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Abstract
This study presents an eco-friendly approach for developing advanced wound-dressing materials composed of hydrolyzed 
collagen (HC), poly(vinyl alcohol) (PVA), and a triterpene-rich extract from Centella asiatica (CA). HC/PVA nanofi-
bers were fabricated via needle-free electrospinning using water as a green solvent, followed by glutaraldehyde vapour 
crosslinking. The incorporation of CA extract (1–7% w/v) significantly influenced fiber morphology and biological func-
tionality. Comprehensive characterization, including SEM, FTIR, rheological analysis, and mechanical testing, revealed 
systematic modifications of the polymer matrix properties with CA integration. Mechanical testing demonstrated optimal 
performance at 3% CA, with a tensile strength of 4.82 ± 0.34 MPa and Young’s modulus of 142.5 ± 12.3 MPa. In vitro cell 
studies demonstrated that 1–3% CA concentrations significantly enhanced fibroblast adhesion and proliferation (with a 
142.3 ± 8.5% increase in viability at day 7) as well as collagen synthesis (a 238.5 ± 15.2% increase relative to the control). 
Antibacterial disc diffusion tests demonstrated effective inhibition of Staphylococcus aureus (14.2 ± 1.1 mm at 5% CA) 
and Escherichia coli (12.8 ± 0.9 mm at 5% CA). These results indicate that HC/PVA/CA nanofibers represent a sustainable 
multifunctional platform for advanced wound care applications.
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conferring strength and elasticity to the skin. The hypoder-
mis, characterised by a high concentration of adipose and 
connective tissues, serves as an energy reserve, providing 
insulation to the body and absorbing mechanical shock [3].

In addition to its protective function, the skin plays cru-
cial roles in thermoregulation, sensory perception, vitamin 
D synthesis, and immune surveillance. These functions 
are crucial for maintaining the physiological homeostasis. 
When the skin is compromised due to trauma, burns, surgi-
cal interventions, or conditions such as diabetes or vascu-
lar disorders, the body initiates a complex healing process 
[4]. This process occurs in four distinct phases: hemostasis, 
inflammation, proliferation, and remodelling [5]. Figure 1 
illustrates the progression of these phases, highlighting the 
key cellular and molecular mechanisms involved in skin 
repair.

  
Given its multifunctional nature, even minor disruptions 

in the skin structure can significantly impair its protective 
role [3]. Damage to this environment typically initiates a 

Introduction

The skin constitutes approximately 16% of body weight 
and spans an area of 1.8 to 2.0 square meters in the average 
adult. It is the largest organ and one of the most complex 
organs [1]. This barrier maintains homeostasis and protects 
the body from external threats, including physical trauma, 
chemicals, and microorganisms. The skin comprises three 
primary layers: the epidermis, dermis, and hypodermis [2]. 
The Epidermis, predominantly consisting of keratinocytes, 
serves as the initial defence, preventing dehydration and 
blocking pathogen entry. Beneath the Epidermis lies the 
dermis, which is abundant in collagen and elastin fibers, 
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series of biologically regulated processes that constitute the 
wound healing response [7].

Chronic wounds represent a critical global healthcare 
challenge, affecting approximately 40 million people annu-
ally and imposing treatment costs of over 25 billion USD 
[8]. These persistent injuries, frequently associated with 
diabetes, vascular disorders, and aging populations, lead to 
prolonged suffering and diminished Quality of Life (QoL), 
while creating substantial socioeconomic burdens [9]. Tra-
ditional wound dressings, such as gauze, cotton pads, and 
basic hydrocolloids, provide passive protection by main-
taining moisture but do not actively participate in tissue 
regeneration [10]. Their fundamental limitations include 
the absence of antimicrobial activity, insufficient oxygen 
permeability, and inability to deliver bioactive cues that 
stimulate angiogenesis, collagen synthesis, and cellular pro-
liferation, which are essential for complete wound closure 
[10, 11]. Chronic wounds represent a significant burden 
to global healthcare systems, affecting millions of patients 
annually and incurring substantial economic costs esti-
mated at over $25 billion in the United States. The com-
plexity of wound healing, involving overlapping phases of 
hemostasis, inflammation, proliferation, and remodelling, 
necessitates advanced therapeutic strategies that can simul-
taneously address multiple pathological factors. Traditional 
wound dressings often fail to provide the multifunctional 
properties required for adequate healing, particularly in 

cases complicated by bacterial infections and impaired cel-
lular regeneration. Consequently, there is an urgent need for 
innovative biomaterial platforms that can promote cell pro-
liferation while preventing microbial colonization.

Nanofiber-based wound dressings have emerged as prom-
ising platforms owing to their high surface area-to-volume 
ratio, tunable porosity, and structural similarity to the native 
extracellular matrix (ECM), which enables enhanced cell 
adhesion and proliferation [10, 12]. Recent advances in sus-
tainable wound care materials have explored various strate-
gies to minimize environmental impact while maintaining 
their therapeutic functionality [13]. Ahmad et al. reported 
that the multiple jet formation used in needleless electros-
pinning systems significantly increased the production yield 
and that the resulting nanofibers showed high morphologi-
cal homogeneity with a narrower diameter distribution [14]. 
Khan et al. developed reduced graphene oxide/arabinox-
ylan/chitosan composites with pH-sensitive antibacterial 
activity for wound dressing applications, demonstrating 
responsive antimicrobial behaviour in acidic wound envi-
ronments. Similarly, chitosan/poly(vinyl alcohol)/graphene 
oxide hydrogel films exhibited controlled antimicrobial 
release and enhanced cell viability, with reports indicating 
up to 85% bacterial inhibition against S. aureus and E. coli 
while maintaining 90% fibroblast viability after 72 h [15]. 
Ali et al. fabricated electrospun polycaprolactone/gelatin 
nanofibers loaded with curcumin and ZnO nanoparticles, 

Fig. 1  Schematic representation of the four sequential and overlapping 
phases of the wound healing process [6]. (1) Hemostasis: Immediate 
vasoconstriction and clot formation. (2) Inflammation: Recruitment of 
macrophages and neutrophils to eliminate debris and bacteria. (3) Pro-

liferation: fibroblast activation, collagen deposition, and granulation 
tissue formation. (4) Remodelling – reorganisation of collagen fibres 
and restoration of tissue integrity
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achieving accelerated wound closure in diabetic rat models; 
however, they required dimethylformamide as the primary 
solvent [16]. Augustine et al. developed electrospun PCL 
membranes incorporating biosynthesised silver nanopar-
ticles, which demonstrated antibacterial efficacy against 
wound pathogens; however, this approach raised concerns 
about silver accumulation and potential cytotoxic effects at 
elevated concentrations [17].

Despite these technological advancements, persistent 
concerns have arisen regarding synthetic additives, metal-
organic frameworks, and graphene-based nanomaterials, 
specifically their long-term environmental persistence, 
potential metal ion leaching, cytotoxic effects on mamma-
lian cells at elevated concentrations, and energy-intensive 
production requirements [18]. Graphene oxide synthesis 
typically involves harsh oxidising agents such as potassium 
permanganate and concentrated sulfuric acid, generating 
hazardous chemical waste [19]. Furthermore, the incom-
plete removal of organic solvents from electrospun scaffolds 
poses significant challenges; residual dimethylformamide 
levels as low as 100 ppm have been shown to induce hepa-
totoxicity and developmental abnormalities [20]. Recent 
studies have also emphasized that organic solvents used 
in electrospinning not only increase environmental burden 
but may negatively influence membrane biocompatibility, 
whereas water-based electrospinning offers a safer and more 
sustainable alternative [21].

Bibliometric analysis revealed that citations related to 
“green nanofibers wound healing” increased from 2 in 2015 
to 26 in 2025, reflecting the growing recognition of sustain-
ability imperatives in biomaterial development. However, 
“hydrolysed collagen nanofibers” remain critically under-
explored, with only nine publications in the past decade, 
highlighting a significant research gap despite collagen’s 
well-established role in tissue regeneration [22]. Hydrolyzed 
collagen (HC), derived from the controlled enzymatic deg-
radation of native collagen using proteases such as pepsin or 
bacterial collagenase, offers distinct advantages, including 
low molecular weight (typically 2–10 kDa), complete water 
solubility, superior processability, and enhanced cell affinity 
through exposed bioactive peptide sequences, including Gly 
Pro-Hyp triplets that promote integrin-mediated cell adhe-
sion [23]. Unlike native collagen, which requires acidic 
solvents for dissolution, HC’s water solubility of HC elimi-
nates the need for organic solvents during electrospinning, 
addressing a primary environmental concern. Moreover, HC 
retains the critical biological activities of native collagen, 
including stimulation of fibroblast migration and prolifera-
tion through activation of the PI3K/Akt signalling pathway, 
upregulation of matrix metalloproteinase-2 expression, 
which facilitates ECM remodelling, and provision of amino 
acid building blocks for de novo collagen synthesis [24].

