioactive compounds such as flavonoids, tannins, and alkaloids, which 
functioned as reducing and stabilizing agents during nanoparticle formation. PCL/
PEO nanofibers coated with different AgNP concentrations (1%, 3%, and 5%) were 
successfully fabricated, showing uniform nanoparticle coated. Structural, mechani-
cal, and thermal analyses demonstrated that AgNP incorporation improved the fi-
bers’ stability and performance. Antibacterial activity assays against Escherichia 
coli (E.coli) and Staphylococcus aureus (S.aureus) revealed a concentration-depen-
dent effect, with 5% AgNP-coated nanofibers achieving more than 99.99% bacterial 
reduction. Cytocompatibility studies with L929 fibroblast cells confirmed that all 
formulations maintained high cell viability, with no statistically significant cytotox-
ic effects observed. Overall, the HS-AgNP coated PCL/PEO nanofibers exhibited 
excellent antibacterial efficacy, enhanced stability, and reliable biocompatibility. 
These findings highlight the potential of HS-based green-synthesized AgNPs as a 
sustainable and effective approach for the development of multifunctional wound 
dressing materials in biomedical applications.
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Introduction

The skin is the body’s primary external defense system. When damaged by trauma, 
surgery, ulcers, or infection, this protective function is disrupted, and scarring can 
occur [1]. Wound dressings are vital in directly managing the healing process. The 
correct dressing is selected by evaluating criteria such as wound type, exudate 
amount, and infection status, and provides the ideal microenvironment necessary for 
healing [2]. By protecting against infection, accelerating healing, and protecting from 
UV radiation, wound dressings create an optimal environment for skin self-repair [3]. 
An ideal wound dressing should be biocompatible, flexible, and easy to apply and 
remove [4]. Traditional dressings only serve as a physical barrier and do not keep the 
wound moist, which can slow healing and increase the risk of infection [5]. Modern 
wound dressings deliver active ingredients directly to the wound site, providing a 
moist environment, preventing infection, and reducing inflammation [6]. Further-
more, their flexible structure allows them to better conform to the wound site and 
can be easily applied and removed without damaging the tissue [7]. Polymer-based 
dressings, thanks to their biocompatible and flexible structures, conform perfectly to 
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the wound bed, preventing fluid accumulation and creating a moist environment to 
accelerate healing [8]. They actively support healing by releasing active ingredients 
such as antimicrobial agents and growth factors in a controlled manner. Their light-
weight structure and designs prioritize patient comfort, causing minimal tissue irrita-
tion [9]. Researchers are currently working to create antimicrobial, functional wound 
dressing materials that reduce the risk of infection and accelerate the healing process 
by promoting tissue regeneration [10, 11]. The incorporation of antibacterial and 
therapeutic agents into the structure of nanofiber wound dressings provides benefits 
such as exudate absorption, oxygen permeability, and a large surface area, as well as 
wound healing-supporting properties [12]. Although various techniques have been 
developed to produce nanofibers, electrospinning is the most beneficial approach due 
to its low cost, rapid production, and ease of application; its primary disadvantage is 
its low efficiency [13]. While natural polymers are used in the production of wound 
dressings by the electrospinning method, synthetic biocompatible polymers are also 
preferred [14]. PCL is a biocompatible and biodegradable synthetic polyester with 
FDA approval. Although it is not effective in wound healing on its own due to its lack 
of biological activity and hydrophobic structure, PCL is widely used in many medi-
cal applications, including tissue scaffolds, wound dressings, sutures, and birth con-
trol pills [15]. Various methods are available to improve the hydrophilic properties 
of PCL nanofibers, including plasma treatment [16], UV irradiation [17], chemical 
oxidation [18], surface coating [19], and incorporation/compositing with hydrophilic 
polymers (such as poly(vinyl alcohol) (PVA)) or poly(oxyethylene) (PEO)) [20]. 
PEO is an FDA-approved synthetic polymer that dissolves in both water and organic 
solvents and is biodegradable, biocompatible, and non-toxic [21]. Its incorporation 
into PCL enhances cell adhesion and biocompatibility by increasing the water contact 
angle and surface energy [22]. Today, modern-generation dressings are specifically 
designed to deliver active pharmaceutical ingredients directly to the wound site [23]. 
Hydrocotyle sibthorpioides (HS) (family Apiaceae) is a perennial plant traditionally 
used by people in India and China for the treatment of various diseases [24]. HS sup-
ports mental functions [25], is an antipyretic [26], reduces edema [27], and relieves 
pain [28]. Thanks to its effects, it is a frequently used plant in traditional medicine. 
It also helps detoxify the body [29]. It is known to be useful in the treatment of vari-
ous diseases such as immune system problems [30], hepatitis [31], rheumatic dis-
orders [32], jaundice [33], and dysentery [34]. Studies show that this plant can also 
effectively prevent tumor formation [35]. On the other hand, pharmacological studies 
have shown that the plant exhibits anti-diuretic activity and is effective against skin 
tumors in external applications [36]. Hazarika et al. reported that HS extracts are safe 
at a dose of 2000 mg/kg according to OECD 425, show no significant toxicity, and 
provide potential safety in the treatment of inflammatory diseases [37]. Because tra-
ditional chemical synthesis methods involve toxic substances that are unsuitable for 
biomedical use, researchers are turning to green chemistry approaches that offer safer, 
biocompatible, and environmentally friendly solutions for nanoparticle production to 
overcome these limitations. Green synthesis approaches stand out in nanoparticle 
production due to their cost-effective, environmentally friendly, and biologically safe 
characteristics, while the use of plant extracts makes the process faster, more sustain-
able, and more suitable for large-scale production [38]. There are several routes to 
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produce silver nanoparticles (AgNPs), including chemical reduction [39], radiolysis 
[40], electrochemical synthesis [41], and bacterial synthesis [42]. Currently, there is 
significant interest in AgNPs produced using green synthesis methods using plants 
[43]. Synthesis using plant extracts is a widely preferred biological method for AgNP 
production due to its ease of application, rapid results, low cost, non-toxicity and 
non-pathogenicity, biocompatibility, and broad potential for use in many biomedi-
cal fields [44]. Organic compounds present in plant extracts reduce silver ions (Ag⁺) 
to form elemental silver (Ag⁰); they also influence the size, stability, and surface 
properties of nanoparticles, affecting biocompatibility and solubility [45]. Garg et 
al. synthesized AgNPs using ethyl acetate extract of HS with an environmentally 
friendly approach and showed that these nanoparticles showed significant antibac-
terial activity against multidrug-resistant Staphylococcus aureus (S. aureus), Pseu-
domonas aeruginosa (P. aeruginosa), and Klebsiella pneumonia (K. pneumonia) 
strains [46]. Considering the various limitations of traditional wound dressings and 
the increasing need for multifunctional biomaterials, the use of silver nanoparticles 
obtained through green synthesis methods stands out as a remarkable solution. HS, 
a medicinal plant rich in bioactive components, offers a natural resource capable of 
performing both reduction and stabilization tasks in nanoparticle production. Com-
bining HS-AgNPs synthesized from HS with polymeric nanofiber structures not only 
provides strong antibacterial properties but also improves the physicochemical prop-
erties of wound dressings. In this study, silver nanoparticles were synthesized using 
HS plant extract, and then these nanoparticles were integrated into PCL/PEO-based 
nanofiber wound dressings to enhance antibacterial efficacy. The unique aspect of 
this study is the first-ever use of nanoparticles obtained from the HS plant in poly-
meric wound dressings and the detailed investigation of the synergistic effect created 
by this combination.