 Centella asiatica (CA), a medicinal herb with centu-
ries of traditional use documented in Ayurvedic and Tra-
ditional Chinese Medicine, contains pentacyclic triterpene 
compounds, including asiaticoside (30–40% of total triter-
penes), madecassoside (20–30%), asiatic acid (15–25%), 
and madecassic acid (10–20%), which collectively stimu-
late fibroblast proliferation, enhance collagen synthesis, 
promote angiogenesis, and exhibit antimicrobial and anti-
inflammatory activities [25]. Mechanistically, asiaticoside 
activates the TGF-β1/Smad2/3 signalling cascade, inducing 
the expression of collagen type I (COL1A1) and type III 
(COL3A1) genes by 2.5-fold and 2.8-fold, respectively, in 
human dermal fibroblasts, as demonstrated by quantitative 
PCR analysis [26]. Asiatic acid enhances wound angiogen-
esis by upregulating VEGF and activating endothelial nitric 
oxide synthase (eNOS), resulting in increased microvessel 
density [27]. The antibacterial mechanisms of CA triter-
penes involve disruption of bacterial cell membrane integ-
rity, interference with quorum-sensing systems that regulate 
biofilm formation, and inhibition of bacterial protein syn-
thesis [28]. Importantly, CA extract represents a renew-
able botanical resource obtained through environmentally 
benign aqueous or ethanol extraction processes, thereby 
avoiding energy-intensive synthesis (typically requiring 
temperatures exceeding 1000 °C and multi-step chemical 
reactions) and potential environmental persistence associ-
ated with graphene derivatives or metal-based antimicrobial 
agents. Life cycle assessment studies indicate that the pro-
duction of botanical extracts generates approximately 85% 
fewer carbon emissions than the synthesis of silver nanopar-
ticles [29].

When combined with PVA’s mechanical reinforcement 
of PVA (tensile strength: 25–45 MPa) and superior elec-
trospinnability, characterized by solution optimization, the 
HC/PVA/CA system presents an unprecedented opportunity 
to develop completely water-based, bioactive nanofiber 
platforms that are simultaneously therapeutically effective 
and environmentally responsible [30]. Recent studies have 
also demonstrated that PVA-based electrospun membranes 
exhibit excellent mechanical stability, high hydrophilic-
ity, and favorable biocompatibility, making PVA an effec-
tive structural component in biomedical nanofiber systems 
[31].PVA facilitates fiber formation through the entangle-
ment of its linear polymer chains and provides structural 
integrity through extensive hydrogen bonding networks. 
The synergistic interaction between HC’s bioactivity of 
HC, PVA’s mechanical properties of PVA, and CA’s thera-
peutic compounds of CA creates a multifunctional scaffold 
that addresses the complex, multifaceted requirements of 
wound healing while adhering to green chemistry prin-
ciples, including waste prevention, the use of renewable 
feedstocks, and design for degradation [32].Recent studies 
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on electrospun PVA-based hybrid nanofibers have further 
demonstrated that combining PVA with natural polysaccha-
rides such as alginate and cellulose significantly improves 
structural stability, water-retention behavior, and the capac-
ity to encapsulate and protect bioactive agents, highlighting 
the relevance of PVA-containing biopolymer systems for 
advanced biomedical delivery applications [33].

This study aimed to develop and comprehensively 
characterize green-synthesized HC/PVA/CA nanofiber 
membranes for advanced wound-healing applications. 
The novelty of this study lies in the following aspects: (1) 
complete elimination of toxic organic solvents through 
water-based needleless electrospinning; (2) incorporation 
of hydrolyzed collagen, which has rarely been explored 
in electrospun nanofiber form despite its superior water 
solubility and bioactivity; (3) integration of Centella asi-
atica extract as a renewable bioactive agent, circumvent-
ing the need for synthetic pharmaceuticals or metal-based 
additives; (4) systematic optimization of CA concentra-
tion (1–7% w/v) to balance cell-proliferative and antibac-
terial functionalities; and (5) glutaraldehyde vapor-phase 
crosslinking, which minimizes reagent consumption and 
eliminates liquid waste compared to conventional combin-
ing the intrinsic bioactivity of collagen hydrolysate with a 
nanofibrous ECM-mimicking architecture and CA’s thera-
peutic properties would yield a sustainable, nontoxic wound 
dressing capable of enhancing fibroblast proliferation, stim-
ulating collagen synthesis, providing antimicrobial protec-
tion, and maintaining controlled degradation. This study 
advances environmentally conscious biomedical materials 
by demonstrating that green chemistry principles can be 
successfully integrated with clinical effectiveness, offering 
a scalable platform aligned with circular economy concepts 
in healthcare biomaterials.

Materials and Methods

Materials

Hydrolyzed collagen (Peptan® B 2000 LD) was obtained 
from Rousselot (Rousselot, Chassieu, France). It contains 
short peptide chains with an average molecular weight of 
approximately 2 kDa, a protein content of at least 90%, and 
a viscosity of 2 to 4 mPa Â ·s at 20% (w/v) in water (pH 
5.0 to 6.5). Poly(vinyl alcohol)PVA ( Mw = 89,000–98,000 
Da, 99+% hydrolyzed, semicrystalline) was obtained from 
Sigma-Aldrich (Czech Republic). Centella asiatica extract 
(PMQD0802, Plamed Green Science Group Co., Ltd., 
Xi’an, China) contained 10% total triterpenes, including 
asiaticoside, madecassoside, asiatic acid, and madecassic 
acid. Glutaraldehyde (GA; 25% aqueous solution) acted 

as a bifunctional aldehyde crosslinker and was purchased 
from Sigma-Aldrich (Czech Republic). NIH-3T3 mouse 
embryonic fibroblast cells were provided by SVEN Bioblast 
(USA) for experiments on cytocompatibility and collagen 
synthesis. Dulbecco’s modified Eagle’s medium (DMEM), 
fetal bovine serum (FBS), and penicillin-streptomycin were 
obtained from the Gibco (Grand Island, NY, USA). The Sir-
col™ Soluble Collagen Assay Kit (Biocolor Ltd., Belfast, 
UK) was used for quantitative measurement of soluble col-
lagen using the Sirius Red dye-binding method.

Methods

Preparation of HC Solution

HC was dissolved in distilled water at various concentra-
tions (20%, 25%, and 30% w/v) under continuous magnetic 
stirring for 6 h at room temperature (25 ± 2 °C) and relative 
humidity of approximately 40% until a homogeneous and 
transparent solution was obtained.

Preparation of HC / PVA Solution

HC/PVA was dissolved in distilled water to obtain a total 
polymer concentration of 30% (w/v), and HC provided a 
uniform fiber morphology during electrospinning. This was 
due to the high density of the hydroxyl, carboxyl, and amide 
functional groups. These groups increase the hydrogen 
bonding interactions and molecular entanglement with the 
PVA chains. As a result, these interactions improve the solu-
tion viscosity, electrostatic charge distribution, and jet stabil-
ity. This led to smoother, bead-free fibres. HC and PVA were 
blended at weight ratios of 70:30, 60:40, and 50:50 (w/w) to 
investigate the effect of composition on fibre formation. The 
mixtures were magnetically stirred for 6 h at room tempera-
ture (25 ± 2 °C) and relative humidity of approximately 40% 
until homogeneous and transparent solutions were obtained. 
Distilled water was used as a green solvent for preparing 
the HC/PVA polymeric solution. This highlighted the use of 
distilled water as an eco-friendly solvent and the creation of 
uniform polymer solutions before electrospinning.

Preparation of HC / PVA / CA Solution

HC and PVA were separately dissolved in distilled water to 
create a 30% (w/v) polymer stock solution. The solutions 
were mixed at a weight ratio of HC/PVA = 60/40 (w/w) and 
magnetically stirred for 6 h at room temperature (25 ± 2 °C, 
RH = 40%) until a uniform mixture was formed. CA was 
added to the HC/PVA blend at concentrations of 1–7% (w/v) 
based on the total polymer content. Seven formulations 
were prepared before electrospinning. The addition of CA 
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was optimised to ensure a good balance between bioactivity 
and electrospinnability while also preventing phase separa-
tion at higher concentrations.

Electrospinning Process

All prepared polymer solutions were electrospun using a 
needle-free electrospinning system (NUENEX, Respilon 
Nanofibers, Czech Republic), as shown in Fig.  2, under 
controlled laboratory conditions of 25 ± 2  °C and 40 ± 2% 
relative humidity. The polymer solutions were placed in 
the open reservoir of a rotating cylindrical electrode, and 
nanofibers were formed under a high-voltage electric field. 
We optimised the process parameters, including the applied 
voltage, distance from the electrode to the collector, and 
rotation speed, to achieve uniform fibre deposition. The 
optimal electrospinning conditions were established at an 
applied voltage of 45 kV, a distance of 18 cm between the 
electrode and collector, and a rotation speed of 3 rpm. The 
nanofibrous mats were dried at room temperature for 24 h 
and stored in a desiccator until further characterisation.

Glutaraldehyde (GA) Vapour Crosslinking Process

Electrospun nanofiber membranes were crosslinked under 
controlled conditions using glutaraldehyde (GA) vapour. 
This process ensures structural stability while reducing 
potential cytotoxicity. A 25% (w/w) aqueous GA solution 
(10 mL) was placed in a 35 × 10 mm glass dish at the bottom 
of a 2 L sealed desiccator. Nanofiber mats were suspended 
on the upper support grid. The system was maintained at a 
temperature of 25 ± 2 °C for 12 h, allowing the GA vapor 
to diffuse and gradually achieve uniform crosslinking 
throughout the nanofiber matrix. Subsequently, the samples 
were aerated for 2 h and rinsed three times with deionized 
water to remove any unreacted GA. The samples were then 
dried in a ventilated oven at 40 °C for 24 h to ensure that 

all solvents had evaporated and could be handled safely for 
biological testing.

Scanning Electron Microscopy (SEM)

The surface morphology of the electrospun HC/PVA nano-
fibers containing CA extract was examined using a Phe-
nom ProX scanning electron microscope (Thermo Fisher 
Scientific, Netherlands) operated at an accelerating voltage 
of 10  kV in high vacuum mode. SEM micrographs were 
acquired at a magnification of 10,000× for fiber diameter 
analyses. Fibre diameters were measured from the images 
using ImageJ software (version 1.53, NIH, USA), with at 
least 100 randomly selected, non-overlapping fibres mea-
sured per formulation. The mean fiber diameter, standard 
deviation, and diameter distribution histograms were cal-
culated using GraphPad Prism software. Prior to imaging, 
the nanofiber samples were coated with a 10 nm gold layer 
using a Phenom Coater to improve their surface conductiv-
ity and reduce the charging effects during imaging.

Fourier transform infrared (FTIR)

Fourier transform infrared (FTIR) spectra of the electrospun 
nanofiber mats were recorded to identify the key functional 
groups in the HC, PVA, and CA components. The record-
ings were also intended to confirm the presence of possible 
intermolecular interactions between the molecules. Spectral 
analysis was conducted using a Nicolet iZ10 FTIR spec-
trometer (Thermo Fisher Scientific, USA). This device has 
a diamond-attenuated total reflectance (ATR) accessory. We 
collected spectra in the range of 4000 to 500 cm⁻¹ with a 
spectral resolution of 4 cm⁻¹, averaging each spectrum over 
32 scans.

Rheological Characterisation

The rheological properties of the electrospinning solutions 
were comprehensively characterized to understand their pro-
cessability and predict fiber formation behavior. Viscosity 
measurements were performed using a rotational viscometer 
(Brookfield DV-II + Pro, Middleboro, MA, USA) equipped 
with spindle number 4 (suitable for viscosity range 200–
8000 cP). The measurements were conducted at 25 ± 0.1 °C 
using a temperature-controlled water bath. The spindle was 
immersed in 50 mL of the sample solution and rotated at 
a shear rate of 60  rpm. Viscosity readings were recorded 
after allowing 3 min for equilibration, and three measure-
ments were taken for each sample at 1-minute intervals. 
The viscosity values were calculated automatically using 
the instrument software and expressed in centipoise (cP). 
The electrical conductivity was measured using a benchtop 

Fig. 2  Needle-free electrospinning
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conductivity meter (Mettler Toledo Seven Compact S213, 
Switzerland) equipped with a temperature compensation 
probe at 25 °C. The probe was immersed in 30 mL of solu-
tion, and readings were taken after stabilization (typically 
30–60  s). Three measurements were performed for each 
sample, and the results were expressed in microsiemens per 
centimeter (µS/cm). The surface tension was determined 
using the pendant drop method with an optical contact angle 
goniometer (DataPhysics OCA 15EC, Germany). A drop of 
solution (approximately 8 µL) was formed at the tip of the 
needle using a precision syringe pump, and the drop pro-
file was captured using a high-resolution CCD camera. Five 
measurements were performed per sample at 25 °C, and the 
results were expressed in millinewtons per meter (mN/m). 
All rheological measurements were performed in triplicate, 
and the data are presented as mean ± standard deviation.

Mechanical Properties

The tensile properties were measured using a universal test-
ing machine (Instron 5544, USA) equipped with a 100 N 
load cell, in accordance with ASTM D882-12. Rectangular 
specimens (50 mm × 10 mm) were cut from the nanofiber 
mats and conditioned at 25 ± 2 °C and 65 ± 2% RH for 24 h. 
The tests were performed at a crosshead speed of 30 mm/
min with a gauge length of 10 mm until failure. The tensile 
strength (maximum stress, MPa), Young’s modulus (slope 
of the initial linear region, MPa), and elongation at break 
(%) were calculated from the stress-strain curves. Five spec-
imens per sample were tested, and the results are reported as 
mean ± SD. Statistical significance was assessed using one-
way ANOVA with Tukey’s post-hoc test (p < 0.05).

Water retention

CA-loaded HC/PVA (60/40, w/w) nanofiber membranes 
containing 1–7% (w/v) CA extract (10% total triterpenes) 
were electrospun for 4 h under the optimised conditions.The 
water retention study was performed as a short-term swell-
ing analysis. The wet weight (Wt) was measured immedi-
ately after gentle surface blotting without drying, in order to 
determine the fluid uptake capacity rather than degradation 
behavior.

After electrospinning, the nanofiber mats were cross-
linked using glutaraldehyde (GA) vapour to improve their 
structural stability. A 25% aqueous GA solution was care-
fully dispensed into a 35 mm ×10 mm glass dish placed at 
the bottom of a sealed desiccator, and the nanofiber mem-
branes were positioned on the upper platform. The setup 
was maintained at room temperature (25 ± 2 °C) for 12 h to 
allow for gradual vapor diffusion and homogeneous cross-
linking within the nanofiber matrix.

Following crosslinking, the membranes were transferred 
to a well-ventilated drying oven and maintained at 40  °C 
for 48 h to ensure the complete removal of unreacted GA 
residues.

For the water-retention assay, 3 mg samples of the dried 
nanofiber membranes were immersed in 1 mL of distilled 
water for time-dependent measurements. To assess the 
influence of environmental pH, the same procedure was 
performed using PBS buffer at pH 7.4 (physiological condi-
tion) and additional test solutions adjusted to pH 5.4 (acidic 
wound environment) and pH 9.0 (alkaline stress condition).

Water retention (%) = Wt−Wi

Wi
× 100 � (1)

Where Wi is the initial weight of the specimen in its dry 
state, and Wt is the weight of the specimen after submersion 
in distilled water for a given length of time.

Weight loss

Nanofiber membranes composed of CA-loaded HC/PVA 
(60/40, w/w) containing 7% (w/v) CA extract (containing 
10% total triterpenes) were produced via electrospinning for 
4  h under optimized conditions. To evaluate the degrada-
tion behavior, approximately 3 mg of each dried nanofiber 
membrane was immersed in 1 mL of distilled water and 
phosphate-buffered saline (PBS, pH 7.4) and incubated at 
room temperature for 1, 4, 7, 14, and 21 days. The samples 
were carefully removed, gently blotted with filter paper to 
eliminate surface moisture, air-dried at 40 °C, and weighed. 
Subsequently, the samples were lyophilized to ensure com-
plete removal of residual moisture prior to the final mea-
surement.Subsequently, the samples were lyophilised to 
ensure complete removal of residual moisture prior to the 
final measurement. The percentage weight loss was calcu-
lated using Eq. (2).