Experimental

Materials

PCL (Mn = 80000, No. 440744) and PEO (Mv = 300000, No. 182001) for hybrid 
nanofibers were purchased from Sigma-Aldrich (Germany). HS plant was supplied 
wet and fresh from AkvaRED (Türkiye). AgNO3 (cryst. extra pure), ethanol (≥ 99.9% 
purity), and chloroform (99.0% purity) were purchased from Merck. For the antimi-
crobial activity tests, S. aureus (ATCC 6538) and E. coli (ATCC 10536) were used. 
All the microbial culture media used in this study were purchased from Merck. For 
cell culture studies, L-929 mouse fibroblast cells (ATCC® CCL-1™) were obtained 
from the American Type Culture Collection. Fetal bovine serum (FBS) and Penicil-
lin-Streptomycin were provided by Sigma-Aldrich (Germany). To evaluate cytotox-
icity, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) reagent 
and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (Germany).
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Green synthesis of AgNPs by HS (HS-AgNP)

Fresh HS was washed with distilled water immediately after procurement and dried 
in the shade at room temperature. The ethanol-water (10:90, v/v) solvent system was 
selected to enhance the extraction efficiency of polar phytochemicals such as fla-
vonoids, phenolic acids, and tannins, which are known to play a critical role in the 
reduction and stabilization of metal nanoparticles. Approximately 10 g of plant pow-
der was extracted via Soxhlet extraction using 250 mL of ethanol-water (10:90, v/v) 
at 85 ± 3 °C for 6 h, corresponding to approximately 20–25 extraction cycles. For 
AgNP synthesis, an aqueous solution of plant extract at a concentration of 1% (w/v) 
was prepared. The pH of the reaction medium was measured at 5.5 and maintained 
without any adjustment. Reaction conditions were optimized through preliminary 
experiments to ensure controlled nucleation and growth of nanoparticles, prevent 
excessive aggregation, and obtain a homogeneous size distribution. According to the 
optimum method, the HS extract was mixed with a 1 mM AgNO₃ solution in a 7:3 
(w/w) ratio and stirred on a magnetic stirrer at 28 ± 1 °C and 850 rpm for 6 h. The 
reaction was conducted in the dark to prevent photo-induced reduction of Ag⁺ ions, 
ensuring that the nanoparticle formation was primarily governed by phytochemical-
mediated reduction [47]. The extract solution, which was initially yellow in color, 
turned transparent when AgNO₃ was added and then turned reddish brown during the 
synthesis process. The resulting mixture continued to be stirred at room temperature 
and in the dark for 24 h until this color change became stable [48]. The formation of 
HS-AgNPs was monitored qualitatively by color change and simultaneously by UV-
vis spectrophotometer for 3 h and was characterized quantitatively by DLS and zeta 
meters. The synthesized HS-AgNPs were filtered through a 0.45 μm filter (Schleicher 
& Schuell SS FP 030/2 Einmal-Filternalter) and stored at + 4 °C.

Electrospinning process of the hybrid nanofibers

The PCL/PEO ratio was determined based on preliminary optimization studies 
evaluating different polymer ratios and corresponding solvent compositions. For the 
electrospinning process of hybrid nanofibers, PCL (10%, w/v) and PEO (2%, w/v) 
solutions were dissolved in a chloroform/methanol (1:1, w/v) mixture and stirred 
overnight. Different electrospinning parameters such as flow rate, applied voltage, 
and processing time were adjusted for each formulation. The 1:1 ratio ensured stable 
jet formation and uniform nanofiber morphology; therefore, it was chosen for subse-
quent experiments. Determined amounts of PCL and PEO solutions were mixed to 
prepare the PCL/PEO mixture (1:1, w/w) and stirred overnight before the electros-
pinning process (Scheme 1). An electrospinning system (Inovenso-NE300) consist-
ing of a high-voltage source, an aluminum rotary cylinder collector, and a syringe 
pump was used for the synthesis of PCL, PEO, and PCL/PEO nanofibers. A 10 mL 
plastic syringe with a stainless-steel needle was used for the PEO solution, while 
10 mL glass syringes were preferred for PCL and PCL/PEO solutions. The syringes 
were individually placed in a system with a single syringe pump and positioned at a 
90° angle to the cylinder collector. Flow rates were optimized as 5.5 mL/hr, 3.0 mL/
hr, and 3.5 mL/hr for PCL, PEO, and PCL/PEO hybrid nanofibers, respectively. The 
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applied voltage was fixed at 25.5 kV for PCL and 25 kV for PEO and PCL/PEO, 
while the rotary drum collector speed was maintained at 300 rpm. The electrospin-
ning process lasted approximately 4 h, and all experiments were performed under 
ambient conditions (29 ± 1 °C, 60–70% relative humidity) monitored using a digital 
thermo-hygrometer (UNI-T A12T) [49].

Coating of PCL/PEO nanofibers with HS‑AgNPs

After the electrospinning process was completed, a coating method was applied to 
the resulting PCL/PEO hybrid nanofiber wound dressings using a colloidal AgNP-
containing HS-AgNP solution to impart antibacterial properties. PCL/PEO nanofiber 
wound dressings were cut into 5 × 5 cm sections, and the average weight of each 
sample was determined to be 0.025 ± 0.002 g. The Ag content of the HS-AgNP solu-
tion was determined gravimetrically, and it was calculated that 100 g of HS-AgNP 
solution contained 9.72 × 10⁻³ g of Ag. Accordingly, the required solution amounts 
for coating the nanofibers to contain 1%, 3%, and 5% AgNP by weight were calcu-
lated as 2.57 g, 7.71 g, and 12.86 g, respectively. The cut nanofiber samples were 
coated with the determined amounts of HS-AgNP solutions under vacuum at 40 °C. 
This process ensured effective penetration of the solution into the nanofiber matrix 
and homogeneous distribution of HS-AgNPs across the surface. The obtained PCL/

Scheme 1  PCL/PEO hybrid formation because of PCL and PEO reaction
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PEO nanofiber samples containing 1%, 3%, and 5% AgNP were named HS-AgNP1, 
HS-AgNP3, and HS-AgNP5, respectively [50, 51].