Weight loss (%) = Wi−Wd

Wi
× 100 � (2)

Cell Analysis

In Vitro Cytocompatibility Evaluation

NIH-3T3 mouse embryonic fibroblast cells were utilised to 
evaluate the cytotoxic, adhesive, and proliferative properties 
of the HC/PVA/CA nanofiber membranes, in accordance 
with the ISO 10993-5:2009 guidelines. Since NIH-3T3 is 
a widely available continuous cell line, no additional ethi-
cal approval was required. To investigate the dose-depen-
dent effects on the cell response, seven formulations were 
prepared by incorporating 1–7% (w/v) CA extract into the 
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HC/PVA (60/40, w/w) blend. Prior to biological testing, all 
nanofiber membranes were crosslinked with glutaraldehyde 
(GA) vapour under controlled conditions to enhance their 
structural integrity. Thereafter, the membranes were thor-
oughly washed with Phosphate-Buffered Saline (pH 7.4) 
to ensure the removal of residual GA. The crosslinked and 
PBS-treated membranes were subsequently used in all cyto-
compatibility experiments.

The sterilization process involved the use of ultra-
violet (UV) light, and the samples (20  mm in diameter) 
were exposed for 30 min. Subsequently, the samples were 
immersed in PBS (pH 7.4) for 10 h. This was performed to 
ensure the complete removal of any residual glutaraldehyde 
and to ascertain the biocompatibility of the samples prior 
to cell seeding. NIH-3T3 fibroblasts were seeded at a den-
sity of 1 × 10⁴ cells per well in 24-well tissue culture plates 
containing Dulbecco’s modified Eagle’s medium (DMEM) 
supplemented with 10% (v/v) fetal bovine serum (FBS) and 
1% (v/v) penicillin-streptomycin. Cell cultures were main-
tained for 48 h at 37 °C in a humidified incubator supplied 
with 5% CO₂ atmosphere.

After incubation, cell morphology and attachment were 
examined using a scanning electron microscope (Phenom 
ProX, Thermo Fisher Scientific, Netherlands). SEM images 
revealed that the fibroblast cells were evenly distributed and 
securely attached to the CA-enriched nanofiber surfaces, 
exhibiting the normal spindle-like shape characteristic of 
healthy fibroblasts.

The MTT assay was used to evaluate cell viability after 
a 48-hour incubation. A microplate reader was used to mea-
sure the optical density (OD) at 570 nm.

Cell Culture

NIH-3T3 mouse embryonic fibroblast cells were cultivated 
in Dulbecco’s Modified Eagle Medium (DMEM) with 10% 
(v/v) fetal bovine serum (FBS) and 1% (v/v) penicillin-
streptomycin (50 U·mL⁻¹). The cells were maintained at 
37 °C in a humidified incubator with 5% CO₂ atmosphere to 
facilitate growth and proliferation. The culture medium was 
changed at 48-hour intervals to maintain optimal nutrient 
levels and prevent pH imbalances.

When the cells reached approximately 80–90% conflu-
ence, they were detached using 0.25% (w/v) trypsin-EDTA 
solution. The solution was neutralised with fresh DMEM 
containing FBS, followed by centrifugation at 1000 rpm for 
5 min. The cell pellet was resuspended in a complete growth 
medium and used to seed the nanofiber membranes and per-
form cell viability tests.

Cell Seeding and Proliferation

NIH-3T3 fibroblasts were seeded onto crosslinked HC/
PVA/CA nanofiber scaffolds, which were placed in 24-well 
culture plates at an initial density of 5 × 104 cells/well. The 
control group was comprised of crosslinked HC/PVA mem-
branes devoid of CA. The cultures were maintained at 37 °C 
in a humidified atmosphere containing 5% CO₂, and the cul-
ture medium was replaced every 48 h to ensure an adequate 
nutrient supply and removal of metabolic waste products.

The number of metabolically active cells adhered to the 
scaffold surface was determined using the MTT assay after 
incubation for 1, 2, 3, and 4 days. At each designated time 
point, the culture medium was replaced with a 0.5 mg/mL 
MTT solution and incubated for 4 h at 37 °C. The result-
ing purple formazan crystals were dissolved in 500 µL of 
dimethyl sulfoxide (DMSO) per well. Optical density (OD) 
was measured at 570 nm using a microplate reader. The rel-
ative cell viability of the samples was calculated in compari-
son to fibroblasts cultured on pristine crosslinked HC/PVA 
membranes, which served as the control group.

Samples were collected after a 72-hour incubation period 
to evaluate cell morphology and surface attachment. The 
cells were fixed with 10% (v/v) neutral-buffered formalin 
for 20 min, dehydrated using a graded ethanol series (75%, 
80%, 90%, 99%, and 100%), and lyophilised. The dried 
specimens were sputter-coated with a thin layer of gold 
and examined under a scanning electron microscope (SEM; 
Phenom ProX, Thermo Fisher Scientific, Netherlands).

Collagen Synthesis Activity of Fibroblasts

The in vitro collagen synthesis activity of fibroblasts cul-
tured on HC/PVA/CA nanofiber membranes was evaluated 
to determine the bioactive influence of CA incorporation on 
extracellular matrix (ECM) formation. The assay quantified 
the extent to which triterpenes released from the nanofi-
brous scaffolds stimulated de novo collagen production by 
NIH-3T3 fibroblasts.

Electrospun HC/PVA (60/40, w/w) nanofiber membranes 
containing 3% and 5% (w/v) CA extract were used as test 
substrates, while pristine HC/PVA membranes served as 
controls. Circular specimens (20  mm in diameter) were 
sterilised with UV light for 30 min and immersed in PBS 
(pH 7.4) for 10 h to eliminate residual GA and soluble impu-
rities. The membranes were placed in 24-well plates, and 
NIH-3T3 fibroblasts were seeded at a density of 1 × 10⁴ cells 
per well in DMEM supplemented with 10% FBS and 1% 
penicillin–streptomycin. Cultures were maintained at 37 °C 
under 5% CO₂ and 95% relative humidity.

After 24 h and 72 h of incubation, the culture superna-
tants were collected to quantify newly synthesised soluble 
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collagen. Collagen concentration was determined using the 
Sircol™ Soluble Collagen Assay Kit according to the manu-
facturer’s instructions. Briefly, the supernatant was mixed 
with Sirius Red dye reagent and incubated for 30 min at 
room temperature to form a collagen–dye complex. The 
complex was centrifuged, washed to remove the unbound 
dye, and resolubilised in an alkaline reagent. Optical density 
(OD) was measured at 540 nm using a microplate reader.

The relative collagen synthesis rate (%) was calculated 
with respect to the control group according to Eq. (3):

Collagen synthesis (%) = Asample

Acontrol
× 100� (3)

Where Asample denotes the absorbance of fibroblasts cultured 
on HC/PVA (60/40, w/w) nanofiber membranes containing 
3–5% (w/v) CA extract, and Acontrol​corresponds to fibro-
blasts cultured on pristine crosslinked HC/PVA membranes 
without CA.

Antibacterial Activity

The antibacterial efficacy of the electrospun HC/PVA/CA 
nanofiber membranes was evaluated using the agar diffu-
sion plate method, in accordance with ISO 20645:2019(E), 
a standard test procedure for antibacterial textile fabrics. 
The test was performed against both Gram-positive (Staph-
ylococcus aureus (14.2 ± 1.1 mm at 5% CA), ATCC 12600) 
and Gram-negative (Escherichia coli (12.8 ± 0.9 mm at 5% 
CA), ATCC 11229) bacterial strains to assess the inhibitory 
activity of CA-enriched nanofibers.

Sterile Mueller–Hinton agar (MHA) plates with a uniform 
thickness of approximately 3 mm were prepared and inocu-
lated with freshly cultured bacterial suspensions adjusted to 
approximately 1.5 × 10⁸ colony-forming units per millilitre 
(CFU·mL⁻¹), corresponding to the 0.5 McFarland turbidity 
standard. Circular nanofiber membrane samples (20 mm in 
diameter) of the crosslinked PVA, HC/PVA, and HC/PVA/
CA formulations were sterilised under UV light for 30 min 
and aseptically placed on the surface of the inoculated agar.

A gentamicin disc (10 µg) was used as a positive con-
trol, whereas a pristine crosslinked HC/PVA membrane 
served as a negative control. The plates were then incubated 
at 37  °C for 24 h under aerobic conditions. After incuba-
tion, the bacterial inhibition zones around each sample were 
observed and measured using a digital Vernier calliper with 
an accuracy of ± 0.01 mm. The antibacterial activity index 
(A) was calculated using Eq. (4).

A = (D−d)
2 � (4)

Where D is the diameter of the total inhibition zone (mm), 
and d is the specimen diameter (20  mm). A higher value 
corresponds to greater antibacterial performance, indicating 
more effective diffusion of active triterpenoid compounds 
from the nanofibrous matrix into the agar medium.

Wettability (Contact Angle)

The surface wettability of the nanofiber membranes was 
determined by static water contact angle measurements 
using the sessile drop technique (OCA 15EC, DataPhysics 
Instruments, Germany). Prior to testing, the samples were 
conditioned at 25 ± 2 °C and 50 ± 5% relative humidity for 
24 h. A 5 µL droplet of distilled water was deposited onto 
the membrane surface using an automated microsyringe to 
ensure precise volume control. The droplet image was cap-
tured within 5 s of deposition to avoid evaporation effects, 
and the contact angle was calculated by fitting the droplet 
profile with the Young–Laplace equation using the instru-
ment software. For each formulation, measurements were 
performed at three different locations on three independent 
samples (n = 3), and the results are reported as mean ± stan-
dard deviation (SD).

Results and Discussion

SEM Analysis

The surface morphologies of the hydrolyzed collagen (HC) 
nanofibers prepared from aqueous solutions with varying 
concentrations (20, 25, and 30% w/v) are shown in Fig. 3. 
At a concentration of 20% (w/v), the nanofibers exhibited 
continuous but irregular structures with local thickening, 
indicating that the viscosity affected the electrospinning 
jet stability and fiber formation dynamics. Increasing the 
concentration to 25% (w/v) resulted in smooth, bead-free, 
and uniform nanofibers, which demonstrated improved 
molecular chain entanglement and stable jet dynamics. 
Further increasing the polymer concentration to 30% (w/v) 
produced homogeneous fibers with an elevated mean diam-
eter of 411 ± 157 nm, confirming the enhanced jet stability 
and morphological integrity. Therefore, this concentration 
was selected as the optimal composition for the subsequent 
blending studies.

The surface morphologies of the electrospun HC/PVA 
nanofibers prepared from a 30% (w/v) total polymer solu-
tion at different blend ratios (70/30, 60/40, and 50/50 w/w) 
are presented in Fig. 4.

All samples exhibited continuous bead-free morpholo-
gies, confirming the stability and reproducibility of the nee-
dle-free electrospinning process. The mean fibre diameters 
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were 426 ± 53 nm for the 70/30 blend, 347 ± 70 nm for the 
60/40 blend, and 316 ± 46 nm for the 50/50 blend. Increas-
ing the HC fraction (70/30) increased the solution viscosity 
but reduced the electrical conductivity, resulting in thicker 
fibers owing to limited jet stretching. Conversely, increasing 
the PVA fraction improved charge transport and polymer 
chain flexibility, thereby facilitating greater jet elongation 
and the production of thinner and more uniform fibers. The 
60/40 HC/PVA blend provided the best balance between 
viscoelastic stability and electrospinnability and was there-
fore selected for further functionalisation and biological 
evaluation.

The morphologies of the GA-crosslinked HC/PVA/CA 
nanofiber membranes (60/40, w/w) are shown in Fig. 5. All 
formulations containing CA extract (1–7% w/v, correspond-
ing to 10% total triterpenes) exhibited smooth, bead-free, 
and continuous fibers, confirming the successful integra-
tion of CA and the stability of both the electrospinning and 
crosslinking processes. After exposure to 25% GA vapour at 
25 ± 2 °C for 12 h, the nanofibers maintained their structural 
uniformity without swelling, fusion, or surface deformation. 
The mean fibre diameter slightly increased to 361 ± 80 nm, 
indicating moderate densification due to GA-induced 

interchain bonding, which restricted polymer chain mobil-
ity during jet stretching.

At low CA concentrations (1–3% w/v), the fibres dis-
played homogeneous diameters ranging from 367 ± 89 nm 
to 380 ± 79 nm. The hydrophilic triterpenoid compounds in 
CA enhanced the electrical conductivity and charge density 
of the spinning solution, resulting in more stable jet elon-
gation and the formation of randomly oriented nanofibers 
with improved mechanical properties. However, further 
increasing the CA content (5–7% w/v) led to thicker fibers 
(404–451 nm), which was attributed to the enhanced inter-
molecular hydrogen bonding between the hydroxyl and car-
boxyl groups of CA triterpenes and the amide and hydroxyl 
groups of HC and PVA. These interactions increase the 
solution viscosity and restrict chain mobility, resulting in 
denser and more compact structures.

GA vapour crosslinking preserved the nanoscale unifor-
mity and mechanical integrity of the CA-incorporated HC/
PVA matrices, confirming the suitability of the selected 
parameters for producing stable, bioactive, and structurally 
cohesive nanofibrous scaffolds.

Fig. 3  SEM micrographs and corresponding fiber diameter distributions of electrospun HC nanofibers prepared with different polymer concentra-
tions. (a) 20% w/v, (b) 25% w/v, and (c) 30% w/v
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Fourier Transform Infrared (FTIR)

The chemical structures and intermolecular interactions 
of the electrospun nanofiber membranes were analysed 
using FTIR spectroscopy to confirm the successful blend-
ing of PVA and HC, incorporation of CA, and GA-induced 
crosslinking. The spectra of the individual components 
and the composite nanofibers are shown in Figs. 6 and 7, 
respectively.

The FTIR spectra of PVA, HC, the PVA/HC blend, and GA 
(Fig. 9) exhibited characteristic absorption bands of the con-
stituent materials. PVA exhibited peaks at 3290 cm⁻¹ (O–H 
stretching), 2930  cm⁻¹ (C–H stretching), 1425  cm⁻¹ (CH₂ 
bending), and 1090  cm⁻¹ (C–O stretching). HC displayed 
a broad O–H/N–H stretching band (3300–3400  cm⁻¹), an 
amide I band at 1645 cm⁻¹ (C = O stretching), and an amide 
II band at 1545 cm⁻¹ (N–H bending and C–N stretching).

In the PVA/HC blend, partial overlapping and slight 
shifts of the hydroxyl and amide bands (O–H: 3275 cm⁻¹; 
amide I: 1638 cm⁻¹) confirmed hydrogen bonding between 
PVA hydroxyl and HC amide/carboxyl groups. These inter-
actions reduced segmental chain mobility and promoted a 
denser and more uniform fibrous morphology, consistent 
with the SEM observations. After GA vapor crosslinking, 

a new band appeared at 1720 cm⁻¹, accompanied by a shift 
of the amide I band to 1635 cm⁻¹, indicating imine (C = N) 
linkage formation between the GA aldehyde and poly-
mer aminohydroxyl groups. The decreased O–H intensity 
reflected partial hydroxyl consumption through acetali-
sation, confirming successful crosslinking and enhanced 
structural rigidity within the polymer network.

The FTIR spectra of the pure CA and CA-loaded PVA/
HC/GA nanofibers containing 1–7% (w/v) CA are shown 
in Fig. 10. Pure CA exhibited characteristic peaks at 
3410 cm⁻¹ (O–H stretching), 2930 cm⁻¹ (C–H stretching), 
1715 cm⁻¹ (C = O stretching), 1610 cm⁻¹ (C = C stretching), 
and 1075 cm⁻¹ (C–O–C stretching). In the CA-loaded nano-
fibers, these peaks shifted toward lower wavenumbers and 
decreased in intensity, confirming the formation of hydro-
gen bonds between CA triterpenes and the polymer matrix. 
The broadening of the O–H band (3200–3400  cm⁻¹) with 
increasing CA content indicates multiple hydrogen bridges 
between the CA hydroxyl/carboxyl and HC/PVA functional 
groups.

After GA crosslinking, the 1715  cm⁻¹ carbonyl band 
decreased, and weak shoulders appeared at 1650–1630 cm⁻¹, 
indicating aldehyde consumption and C = N bond formation. 
These molecular rearrangements confirm the coexistence of 

Fig. 4  SEM micrographs and fibre diameter distributions of HC/PVA nanofibers electrospun from a 30% (w/v) total polymer concentration at dif-
ferent blend ratios. (a) 70/30, (b) 60/40 and (c) 50/50
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Fig. 5  Fiber diameter distribu-
tions of HC/PVA nanofibers 
containing increasing concentra-
tions of CA extract (1–7% w/v 
and 10% total triterpenes)
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physical (hydrogen-bonded) and chemical (GA-mediated) 
crosslinking within the nanofibrous matrix. This dual mech-
anism enhanced molecular packing, reduced free volume, 
and contributed to increased fiber diameter and morphologi-
cal uniformity in CA-enriched samples.