Characterization of HS-AgNPs

Yield Percentage of HS extract

The percentage yield of the plant extract was calculated as follows:

	
(Yield, %) = Dry weight of the plant extract (g)

Initial weight of the plant extract
× 100� (1)

Phytochemical characterization of Hydrocotyle sibthorpioides using HPLC-DAD

Phytochemical characterization of Hydrocotyle sibthorpioides (HS) extract was per-
formed using a reverse-phase high-performance liquid chromatography (HPLC) 
system (Shimadzu Prominence, Japan) equipped with a diode array detector (DAD, 
SPD-M20A). The system consisted of a CBM-20 A system controller, LC-20AT 
pump, SIL-20ACHT autosampler, and CTO-10ASVp column oven. Data acquisition 
and analysis were carried out using LC Solution software. Chromatographic separa-
tion was achieved on a Zorbax C18 column (250 × 4.6 mm, 5 μm particle size). The 
mobile phase consisted of solvent A (3% formic acid in water, v/v) and solvent B 
(methanol, v/v). The method was adapted from T. Gomes et al. (1999) with slight 
modifications [52]. Elution was carried out using a gradient program. The initial 
composition was set at 93% A and 7% B and maintained for 3 min. The gradient was 
then linearly changed to 72% A and 28% B at 28 min, followed by 67% A and 33% 
B at 60 min, 58% A and 42% B at 62 min, 50% A and 50% B at 70 min, and 30% A 
and 70% B at 75 min. Finally, the system was returned to initial conditions (93% A 
and 7% B) at 90 min for column re-equilibration. Prior to analysis, all samples and 
mobile phases were filtered through appropriate membrane filters and degassed. The 
column temperature was maintained constant throughout the analysis.

UV-vis spectroscopy

The optical properties of HS-AgNPs produced via green synthesis were determined 
using a UV-Vis spectrophotometer (Varian Cary 5000 Bio UV-Vis-Nir Spectropho-
tometer; Australia). After the addition of 1 mM AgNO₃ to 1% HS solution, spectra 
were recorded in the wavelength range of 300–700 nm at 30 min. intervals for 6 h. 
The final measurement of the spectra was carried out 24  h following the AgNO₃ 
addition.

Dynamic light scattering (DLS) and zeta potential

To study the size distribution and stability of HS-AgNPs, their average hydrody-
namic diameter and zeta potential values were determined by dynamic light scat-
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tering (DLS) analysis using a Zeta-Sizer device (Nano ZS, Malvern Instruments, 
Malvern, UK).

Scanning electron microscopy (SEM)

Morphological analysis of HS-AgNPs was performed by the Middle East Technical 
University (METU)-Merlab using SEM (QUANTA 400 F Field Emission, Turkey).

Fourier-transform infrared (FT-IR) analysis

IR spectra of HS extracts and synthesized HS-AgNPs were obtained by the attenu-
ated total reflectance (ATR) method in the mid-IR region between 400 and 4000 cm⁻¹ 
using an FTIR spectrometer (Shimadzu, QATR-S, Japan). This characterization was 
used to investigate the structural changes induced by the addition of HS extract.

Phytochemical test

According to the methods reported in the literature, qualitative phytochemical anal-
ysis was performed to evaluate the presence of different classes of phytochemical 
compounds in the HS extract [53].

Characterization of HS-AgNP coated PCL/PEO hybrid nanofiber wound dressings

FT-IR analysis

Functional group analysis of the hybrid nanofibers was performed using FTIR spec-
troscopy (Shimadzu, QATR-S, Japan). Each sample was examined in the mid-infra-
red (MIR) region in the wavelength range of 400–4000 cm using attenuated total 
reflection (ATR) coupling.

SEM analysis

To determine the HS-AgNPs on the surface of the electrospun fibers, the morphologi-
cal characteristics of the nanofibers were analyzed by METU using SEM (QUANTA 
400 F Field Emission, Turkey). Dimensional analysis of nanofibers and HS-AgNPs 
was performed using Image J program.

Thermogravimetric (TGA) analysis

Thermogravimetric analysis (TGA) was used to study the heat properties of the 
hybrid nanofiber wound dressings using a TGA analyzer (TGA, STA6000/8000, 
PerkinElmer Instruments, USA). A TGA thermogram was created by heating the 
samples from room temperature to 500 °C at a rate of 5 °C/min in an air environment 
(20.0 ml/min) using a single heating step.

1 3
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Mechanical analysis

The mechanical properties of hybrid nanofiber wound dressings were evaluated using 
a tensile tester (Shimadzu AGS-X) in accordance with ASTM D882 standard. Rect-
angular nanofiber samples, each with dimensions of 10 × 60 mm, were prepared for 
the test, and the thickness measurements were determined accurately using a digital 
caliper. Tensile tests were performed by applying a preload of 0.1 N and a constant 
cross-lattice speed of 10 mm/min. As a result of these tests, mechanical parameters 
such as tensile strength, elastic modulus, and elongation at break of the samples were 
determined.

Water absorption capacity analysis (WAC)

The water absorption capacity of the hybrid nanofibers was determined according to 
ASTM D-570. The water absorption capacity (WAC, %) was calculated as follows:

	 (WAC, %) = × 100� (2)

where w0 represents the weight of the nanofibers before immersion in water and ws 
represents the weight of the nanofibers 24 h after immersion in water [54].

Water contact angle analysis

Water contact angles were measured using a goniometer (Rame-Hart Inc., Nrl. C.A. 
Goniometer, France) to assess hydrophobicity/hydrophilicity. A 2 µL ultrapure water 
droplet was placed on each nanofiber sample, and the angle was determined from 
captured images using ImageJ software. Reported values are the average of at least 
five measurements taken at random points per sample.

Antimicrobial activity

The antibacterial activities of HS-AgNP1, HS-AgNP3 and HS-AgNP5 coated PCL/
PEO hybrid nanofibers were evaluated using a quantitative colony count reduction 
procedure according to the modified version of ASTM E2149-10 standard. E. coli 
and S. aureus were used as model gram-negative and gram-positive bacteria, respec-
tively. Uncoated nanofibers served as the control group. The surfaces of both control 
and test samples were inoculated with bacterial suspensions. After 24  h of con-
tact time, bacterial cells were recovered using an appropriate neutralizing solution 
to quench the antimicrobial activity. Serial dilutions of the recovery solution were 
plated on nutrient agar, and the number of viable colonies (CFU/ml) was determined 
after 24 h of incubation at 37 °C. Antibacterial activity was measured by comparing 
the mean log reduction in viable cells and the corresponding percent reduction with 
the initial inoculation and the control. All tests were performed in triplicate (n = 3), 
and the results are expressed as mean ± standard deviation (SD).
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Cell culture conditions and cytotoxicity assay

For cell culture experiments, L929 (mouse fibroblast) cells were cultured in Dulbec-
co’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum 
(FBS, Sigma-Aldrich, Germany), 1% penicillin streptomycin, and 1% L-glutamine 
(Sigma-Aldrich, Germany). Cells were incubated at 37 °C in a humidified atmosphere 
containing 5% CO₂. The culture medium was refreshed every two days, and the cells 
were subculture when they reached 80–90% confluence. For cytotoxicity assessment, 
cells were seeded into 6-well plates at a density of 1 × 10⁵ cells per well in 2 mL of 
complete medium. After 24  h of incubation to allow cell adhesion, sterile wound 
dressing materials containing 1%, 3%, and 5% HS-AgNPs were applied to the cor-
responding wells. A small, standardized section of each dressing (0.5 cm²) was care-
fully placed in direct contact with the cell monolayer using sterile forceps. A control 
group with no dressing applied was included for comparison. Following the appli-
cation, the plates were incubated for an additional 24 h under the same conditions. 
Cell viability was assessed using the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphen-
yltetrazolium bromide) assay. At the end of the 24-hour exposure period, the wound 
dressings were carefully removed. Then, 100 µL of MTT solution (0.5 mg/mL in 
PBS) was added to each well and incubated for 4 h at 37 °C. After incubation, the 
MTT-containing medium was discarded, and 100 µL of dimethyl sulfoxide (DMSO) 
was added to dissolve the formazan crystals formed by viable cells. The absorbance 
of the resulting solution was measured at 570 nm using a microplate reader (Thermo 
Multiskan SPECTRUM, Waltham, MA). Cell viability was expressed as a percentage 
relative to the untreated control group.

Statistical analysis

All experiments were performed in triplicate. Results are presented as mean ± stan-
dard deviation (SD). Statistical analysis was conducted using one-way analysis of 
variance (ANOVA) followed by Tukey’s post hoc test to evaluate the differences 
between groups. A p-value of less than 0.05 was considered statistically significant.

Results and discussion

Synthesis, characterization, and morphological analysis of HS-AgNPs

Studies have demonstrated the broad-spectrum antimicrobial and antiviral activity 
of HS-AgNPs against a wide variety of pathogens, including bacteria, fungi, and 
viruses. Recently, green synthesis has become a highly attractive alternative for 
AgNP production due to its low cost, environmental friendliness, and lack of high 
temperature and pressure requirements. In this context, HS-AgNPs have been suc-
cessfully synthesized using HS plant extracts. The extraction yield percentages are 
listed in Table 1. The amount of dried plant was 10 g, and 2.463 g of extract was 
obtained. The 24.63% yield rate calculated (Eq. 1) in line with these values indicates 
that the bioactive components of the plant can be extracted at a high rate [46].
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The UV-Vis absorption spectrum shown in Fig. 1 shows that HS-AgNPs have a 
characteristic broad, bell-shaped curve. This spectrum is shaped by the effects of 
various metabolites in the plant extract added to the solution. These metabolites con-
tributed to the formation of AgNPs by reducing Ag⁺ ions to Ag0, thus broadening the 
surface plasmon resonance (SPR) and increasing absorption in the spectral range. 
This is confirmed by the distinct absorption maximum observed at 450 nm. As seen 
in Fig. 1b, the SPR peak at approximately 450 nm increased over time and reached a 
maximum at 360 min. AgNP formation can also be observed by the change in solu-
tion color; the solution changed from light yellow to reddish brown (Fig. 1a). Peaks 
observed in the 425–475 nm range indicate AgNP formation. While homogeneous 
spherical AgNPs normally exhibit an SPR band at 413 nm, the maximum absorption 
observed at 450 nm in this study can be explained by differences in particle size. 
Furthermore, the tailing of the spectrum toward longer wavelengths indicates particle 
size and shape distribution [55]. According to Mie theory, spherical nanoparticles 
generally exhibit a single SPR band. The narrowing and stabilization of this band 
observed over time in the UV-Vis spectrum indicates that the particles have formed 
and their size has stabilized. The presence of a single, distinct SPR peak strongly 
supports the notion that the synthesized AgNPs are largely spherical and consistent 

Table 1  HS yield percentage of whole plant extract
Plant Dried plant (g) Extract (g) Yield (%)
HS 10 2.463 24.63
HS : Hydrocotyle sibthorpioides

Fig. 1  UV-vis spectra of (a) AgNO₃ (1 mM), HS extract, and HS-AgNPs with corresponding color 
changes during nanoparticle formation, (b) time-dependent UV-vis spectra showing the gradual forma-
tion of HS-AgNPs at different reaction times
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with Mie theory [56]. These findings are aligned with the previous studies where the 
synthesized AgNPs displayed [57, 58].

The HS-AgNPs observed in the SEM image (Fig. 2a) are in the size range of 
approximately 20–80 nm and mostly have a spherical or hemispherical morphol-
ogy; this is consistent with the naturally occurring FCC (face-centered cubic) crystal 
structure of silver [59]. In the image, some particles are observed to be in contact with 
each other or clustered; this shows a relatively wide size distribution, partly due to 
aggregations formed by van der Waals interactions or surface tension during sample 
drying. The distinct edge and surface structures of the particles show high crystal-
linity and directional growth, and it is thought that there may be a crystal orientation 
dominated by the surface plane. In line with this information, it can be concluded 
that the silver nanoparticles in the SEM image have a well-defined morphology and 
crystalline structure and are nano sized [60]. DLS analysis was used to investigate the 
size distribution of HS-AgNPs synthesized using HS extract. The DLS results pre-
sented in Fig. 2b revealed that the average particle size is 37.27 ± 6.4 nm, with most 
particles distributed between 20 and 60 nm. Furthermore, the polydispersity index 
(PDI) values were determined to be in the range of 0.359–0.514, indicating a mod-
erate level of polydispersity in the nanoparticle population. These results show that 
although the nanoparticles exhibit some size variation, the majority are concentrated 
around ~ 37 nm. Overall, the findings of this study confirm that HS-AgNPs possess 
nanoscale dimensions, a well-defined morphology, and a reasonably controlled size 

Fig. 2  HS-AgNPs: (a) SEM images, (b) particle size and (c) zeta potential distribution and correspond-
ing stability data
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distribution. Moreover, these results contribute to a better understanding of the inter-
actions between AgNPs and microorganisms, highlighting the potential of HS plant 
extracts as a promising and effective tool for the development of next-generation 
antibacterial agents [61]. Zeta potential is a measure of surface charge potential used 
to determine the stability of nanoparticles in aqueous solutions. The zeta potential 
value of HS-AgNPs was determined as -18.6 ± 3 mV (Fig. 2c). This result indicates 
that the produced nanoparticles are coated with negatively charged acidic groups in a 
dispersed environment, leading to electrostatic repulsion between the particles; how-
ever, this zeta potential value shows moderate colloidal stability in solutions [62].

The FTIR analysis shown in Fig. 3 was performed to evaluate the functional group 
interactions between the HS plant extract and HS-AgNPs. Changes in the FTIR 
spectra support the idea that phenolic hydroxyl, carbonyl, and glycosidic functional 
groups in the structure of the HS plant play an active role in the reduction of Ag⁺ 
ions and the coating of the AgNP surface. Table 2 presents a detailed analysis of the 
relevant peaks.