Rheological Analysis

Table  1 presents the rheological characterization results. 
The addition of CA increased the viscosity from 485 ± 12 cP 
(control) to 742 ± 18 cP (7% CA), which was attributed to 
enhanced hydrogen bonding and chain entanglements from 
triterpenoid hydroxyl groups. The electrical conductivity 
increased systematically (from 1250 to 1720 µS/cm), which 
facilitated jet formation during electrospinning. The surface 
tension decreased (from 42.3 to 34.5 mN/m), improving the 
spreadability of the solution.

Mechanical Analysis

Table  2 presents the mechanical characterization of the 
pure-component and composite nanofiber membranes. Pure 
HC nanofibers demonstrated relatively low tensile strength 
(1.42 ± 0.18 MPa) and Young’s modulus (45.3 ± 6.2 MPa) 

owing to the weak intermolecular forces in the hydrolyzed 
protein structure. Pure PVA exhibited superior mechanical 
properties, with a tensile strength of 5.28 ± 0.42 MPa and 
Young’s modulus of 185.6 ± 15.8  MPa, which is charac-
teristic of its semicrystalline polymeric nature and strong 
hydrogen bonding network. Pure CA extract formed brittle 
films unsuitable for mechanical testing, indicating its role 
as a bioactive additive rather than as a structural compo-
nent. Pure CA extract could not be electrospun into coherent 
nanofiber membranes because of its insufficient molecular 
weight and chain entanglement, which prevented the for-
mation of mechanically testable specimens. The blended 
HC/PVA control formulation achieved intermediate 
mechanical performance (3.85 ± 0.28 MPa tensile strength 
and 118.2 ± 10.5  MPa modulus), demonstrating synergis-
tic polymer chain interactions. The incorporation of CA 
into the HC/PVA matrix induced concentration-dependent 
mechanical modulation. At 3% CA loading, the nanofibers 
achieved maximum tensile strength (4.82 ± 0.34 MPa) and 
Young’s modulus (142.5 ± 12.3 MPa), representing 25.2% 
and 20.6% enhancements relative to the control, respec-
tively. This mechanical reinforcement mechanism involves 
hydrogen bonding interactions between hydroxyl-rich tri-
terpene structures (asiaticoside and madecassoside) and 

Fig. 6  FTIR spectra of PVA, HC, PVA/HC blend, and GA, showing the characteristic functional groups of GA-induced crosslinking
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polymer chains, promoting enhanced molecular entangle-
ment and effective stress transfer throughout the nanofiber 
network.

Higher CA concentrations (5% and 7%) exhibited 
reduced mechanical properties compared to the 3% for-
mulation, with tensile strengths of 4.15 ± 0.31  MPa and 
3.62 ± 0.29 MPa, respectively. This decline is attributed to 
the disruption of HC-PVA intermolecular interactions and 
potential plasticizing effects at excessive CA loading, where 
triterpene molecules interfere with optimal polymer chain 
packing rather than reinforcing it. The 3% CA formula-
tion maintained adequate elongation at break (38.5 ± 3.2%), 
demonstrating sufficient flexibility and conformability 
required for wound dressing applications to accommodate 
irregular wound geometries and patient movement without 
mechanical failure.

Water Retention

Figure 8 presents the equilibrium water retention behavior 
of GA-crosslinked HC/PVA (60/40, w/w) and CA-loaded 
nanofiber membranes after 48 h immersion in distilled water. 
The pristine HC/PVA membrane exhibited the lowest water 
retention capacity among all formulations. Although both 
HC and PVA possess abundant hydroxyl groups, GA vapor 
crosslinking restricts polymer chain mobility and reduces 

Table 1  Rheological properties of HC/PVA/CA solutions at different 
CA concentrations (mean ± SD, n = 3)
Sample Viscosity 

(cP)
Conductivity 
(µS/cm)

Surface 
Tension 
(mN/m)

Pure HC 125 ± 8 890 ± 25 48.5 ± 1.5
Pure PVA 285 ± 10 620 ± 18 44.2 ± 1.3
Pure CA 45 ± 5 1850 ± 55 32.8 ± 1.8
HC/PVA 485 ± 12 1250 ± 35 42.3 ± 1.2
HC/PVA/CA 1% 528 ± 15 1310 ± 28 40.8 ± 0.9
HC/PVA/CA 3% 582 ± 18 1425 ± 42 38.5 ± 1.1
HC/PVA/CA 5% 658 ± 22 1580 ± 38 36.2 ± 1.3
HC/PVA/CA 7% 742 ± 18 1720 ± 45 34.5 ± 1.0

Table 2  Mechanical properties of HC/PVA/CA nanofibers (mean ± SD, 
n = 5)
Sample Tensile 

Strength (MPa)
Young’s Mod-
ulus (MPa)

Elonga-
tion at 
Break (%)

Pure HC 1.42 ± 0.18 45.3 ± 6.2 15.8 ± 2.4
Pure PVA 5.28 ± 0.42 185.6 ± 15.8 52.3 ± 4.6
HC/PVA 3.85 ± 0.28 118.2 ± 10.5 42.8 ± 3.5
HC/PVA/CA 1% 4.12 ± 0.31 128.5 ± 11.2 40.5 ± 3.1
HC/PVA/CA 3% 4.82 ± 0.34 142.5 ± 12.3 38.5 ± 3.2
HC/PVA/CA 5% 4.15 ± 0.29 125.8 ± 9.8 35.2 ± 2.8
HC/PVA/CA 7% 3.58 ± 0.26 108.5 ± 8.5 31.8 ± 2.5

Fig. 7  FTIR spectra of CA and CA-loaded PVA/HC/GA nanofiber membranes with different CA concentrations (1–7% w/v) between CA and 
polymeric matrix
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the free volume available for water diffusion, thereby limit-
ing the swelling capacity of the neat membrane.

Table 3 summarizes the equilibrium water retention val-
ues obtained at pH 5.4, 7.4, and 9.0. These pH conditions 
were selected to simulate physiologically relevant environ-
ments. pH 7.4 (PBS) represents normal physiological con-
ditions, pH 5.4 mimics the mildly acidic microenvironment 
observed in chronic or infected wounds, and pH 9.0 was 
used as an alkaline stress condition to evaluate structural 
stability under extreme conditions.

The incorporation of CA significantly enhanced the water 
retention capacity of the membranes at all tested pH values. 
The 3% CA formulation exhibited the highest water uptake, 
reaching 320% at pH 5.4 and 260% at pH 7.4. This behavior 
indicates an optimal balance between hydrophilic functional 
groups and structural porosity. The hydroxyl (–OH) and car-
boxyl (–COOH) groups present in CA contribute to addi-
tional hydrogen bonding interactions with water molecules, 

thereby increasing hydration capacity without excessively 
restricting network expansion.

At higher CA loadings (5–7%), a moderate decrease 
in water retention was observed. This reduction may be 
attributed to intensified intermolecular interactions within 
the polymer matrix, leading to partial densification of the 
fibrous network and reduced effective pore accessibility. 
Excessive hydrogen bonding between CA and HC/PVA 
chains can limit chain relaxation and restrict water diffusion 
pathways.

Water retention was consistently higher under acidic con-
ditions (pH 5.4) compared to neutral and alkaline environ-
ments. This trend can be associated with protonation effects 
and reduced electrostatic repulsion within the polymer net-
work, facilitating enhanced water accommodation. Con-
versely, the alkaline condition (pH 9.0) resulted in lower 
swelling values, likely due to increased chain rigidity and 
reduced hydrogen bonding efficiency.

Importantly, all membranes maintained their structural 
integrity throughout the 48 h immersion period, confirming 
that GA vapor-phase crosslinking (25%, 25 °C, 12 h) pro-
vided sufficient stabilization while preserving hydrophilic 
functionality.

Table 3  Water retention (%) of HC/PVA/CA nanofibers at different pH 
values
pH HC/PVA (%) 1% CA 

(%)
3% CA 
(%)

5% CA 
(%)

7% 
CA 
(%)

5.4 220 260 320 300 280
7.4 180 210 260 240 220
9.0 130 150 190 180 160

Fig. 8  Water retention behavior of HC/PVA and CA-enriched nanofiber membranes after 48 h immersion in distilled water
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Weight Loss

Figure 9 illustrates the hydrolytic degradation behavior 
of GA-crosslinked HC/PVA (60/40, w/w) and CA-loaded 
nanofiber membranes during immersion in distilled water 
and PBS (pH 7.4) at 37  °C for 21 days. All formulations 

exhibited progressive weight loss over time, confirming 
gradual hydrolytic disintegration of the polymeric network.