The O-H stretching vibration at 3241 cm⁻¹ indicates the interaction of -OH groups 
that acted as reducing agents in the synthesis of AgNP; the peak shift reflects this 
interaction. The C-H (aliphatic) stretching band at 2931 cm⁻¹ originates from the gly-
cosidic structure and shows a slight decrease after AgNP synthesis and indicates the 
interaction in the bond structure [63]. The C = O stretching band at 1667/1588 cm⁻¹ 
suggests that aromatic components may have complexed with Ag⁺. The C-H bend-
ing (phenolic structure) band at 1372 cm⁻¹ indicates that aromatic structures in the 

Fig. 3  FTIR Spectra of HS Extract and HS-AgNP
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active substance may contribute to stabilization. The C-O stretching band (alcohols, 
esters) at 1189/1037 cm⁻¹ is strong evidence that glycosidic bonds and ester groups 
bind to the AgNP surface, providing stabilization. The C-H (aromatic) bending band 
at 824/783/710 cm⁻¹ shows the presence of aromatic rings and their potential interac-
tion with the nanoparticle surface. The Ag-O coordination vibration at 618 cm⁻¹ is a 
characteristic peak confirming the formation of silver nanoparticles and representing 
metal-ligand bonds. Spectral shifts and newly formed peaks in the FTIR analysis 
indicate that functional groups in the plant structure reduce Ag⁺ ions and stabilize the 
surface of the resulting silver nanoparticles. In particular, the active involvement of 
-OH, C = O, and C-O groups contribute to understanding the green synthesis mecha-
nism at the molecular level. These results strongly support the idea that Hydrocotyle 
sibthorpioides can be used as a potential bio reducing agent and coating material in 
sustainable nanotechnology applications [64].

According to the data in Table 3, it was determined that HS extract contained vari-
ous phytochemical compounds such as triterpenoids, flavonoids, steroids, tannins, 
carbohydrates, and alkaloids. It is evaluated that compounds with reducing potential, 
especially flavonoids, tannins, and alkaloids, may play an important role in the pro-
cess of reducing silver ions to nano-sized silver particles and in the stabilization of 
these particles [65]. These findings reveal the potential of HS extract to be used as an 
effective biological reduction and stabilization agent in the production of nanopar-
ticles by green synthesis methods.

The phenolic profile of the HS plant extract was characterized using HPLC-DAD. 
Identification of individual phenolic compounds was performed by comparing reten-
tion times (RT), UV absorption maxima (λmax), and chromatography with available 
authentic standards. Quantitative analysis was performed using external standard 
calibration curves, and results were expressed in ppm (mg/L) in the injected solution. 
Based on a total extract volume of 1.094 g, the absolute content of each compound 

Table 2  FTIR Peak Assignments of HS Extract and HS-AgNPs
Sample Wavenumber (cm⁻¹) Functional group Vibration type
HS Extract
&
HS-AgNP

3241 O-H Stretching (phenolic/alcoholic)
2931 C-H (aliphatic) Stretching
1667/1588 C = O Stretching
1372 C-H (aliphatic) Bending (phenolic structure)
1189/1037 C-O Stretching (alcohol, esters)
824/783/710 C-H (aliphatic) Bending

HS-AgNP 618 Ag-O Coordination vibration

Phytochemical test Observation result
Triterpenoids Identified
Flavonoids Identified
Steroids Identified
Tannins Identified
Carbohydrates Identified
Alkaloids Identified

Table 3  Qualitative phyto-
chemical analysis of the leaf 
extracted from HS
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was calculated and presented in Table 4. As shown in Table 4, a total of 16 phenolic 
compounds were identified and quantitatively determined in the HS extract.

Chromatographic separation Fig. 4 revealed well-resolved peaks with retention 
times ranging from 6.8 min to 71.1 min. The most abundant compound was caf-
feic acid (125,891 ppm in solution; 12,589 mg in 1,094 g of extract), followed by 
ellagic acid (64,791 ppm; 6,479 mg), quercetin (26,920 ppm; 2,692 mg), and catechin 
(22,406 ppm; 2,241 mg). Significant amounts of gallic acid (17,210 ppm; 1,721 mg), 

Fig. 4  HPLC-DAD chromatogram of HS extract at 280 nm with retention times (min) shown above 
the peaks

 

Phytochemical compounds Reten-
tion 
time 
(min)

λmax 
(nm)

Concen-
tration 
(ppm)

Con-
tent in 
1.094 g 
HS (mg)

Gallic acid 6.8 280 17.210 1.721
3,4-Dihydroxy 10.7 280 0.955 0.096
Catechin 15.2 220 22.406 2.241
4-Hydroxy 15.7 280 0.612 0.061
2,5-Dihydroxybenzoic acid 17.2 320 3.549 0.355
Chlorogenic acid 18.2 320 0.041 0.004
Vanillic acid 19.2 320 14.703 1.470
Epicatechin 21.3 260 5.219 0.522
Caffeic acid 22.7 280 125.891 12.589
p-Coumaric acid 26.1 320 2.654 0.265
Ferulic acid 30.1 320 10.539 1.054
Rutin 45.6 360 1.675 0.168
Ellagic acid 47.7 240 64.791 6.479
Quercetin 70.4 360 26.920 2.692
Cinnamic acid 71.1 280 7.468 0.747
Narindin - - 4.841 0.484

Table 4  Phenolic compounds 
identified and quantified in HS 
extract by HPLC-DAD
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vanillic acid (14,703 ppm; 1,470 mg), and ferulic acid (10,539 ppm; 1,054 mg) were 
also detected. The limits of detection (LOD) for the analyzed compounds ranged 
from 0.01 to 0.75 ppm, demonstrating the high sensitivity of the developed HPLC-
DAD method. The lowest LOD values were obtained for gallic acid, caffeic acid, 
p-coumaric acid, cinnamic acid, and ferulic acid (0.01 ppm each), while 2,5-dihy-
droxybenzoic acid showed the highest LOD value (0.75 ppm). Among the identified 
compounds, flavonoids (catechin, epicatechin, quercetin, rutin, narindin) and pheno-
lic acids (caffeic, ellagic, gallic, vanillic, ferulic, p-coumaric, cinnamic, chlorogenic 
acids) constituted the main fractions. The presence of these bioactive compounds is 
particularly noteworthy, as their antioxidants, anti-inflammatory, and antimicrobial 
properties are well-known [66]. Caffeic acid was the dominant compound, account-
ing for approximately 40% of the total measured phenolic content. This finding is 
consistent with previous reports showing that caffeic acid derivatives are the major 
phenolic components in Hydrocotyle species and contribute significantly to their 
biological activity. Furthermore, high levels of catechin (2,241 mg) and epicatechin 
(0,522 mg) are in good agreement with the literature in which these flavonoids are 
identified as significant contributors to the free radical scavenging capacity of HS 
extracts [67]. The presence of ellagic acid (6,479 mg), a dimeric derivative of gallic 
acid, is of particular interest due to its well-documented wound healing properties. 
Ellagic acid has been shown to promote collagen synthesis, inhibit matrix metallo-
proteinases (MMPs), and reduce oxidative stress in dermal tissues. Similarly, quer-
cetin (2,692 mg) and rutin (0,168 mg) are known to enhance capillary integrity and 
accelerate the proliferative phase of wound healing [68]. In conclusion, HPLC-DAD 
analysis of the HS plant extract (1.094 g) revealed a rich phenolic profile dominated 
by caffeic acid (12.589 mg), ellagic acid (6.479 mg), quercetin (2.692 mg), and cat-
echin (2.241 mg). The total measured phenolic content was approximately 31.48 mg, 
representing 2.88% of the dry extract weight. These findings are consistent with pre-
vious reports identifying catechin, epicatechin, quercetin, and chlorogenic acid as 
the major antioxidants in HS; however, this study also highlights the importance of 
caffeic and ellagic acids. The phenolic composition directly supports the multifunc-
tional wound healing properties of HS-AgNP-coated PCL/PEO nanofibers, including 
antioxidant defense, anti-inflammatory activity, antimicrobial synergy, and promo-
tion of tissue regeneration. These results validate the traditional use of HS in wound 
management and provide a chemical basis for its application in modern biomedical 
dressings.

The phytochemical composition of the HS plant extract is thought to play a crucial 
role in controlling the size and stability of the synthesized HS-AgNPs. HPLC-DAD 
analysis revealed a high proportion of phenolic compounds, such as caffeic acid, 
ellagic acid, quercetin, and catechin, known for their strong reducing and coating 
capabilities. The presence of abundant hydroxyl and carbonyl functional groups in 
these compounds facilitated the rapid reduction of Ag⁺ ions, leading to controlled 
nucleation and the formation of relatively small nanoparticles (20–80 nm). In addi-
tion, these phytochemicals adsorbed onto the nanoparticle surface, forming a stabili-
zation layer that limits aggregation; this is consistent with the observed moderate zeta 
potential (-18.6 mV) and size distribution. Therefore, the combined HPLC, FTIR, 
and DLS results demonstrate a direct structure-function relationship between the 
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phytochemical profile of the extract and the physicochemical properties of the result-
ing nanoparticles.

Morphological characterization of PCL/PEO hybrid nanofibers coated with HS-
AgNP

The chemical compositions of PCL, PEO, optimized PCL/PEO, and HS-AgNP 
coated PCL/PEO nanofibers were analyzed using FTIR (Fig. 5). When the spectrum 
of PCL nanofiber is examined, it is seen that the frequencies around 2939 cm⁻¹ and 
2860 cm⁻¹ generally belong to aliphatic C-H stretching vibrations originating from 
methylene groups in the polymer chain of PCL. The sharp peak around 1718 cm⁻¹ is 
a characteristic feature of PCL corresponding to the stretching vibration of the ester 
carbonyl group (C = O). The complex peaks in the rest of the spectrum (below 1500 
cm⁻¹) show the stretching vibrations of C-O-C bonds and bending vibrations of C-H 
bonds of PCL [69]. The peak around 2883 cm⁻¹ in the spectrum of PEO nanofibers 
is a characteristic feature of PEO, belonging to the C-H stretching vibrations of ether 
groups (-CH₂-O-). Peak around 1464 cm⁻¹: This peak corresponds to -CH₂ bending 
vibrations. The peak around 1341 cm⁻¹ represents C-O-C bending vibrations. The 
peaks in the rest of the spectrum (1200 –1000 cm⁻¹ range) are associated with the 
ether bonds of PEO, such as C-O-C stretching vibrations [70]. The nanofibers of the 
PCL/PEO combination showed characteristic peaks of both structures. There are C-H 
stretching peaks around 2939 cm⁻¹ and 2860 cm⁻¹ (from PCL) and 2883 cm⁻¹ (from 
PEO). The ester carbonyl (C = O) peak around 1718 cm⁻¹ (from PCL) was still prom-

Fig. 5  FTIR Spectra of PCL, PEO, PCL/PEO, and HS-AgNP coated PCL/PEO Nanofibers
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inent. Peaks around 1464 cm⁻¹ and 1341 cm⁻¹, which are specific to PEO, were also 
observed; however, their intensities were lower than those in the PEO-only spectrum, 
indicating a lower PEO ratio in the mixture This spectrum demonstrates the physical 
mixing of PCL and PEO and confirms the presence of functional groups in both poly-
mers. When the spectra of HS-AgNP1, HS-AgNP3, and HS-AgNP5 nanofibers were 
examined, it was observed that they were essentially like the spectrum of the PCL/
PEO blend. However, the broad and low-intensity hydroxyl (O-H) peak around 3388 
cm⁻¹ (marked with a dashed arrow) corresponds to the stretching vibration of the O-H 
groups. This change is due to the presence of the HS stabilizer and -OH groups in the 
molecular structure of the active ingredient, asiaticoside. An increase in the intensity 
of this peak was observed as the amount of HS-AgNP increased [71].

Figure 6 shows the SEM images and diameter distributions of different layers of 
PEO, PCL, PCL/PEO, and HS-AgNP5 nanofibers produced using the single-nozzle 
electrospinning method under the same environmental conditions. The nanofibers 
produced with 10% PCL solution had a smooth, parallel structure without bead struc-
tures (Fig. 6a). The average fiber diameter was determined to be 287.13 ± 69.0 nm. 
PEO has a lower viscosity, allowing the formation of thinner fibers. The smooth, 
bead-free, and smooth nanofibers produced with 2% PEO had an average fiber diam-
eter of 171.08 ± 48.5 nm (Fig. 6b). The fiber diameters were smaller and narrowly 
distributed. The average fiber diameter of the nanofibers obtained with the PCL/PEO 
combination was measured as 266.92 ± 82.3 nm (Fig. 6c). Although the fiber structure 
appeared somewhat more complex and irregular, the fibers were well interconnected. 
The combined use of PCL and PEO resulted in a wide distribution and variety of fiber 
diameters. Such combinations are used to optimize mechanical and biological prop-
erties. The average diameter of the HS-AgNP5 nanofibers was measured as 336.59 ± 
78.7 nm (Fig. 6d). The addition of HS-AgNPs resulted in a significant increase in the 
diameter of the nanofibers. Analysis of SEM images clearly reveals that HS-AgNPs 
both adsorbed individually onto the fiber surfaces and concentrated in certain regions 
to form clusters (agglomerates). This indicates that the nanoparticles provided suf-
ficient contact time and effective surface interaction with the fiber structure during 
the coating process. This observed structure proves that the HS-AgNPs successfully 
integrated into the nanofiber matrix to impart antibacterial functionality. While the 
PCL/PEO nanofibers shown in Fig. 6c exhibit a smooth, fine, homogeneous surface 
structure, the HS-AgNP5-added samples in Fig. 6d show significant surface rough-
ness, nanoparticle accumulation, and an increase in fiber diameter. This contrast dem-
onstrates that HS-AgNPs, physically bonded to the fiber surface via coating, directly 
alter the fiber morphology. Adsorption of nanoparticles on the surface is the primary 
factor increasing fiber roughness. Quantitatively, the average fiber diameter increased 
from 266.92 nm in PCL/PEO nanofibers to 336.59 nm in HS-AgNP5 nanofibers. The 
increase in the average fiber diameter of the nanofibers was attributed to the penetra-
tion of the HS-AgNP solution used in the coating process into the fiber structure, cre-
ating a swelling effect, and the adhesion of HS-AgNPs to the fiber surface [72, 73].