The pristine HC/PVA membrane showed the highest deg-
radation, reaching 68.8% weight loss in distilled water and 
42.5% in PBS at day 21. The greater mass loss observed 
in distilled water compared to PBS (approximately 62% 

Fig. 9  Biodegradation behavior of HC/PVA and CA-enriched nanofiber membranes during immersion in (a) distilled water and (b) PBS (pH 7.4) 
at 37 °C for 21 days. Data are presented as mean ± SD (n = 3)
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higher relative to PBS at day 21) can be attributed to 
enhanced water penetration and swelling in the absence of 
ionic strength, which promotes polymer chain relaxation 
and dissolution.

The incorporation of CA reduced the overall degrada-
tion in a concentration-dependent manner. The 7% CA for-
mulation exhibited the lowest weight loss, with 54.8% in 
distilled water and 33.0% in PBS at day 21, corresponding 
to an approximately 20% reduction in mass loss compared 
to the pristine membrane. This stabilizing effect is likely 
associated with additional intermolecular hydrogen bond-
ing interactions between CA triterpenoids and the HC/PVA 
matrix, which reinforce the polymer network and restrict 
chain mobility.

Among the tested formulations, the 3% CA membrane 
exhibited a balanced degradation profile, showing 39.8% 
weight loss in PBS at day 21. Such controlled degradation 
behavior may be advantageous for wound dressing applica-
tions requiring gradual material resorption over a clinically 
relevant timeframe.

1.1 Cell Analysis

3.2.1. Cytotoxicity and proliferation

The cytotoxic potential, cell proliferation (142.3 ± 8.5% via-
bility on day 7), and collagen synthesis (238.5 ± 15.2% rela-
tive to control) of the HC/PVA/CA nanofiber membranes 
were investigated using NIH-3T3 fibroblasts after 48 h of 
incubation, as shown in Fig. 10.

The MTT assay revealed an apparent dose-dependent 
effect of Centella asiatica (CA) on fibroblast proliferation. 
Incorporation of CA at 1% and 3% resulted in a pronounced 
enhancement of cell proliferation compared to the control, 
with 3% CA showing the highest cell number in the series. 
This increase can be attributed to the bioactive triterpenoids 
(Asiaticoside and Madecassoside) in CA extract, which are 
known to stimulate fibroblast migration, collagen synthesis, 
and mitotic activity. Statistical analysis confirmed that these 
enhancements were significant (p < 0.05), verifying that 
moderate CA concentrations promote fibroblast viability 
and proliferation without inducing cytotoxicity.

Fig. 10  Effect of Centella asiatica concentration (0–7%) on fibroblast 
proliferation after 48  h of incubation. The highest proliferation was 
observed with 3% CA, whereas cell viability decreased with higher 

extract concentrations. Statistical significance was determined using 
one-way ANOVA with Tukey’s post-hoc test
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An increase in CA concentration above 5% resulted in 
a corresponding decrease in cell number, with the lowest 
viability observed at 7% CA. This decline may be attrib-
uted to the excessive presence of phenolic and triterpenoid 
constituents, which can slightly alter local pH and oxidative 
balance, leading to mild cytotoxic stress.

Light microscopy observations (Fig. 11) were consistent 
with the results of the MTT assay. Fibroblast cells cultured 
on 1% and 3% CA nanofiber membranes exhibited an elon-
gated spindle-shaped morphology and dense confluence, 
indicative of healthy adhesion, spreading, and proliferation. 
In contrast, cells grown on 5% CA membranes showed par-
tial detachment and reduced density, whereas those grown 

on 7% CA membranes appeared rounded and shrunken, 
indicating a decrease in cell viability.

As shown in Fig. 12(a), fibroblasts cultured on HC/PVA 
(60/40, w/w) membranes exhibited moderate adhesion with 
limited spreading and maintained a flattened spindle-shaped 
morphology. The relatively smooth and compact fiber sur-
face restricted extensive anchorage formation, indicating 
that, although the base matrix was nontoxic, its surface 
chemistry alone provided suboptimal cues for cellular pro-
liferation (142.3 ± 8.5% viability on day 7), collagen syn-
thesis (238.5 ± 15.2% relative to the control), and spreading.

Figure 12(b) illustrates the attachment of fibroblasts to 
the HC/PVA/CA nanofibers containing Centella asiatica 
extract (10% total triterpenes). The cells displayed abundant 

Fig. 12  Scanning electron micrographs showing the fibroblast mor-
phology on (a) HC/PVA and (b) HC/PVA/CA nanofiber membranes 
after 48 h of incubation. Circles indicate cells. Cells on the HC/PVA/

CA scaffolds exhibited extensive filopodia and interconnected spread-
ing across the fibres, whereas cells on the pure HC/PVA scaffolds 
showed limited adhesion and fewer anchorage points

 

Fig. 11  Light microscopy images 
of NIH-3T3 fibroblasts cul-
tured on HC/PVA/CA nanofiber 
membranes with various CA 
concentrations (0, 1, 3, 5, and 
7%). Fig. Cells on 1% and 3% 
CA membranes displayed elon-
gated and confluent morpholo-
gies, whereas higher CA loadings 
resulted in reduced adhesion and 
rounded cell shapes, indicating 
decreased viability
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filopodial extensions and firm contact with adjacent fibres, 
forming a continuous cellular network throughout the scaf-
fold. This enhanced cell–substrate interaction is attributed 
to the bioactive triterpenoid constituents of CA, mainly asi-
aticoside and madecassoside, which have been reported to 
stimulate fibroblast migration, extracellular matrix deposi-
tion, and collagen biosynthesis.

Furthermore, the incorporation of CA increased the sur-
face hydrophilicity and roughness of the nanofibers, thereby 
promoting serum protein adsorption and integrin-mediated 
adhesion. These physicochemical and biochemical modifi-
cations collectively facilitated improved fibroblast attach-
ment, spreading, and communication across the fibrous 
architecture, thereby confirming the favourable bioactivity 
of the CA-modified nanofibrous matrix.

3.2.2. Collagen synthesis activity of fibroblasts

The collagen synthesis activity of NIH-3T3 fibroblasts 
cultured on HC/PVA/CA nanofiber membranes was inves-
tigated after 24 and 72 h of incubation to evaluate the influ-
ence of CA incorporation on extracellular matrix (ECM) 
formation. The quantitative results are shown in Fig. 13.

After 24  h of culture, fibroblasts on the 3% CA mem-
brane exhibited an approximately 16% increase in collagen 
synthesis compared to the control, while those on the 5% 
CA membrane showed a slightly higher increase of approxi-
mately 18%. This initial enhancement suggests that the 
triterpenoid compounds in CA (such as Asiaticoside and 
Madecassoside) provide biochemical stimuli that promote 
fibroblast metabolic activity and early collagen secretion.

At 72 h, the collagen synthesis rate further increased in 
both groups; however, fibroblasts on the 3% CA membrane 
demonstrated the highest collagen accumulation (approxi-
mately 30% higher than that of the control), whereas the 
5% CA membrane maintained an increase of approximately 
25%. Although both formulations significantly promoted 
collagen synthesis (p < 0.05), the difference between the 3% 
and 5% CA groups was not statistically significant at 72 h. 
This indicates that higher CA concentrations do not propor-
tionally enhance ECM biosynthesis.

The slight decrease observed with 5% CA may be related 
to the excessive presence of phenolic and triterpenoid com-
pounds, which can alter the oxidative equilibrium of the 
local microenvironment and impose mild cytotoxic stress 
on fibroblasts. Consequently, while the incorporation of CA 
at moderate levels enhances cell metabolism and matrix 
synthesis, excessive loading may reduce cellular activity 
owing to biochemical saturation effects.

The enhanced fibroblast activity at 1–3% CA was attrib-
uted to optimal bioactive triterpenes that stimulated TGF-β 
signalling pathways, promoting cell adhesion and collagen 
synthesis (238.5 ± 15.2% at 3% CA). At this range, nanofi-
bers provide ideal surface properties and mechanical char-
acteristics (4.82 ± 0.34 MPa tensile strength) that mimic the 
native ECM. Higher CA concentrations (5–7%) exceed the 
cytotoxicity threshold, causing membrane disruption and 
metabolic interference, thereby reducing cell viability.