The hydrophilic properties of wound dressings, including water contact angle and 
absorption, are presented in Fig. 7. Increased hydrophilicity promotes wound healing 
by improving biocompatibility and cellular activity, while also reducing the risk of 
infection through optimal moisture retention and ensuring material effectiveness. The 
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measured average contact angles of the synthesized PCL (Fig. 7a), PEO (Fig. 7b), 
PCL/PEO (Fig. 7c), and HS-AgNP5 nanofibers (Fig. 7d) were found to be 141.3 ± 
2.3°, 28.8° ± 2.1°, 55.24 ± 3.1°, and 41.4 ± 1.7°, respectively. PCL/PEO nanofibers 
gained significant wettability and adsorbed water droplets compared to pure PCL due 

Fig. 6  SEM images and diameter distribution of nanofibers from (a) PCL, (b) PEO, (c) PCL/PEO and 
(d) HS-AgNP5
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to the hydrophilic PEO on their surfaces. Moreover, the contact angle in HS-AgNP5 
nanofibers decreased further compared to PCL/PEO nanofibers, and their wettability 
increased. This change can be explained by the fact that hydrophilic nanoparticles 
increase the hydrophilicity of the nanofiber surface, as well as change the surface 
free energy, surface roughness, and heterogeneity. The results clearly show that HS-
AgNP5 nanofibers exhibit hydrophilic properties [74].

Water absorption capacities of hybrid nanofiber wound dressings were determined 
according to ASTM-D570 standard [75]. Cross-linked wound dressings maintained 
their nanofiber structure and remained stable against water when immersed in 20 
ml of DI water at 25 °C for 24 h. The absorption capacities of HS-AgNP5 and pure 
PEO/PCL nanofibers were calculated as 186% and 92%, respectively (Eq. 2). In the 
produced hybrid nanofiber structures, water penetrates the dressing through the chan-
nels formed by the PEO nanofibers; since PCL is insoluble in water, it acts as a bar-
rier, allowing water retention within the dressing. According to the obtained results, 
HS-AgNP-coated PCL/PEO nanofibers showed better absorption capacity than pure 
electrospun PCL/PEO. As a result, the obtained nanofiber wound dressings have a 
high-water retention capacity and provide a suitable environment for wound healing 
by absorbing excess exudate from the wound area [76].

To determine the mechanical properties of the obtained samples, tensile strength 
and elongation at break tests were performed according to ASTM-D882 standards 
[77]. To evaluate the mechanical properties of the obtained samples, tensile strength 
and elongation at break tests were conducted in accordance with ASTM D882 stan-

Fig. 7  Water contact angles of nanofibers of (a) PCL, (b) PEO, (c) PCL/PEO, and (d) HS-AgNP5
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dards. The measured tensile strengths of PCL, PCL/PEO, HS-AgNP1, HS-AgNP3, 
and HS-AgNP5 samples were 5.20, 3.64, 3.58, 3.41, and 3.22 MPa, respectively. Cor-
respondingly, the elongation at break values were determined as 212.03%, 91.89%, 
89.47%, 84.23%, and 79.56%. As illustrated in Fig. 8, the incorporation of PEO into 
the PCL matrix led to a significant reduction in both tensile strength and elongation 
at break, indicating a decline in ductility and overall mechanical performance. This 
behavior can be attributed to the limited compatibility between the polymer phases 
and the disruption of the highly ordered crystalline structure of PCL by PEO. Further-
more, the progressive decrease in mechanical properties with increasing concentra-
tions of HS-AgNPs can be explained by their tendency to create discontinuities and 
stress concentration points within the polymer matrix, thereby weakening its load-
bearing capacity. Consequently, although the material becomes more brittle with 
increasing silver content, the tensile strength value of 3.22 MPa is still considered 
adequate to preserve the structural integrity required for wound dressing applications 
[78].

TGA and DTG curves of PCL/PEO and HS-AgNP5 nanofibers are given in Fig. 9. 
TGA and DTG analyses of PCL/PEO and HS-AgNP5 samples revealed that the HS-
AgNP coating significantly increased the thermal stability of the polymer matrix. The 
10%, 30%, and 50% weight loss temperatures were determined as 300, 335, and 370 
°C for the pure PCL/PEO sample, and as 325, 355, and 390 °C for the coated sample, 
respectively. The coating delayed the onset of the main degradation by approximately 
25 °C, and the maximum degradation rate reached higher values. In addition, the 
residual mass fraction after degradation increased from 0.5% for the pure PCL/PEO 
sample to 20% for HS-AgNP5. This suggests that HS-AgNPs, in addition to their 
thermally inert structure, slow down the degradation mechanism by restricting the 

Fig. 8  Comparison of tensile strength and elongation-at-break among the samples
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mobility of polymer chains and increasing the high-temperature resistance of the 
composite [79].

Table 4 summarizes the results obtained from the TGA curves in Fig. 9. The TGA 
results revealed that the HS-AgNP coating significantly improved the thermal stabil-
ity of the PCL/PEO matrix. Specifically, the increase in T10% and T50% tempera-
tures indicates that the coating delays the thermal degradation process by restricting 
the mobility of the polymer chains. Furthermore, the high residual mass percentage 
confirmed that the HS-AgNPs in the composite were completely inert to degradation.

Antimicrobial activity

In this study, antimicrobial properties were imparted to hybrid materials developed 
for wound dressing applications by incorporating HS-AgNPs produced via a green 
synthesis method using H. sibthorpioides plant extract. Biopolymer-based nanofiber 
structures were modified with varying concentrations of Ag⁺ to evaluate their efficacy 
against pathogenic microorganisms. According to a modified version of the ASTM 
E2149-10 standard, antimicrobial tests were conducted with a 24-hour contact time. 
The mean log₁₀ CFU/mL and log reduction values (mean ± SD) obtained for E. coli 
and S. aureus are presented in Table 5. The antibacterial activity was directly influ-
enced by the Ag⁺ concentration within the biocomposite structure [80]. Notably, 
increasing silver concentrations resulted in a statistically significant increase in anti-
bacterial efficacy (p < 0.05), demonstrating a clear dose-dependent response.

Evaluation of the obtained results revealed that the control group, which contained 
no antibacterial agents, showed no reduction in microbial population; on the contrary, 
observed population growth clearly demonstrates that these samples lacked bacteri-
cidal or bacteriostatic effects. The antibacterial activity of HS-AgNPs is primarily 

Sample Weight loss temperature (°C) Residual (%)
T10% T30% T50%

PCL/PEO 300 335 370 0.5
HS-AgNP5 325 355 390 20.0

Table 5  Thermal analysis results 
for the samples
 

Fig. 9  Thermal degradation behaviors of PCL/PEO and HS-AgNP5 nanofibers
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attributed to the controlled release of Ag⁺ ions from the nanoparticle surface. These 
ions interact with negatively charged bacterial cell membranes, leading to structural 
damage and increased membrane permeability [81]. Upon internalization, Ag⁺ ions 
bind to sulfur-containing proteins and DNA, inhibit key enzymes involved in the 
respiratory chain, and promote the generation of reactive oxygen species (ROS) 
[82]. Collectively, these mechanisms induce oxidative stress and ultimately result in 
bacterial cell death. Moreover, the phytochemical corona derived from Hydrocotyle 
sibthorpioides is likely to enhance bio adhesion, thereby strengthening nanoparticle–
bacteria interactions and further improving antibacterial efficacy.