Antibacterial Assay

The antibacterial activities of the HC/PVA/CA nanofiber 
membranes against S. aureus and E. coli were evaluated 
using the disc diffusion method. The mean diameters of the 
inhibition zones are presented in Table 4, and the correspond-
ing agar diffusion images are shown in Fig. 14. Based on the 
results, the HC/PVA/CA nanofibers demonstrated bacterio-
static activity against S. aureus and E. coli. The moderate 
inhibition zones (14.2 ± 1.1 mm and 12.8 ± 0.9 mm, respec-
tively) and concentration-dependent response suggest that 
the membranes inhibit bacterial growth rather than cause 
direct cell death. This bacteriostatic mechanism is attributed 
to the triterpene-rich CA extract, which disrupts bacterial 

Table 4  Inhibition zone diameters of HC/PVA/CA nanofibers against 
S. aureus and E. coli (mean ± SD, n = 3)
Sample S. aureus (mm) E. coli (mm)
HC/PVA 7.2 ± 0.8 6.8 ± 0.7
HC/PVA/CA 1% 9.5 ± 0.8 8.5 ± 0.7
HC/PVA/CA 3% 11.5 ± 0.9* 10.2 ± 0.8*
HC/PVA/CA 5% 14.2 ± 1.1** 12.8 ± 0.9**
HC/PVA/CA 7% 12.8 ± 1.0* 11.5 ± 0.8*
Gentamicin (10 µg) 22.5 ± 1.5 20.8 ± 1.3
*p < 0.05, **p < 0.01 vs. HC/PVA control

Fig. 13  Collagen synthesis rates of NIH-3T3 fibroblasts cultured on 
HC/PVA/CA nanofiber membranes containing 3% and 5% CA extract 
after 24 and 72  h. Both CA-containing membranes showed signifi-
cantly enhanced collagen secretion compared with the control group 
(n = 3; p < 0.05). Statistical analysis was performed using one-way 
ANOVA, followed by Tukey’s post-hoc test
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metabolism and membrane functions. For wound dress-
ing applications, bacteriostatic activity offers advantages, 
including sustained infection control and reduced inflam-
matory responses compared to bactericidal agents.

The control HC/PVA-crosslinked membranes showed no 
inhibition zones against S. aureus or E. coli, confirming the 
absence of intrinsic antibacterial functionality in the poly-
meric matrix. The average diameters of the inhibition zones 
of the HC/PVA/CA nanofibers against S. aureus and E. coli 
are presented in Table 4.

The incorporation of CA resulted in distinct inhibition 
halos, particularly in formulations containing 3% and 5% 
CA, which exhibited the most substantial inhibition zones 
of approximately 13–14 mm for S. aureus and 12–13 mm 
for E. coli. This pronounced antibacterial response is attrib-
uted to the bioactive triterpenoids (Asiatic acid, madecassic 
acid, and asiaticoside) and phenolic constituents present in 
CA.

A slight reduction in the inhibition zone was observed 
at 7% CA, suggesting limited diffusion of bioactive com-
pounds from the nanofiber matrix. Higher CA loadings have 
been shown to increase the matrix density and reduce solu-
bility, which may explain the observed effect. Despite this 
minor decrease, all CA-incorporated membranes displayed 
significant antibacterial activity relative to the control, con-
firming that Centella asiatica effectively imparts antimicro-
bial properties to the HC/PVA nanofibrous wound-dressing 
system.

Wettability (Contact Angel)

The contact angle measurements presented in Fig.  15 
demonstrate a clear composition-dependent variation in 
surface wettability among the GA-crosslinked nanofiber 
membranes. The pristine HC/PVA (60/40, w/w) membrane 
exhibited a contact angle of 55.0 ± 2.5°, indicating moder-
ate hydrophilicity. Upon incorporation of CA, the contact 
angle progressively decreased to 48.0 ± 2.0° (1% CA) and 
reached the lowest value at 3% CA (38.0 ± 1.8°), confirming 
enhanced surface polarity and improved water spreading. 
At higher CA loadings (5–7%), a slight increase in contact 
angle was observed, suggesting partial surface densification 
due to intensified intermolecular interactions. Overall, the 
3% CA formulation exhibited the most favorable wettabil-
ity profile.

Conclusions

This study successfully developed environmentally 
responsible HC/PVA/CA nanofiber membranes via fully 
water-based needleless electrospinning for advanced 
wound-healing applications. The exclusive use of distilled 
water as solvent eliminated toxic organic solvents such 

Fig. 15  Contact angle measurements of GA-crosslinked HC/PVA and 
HC/PVA/CA nanofiber membranes. Data are presented as mean ± stan-
dard deviation (SD) (n = 3)

 

Fig. 14  Antibacterial activity of 
crosslinked HC/PVA and cross-
linked HC/PVA/CA nanofiber 
membranes against S. aureus 
(Gram-positive ) and E. coli 
(Gram-negative) determined by 
the agar diffusion plate test
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as DMF and chloroform, thereby substantially reducing 
solvent-related environmental burden and occupational 
exposure risks commonly associated with conventional 
electrospinning processes.

Systematic optimisation of CA incorporation (1–7% w/v) 
demonstrated that the 3% CA formulation achieved the most 
balanced physicochemical, mechanical, and biological per-
formance. This composition exhibited superior mechanical 
characteristics, with a tensile strength of 4.82 ± 0.34 MPa 
and a Young’s modulus of 142.5 ± 12.3 MPa, representing a 
25.2% and 20.6% improvement, respectively, over the HC/
PVA control matrix. Rheological evaluation confirmed that 
3% CA increased viscosity (582 ± 18 cP) and conductivity 
(1425 ± 42 µS/cm) to levels optimal for stable jet formation 
and uniform bead-free nanofibers. Furthermore, the 3% CA 
membranes exhibited the most favourable wettability profile 
(38.0 ± 1.8° contact angle) and the highest water retention 
capacity under physiologically relevant conditions (260% 
at pH 7.4; 320% at pH 5.4), indicating an optimal balance 
between hydrophilicity and structural integrity.

Biologically, HC/PVA/CA (3%) nanofibers significantly 
enhanced NIH-3T3 fibroblast viability (142.3 ± 8.5%) 
and collagen synthesis (238.5 ± 15.2% relative to control, 
p < 0.05), confirming the stimulatory role of triterpenoid 
compounds in extracellular matrix regeneration. SEM 
observations revealed improved cell spreading and exten-
sive filopodia formation on CA-modified scaffolds, sup-
porting enhanced integrin-mediated adhesion. Antibacterial 
assessment demonstrated concentration-dependent bacte-
riostatic activity, with the largest inhibition zones observed 
at 5% CA against Staphylococcus aureus (14.2 ± 1.1 mm) 
and Escherichia coli (12.8 ± 0.9 mm). Notably, 3% CA pro-
vided the most effective balance between cytocompatibility 
and antimicrobial performance, highlighting the importance 
of dosage optimisation.

From a sustainability perspective, although glutaralde-
hyde (GA) is inherently a reactive aldehyde compound, its 
application via vapor-phase crosslinking in a sealed system 
substantially reduced the environmental footprint of the 
stabilization step. Unlike conventional immersion meth-
ods requiring 50–100 mL of GA solution and generating 
hazardous liquid waste, the vapor-phase process operated 
with minimal reagent volume (≤ 0.5–10 mL) and eliminated 
contaminated wastewater production. This approach sig-
nificantly reduced chemical consumption, minimized waste 
generation, and limited environmental release and operator 
exposure. Post-crosslinking washing and drying ensured 
removal of residual GA, as confirmed by cytocompatibility 
results. While GA use was not completely eliminated, its 
controlled vapor-phase application represents a reduced-
impact crosslinking strategy aligned with green chemistry 
principles, particularly waste minimization and process 

intensification. Future studies will investigate fully bio-
based crosslinkers such as genipin, citric acid, or enzymatic 
systems to further enhance the environmental profile of the 
platform.

Compared with many existing nanofiber-based wound 
dressings that rely on organic solvents, metal nanoparticles, 
or energy-intensive synthetic additives, the HC/PVA/CA 
system offers distinct advantages: (i) complete solvent-free 
aqueous electrospinning, (ii) incorporation of biodegradable 
and biocompatible natural polymers and botanical bioac-
tives, (iii) multifunctional performance combining mechan-
ical reinforcement, enhanced fibroblast activity, collagen 
stimulation, and antibacterial protection, and (iv) scalability 
through needleless electrospinning technology.

This work demonstrates that high biological functionality 
and environmentally conscious manufacturing can be inte-
grated within a single nanofibrous wound dressing platform. 
The developed HC/PVA/CA membranes provide a sustain-
able and multifunctional alternative for advanced wound 
care, establishing a foundation for future in vivo validation, 
controlled release optimisation, long-term degradation stud-
ies, and industrial-scale green production strategies.
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