This finding confirms that microorganisms in the control samples had complete 
access to growth resources. In contrast, the presence of 1% silver ions achieved 
85.1572% ± 0.2847% and 84.2856% ± 0.1022% reductions in E. coli and S. aureus 
populations, respectively. The results demonstrated a statistically significant (p < 
0.05) concentration-dependent antimicrobial efficacy across all tested groups. Par-
ticularly noteworthy was the over 99.9985% ± 0.0001% reduction observed in sam-
ples containing 5% silver ions, unequivocally demonstrating the potent antibacterial 
properties of the synthesized nanofibers. The low standard deviation values across 
triplicate measurements further confirm the reliability and reproducibility of the anti-
bacterial performance. Considering these findings, the antibacterial effectiveness of 
the prepared samples shows a direct correlation with silver ion concentration. The 
utilization of silver ions, especially at higher concentrations, presents an extremely 
effective strategy for controlling pathogenic microorganisms in living environments, 
offering promising applications for advanced wound dressing materials [83].

Evaluation of the cytotoxicity

The safe clinical application of wound dressings fundamentally relies on their bio-
compatibility with host tissues and the absence of any elicited toxic responses. In 
this study, the in vitro cytotoxicity of the developed PCL/PEO nanofibers coated 
with green-synthesized HS-AgNPs was evaluated on the L929 murine fibroblast cell 
line via the MTT assay, in accordance with the International ISO 10993-5:2009 stan-

Table 6  Anti-Bacterial activity against E. coli and S. aureus of hybrid nanofibersa

Sample E. coli S. aureus
After 24 h After 24 h
log₁₀ CFU/mL Average 

reduction, 
Log10

Average 
CFU reduc-
tion, %

log₁₀ CFU/mL Average 
reduction,
Log10

Average 
CFU 
reduc-
tion, %

Control 8.376 ± 0.003 - - 8.326 (±0.002) - -
HS-AgNP1 5.305 ± 0.010 0.828 ± 

0.010
85.1572 ± 
0.2847

5.396 (±0.004) 0.804 ± 
0.006

84.2856± 
0.1022

HS-AgNP3 2.434 ± 0.011 3.699 ± 
0.011

99.9800 ± 
0.0005

2.897 (±0.021) 3.303 ± 
0.021

99.9501 
± 0.0029

HS-AgNP5 1.307 ± 0.032 4.826 ± 
0.032

99.9985 ± 
0.0001

1.361 (±0.019) 4.839 ± 
0.020

99.9985 
± 0.0001

aThe mean initial inoculum was 6.133 ± 0.002 and 6.200 ± 0.005 log10 CFU/mL for E. coli and S. 
aureus, respectively. Data are presented as mean ± standard deviation (n=3)
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dard [84]. As illustrated by the cell viability graph in Fig. 10 and the correspond-
ing analysis of variance (ANOVA), the decline in cell viability remained marginal 
despite increasing silver concentrations. According to the ISO 10993-5:2009 guide-
lines, material is considered non-cytotoxic if it maintains a cell viability of over 70% 
relative to the control group [84]. All tested formulations in the present study com-
fortably exceeded this threshold, confirming the biosafety profile of the hybrid nano-
fibers. Specifically, following a 24-hour incubation period, the viability of the control 
group was recorded as 100.00 ± 0.62%. In comparison, the viabilities for the nanofi-
ber samples containing 1%, 2%, and 3% HS-AgNPs were determined to be 95.40 ± 
3.44%, 90.87 ± 6.64%, and 88.24 ± 8.28%, respectively. Statistical analysis clearly 
demonstrated that the incorporation of HS-AgNPs did not induce a statistically sig-
nificant level of cell death in L929 fibroblasts (p > 0.05). Even the difference between 
the control group and the HS-AgNP5 group, which contained the highest nanopar-
ticle concentration, fell well below the threshold of statistical significance (p > 0.05). 
It is frequently noted in literature that silver nanoparticles can penetrate the cell mem-
brane, interfere with intracellular cycles, and induce dose-dependent cytotoxicity. 
However, nanoparticles synthesized via green routes are known to exhibit notably 
higher biocompatibility in mammalian cell lines compared to those produced through 
traditional chemical reduction methods [83]. A primary reason for this reduced toxic-
ity is that the bioactive molecules derived from the HS plant extract act as capping 

Fig. 10  In vitro cytotoxicity assessment of the PCL/PEO nanofibers modified with green-synthesized 
HS-AgNPs. The bar chart illustrates the percentage viability of L929 fibroblast cells after 24 h of in-
cubation with the Control, 1%, 2%, and 3% AgNP-loaded nanofiber samples, determined via the MTT 
assay. Data are presented as mean ± standard deviation (SD). ‘ns’ indicates that the differences between 
the AgNP-containing groups and the Control group are not statistically significant (p > 0.05) based on 
one-way ANOVA followed by Tukey’s post-hoc test
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agents, wrapping around and stabilizing the AgNP surfaces [85]. Additionally, the 
entrapment or firm attachment of these particles to a polymer matrix like PCL/PEO 
modulates the release of Ag⁺ ions into the surrounding environment. This controlled 
release prevents the cells from experiencing acute toxic shock [86]. Our data support 
this protective polymer-nanoparticle mechanism, given that cellular viability did not 
drop below the 85% mark at any of the tested concentrations. Ultimately, the findings 
indicate that the HS-AgNP-modified hybrid PCL/PEO nanofibers do not inhibit the 
proliferation of L929 fibroblasts. Since the observed cytotoxic effects were statisti-
cally insignificant, it is evident that these materials can foster a safe cellular microen-
vironment for skin regeneration and wound healing while simultaneously delivering 
potent antibacterial activity.

Conclusion

In this study, HS-AgNPs were successfully produced using a cost-effective, biosafe, 
and environmentally friendly green synthesis method with Hydrocotyle sibthorpioi-
des plant extract, as opposed to traditional methods, and integrated into PCL/PEO 
electrospun nanofibers for wound healing applications. Structural and morphologi-
cal characterization results confirmed that HS-AgNPs are nano-sized, stable, and 
homogeneously distributed on the nanofiber surface. Thermal analyses revealed that 
the addition of HS-AgNPs increased the thermal stability of the hybrid fibers, while 
antimicrobial tests showed superior antibacterial activity, especially at high AgNP 
concentrations. Cytotoxicity analyses revealed that all nanofiber samples were com-
patible with fibroblast cells and did not produce any significant toxic effects. Hybrid 
nanofibers coated with biodegradable nanoparticles exhibit both improved thermal 
stability and strong antibacterial activity exceeding 99.99% against pathogens, sup-
porting the potential of green technologies in wound healing processes. In conclu-
sion, this study demonstrates that HS-AgNP-coated PCL/PEO nanofibers possess 
strong antibacterial activity, good thermal stability, and excellent cytocompatibility, 
making them promising candidates for wound dressing applications. From a transla-
tional perspective, these nanofibers may be particularly useful in the management of 
infected wounds, diabetic ulcers, or surgical site infections. However, further studies, 
such as in vivo wound healing models, long-term silver ion release kinetics, shelf-life 
stability under different storage conditions, and efficacy assessments against multi-
drug-resistant bacterial strains, are crucial for future prospects before transitioning 
to clinical application. The findings indicate that HS-AgNP-coated nanofibers are a 
multifunctional and promising wound dressing material with high antibacterial activ-
ity, stability, and biocompatibility, and constitute a strong candidate for biomedical 
applications.
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