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Abstract

Background: Impaired wound healing represents a significant clinical challenge. Persistent inflammation, excessive reactive oxygen
species, and impaired angiogenesis are key mechanisms underlying nonhealing ulcers. We developed a multifunctional bioscaffold in-
corporating natural bioactive compounds as a mechanistic therapeutic strategy. Methods: Polyvinyl alcohol and silk fibroin formed
the scaffold matrix, blended with Manuka honey, fenugreek seed extract, and Ghrelin for their antioxidant and proangiogenic proper-
ties. Results: Scanning electron microscopy revealed defect-free nanofibers with diameters below 200 nm. Fourier-transform infrared
analysis confirmed successful incorporation of the bioactive components, indicating effective interactions within the polyvinyl alcohol
(PVA)-silk fibroin (SF) matrix. Thermal analysis demonstrated improved thermal stability upon addition of the bioactive agents. The
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay confirmed the absence of toxicity. Scratch assays confirmed
enhanced migration of human umbilical vein endothelial cells, supporting the scaffold’s angiogenic potential. Additionally, the scaf-
fold exhibited superior antioxidant activity and significantly improved cell proliferation. Conclusions: These findings demonstrate that
the developed bioscaffold integrates antioxidant and proangiogenic properties, making it a promising candidate for various biomedical
applications, particularly in wound dressings, drug delivery, tissue engineering, and biosensing.
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1. Introduction
Skin injury is one of the most common clinical con-

ditions requiring timely intervention to prevent further in-
fection. Skin wounds represent a significant clinical and
healthcare challenge, affecting an estimated 1–2% of indi-
viduals in developed countries over their lifetime [1]. As
our population continues to age, along with the increasing
prevalence of conditions such as diabetes and hypertension,
it is important to address the expected rise in nonhealing
wounds [2], especially since they are associated with in-
creased reactive oxygen species (ROS), persistent infection
[3], prolonged inflammation, impaired angiogenesis, and
high tendency for secondary infection [4]. Current treat-
ments, such as skin grafts and allografts, are ineffective
when associated with comorbidities, in addition to com-
plications such as organ rejection [5]. On the other hand,
traditional wound care treatments such as medical ban-
dages, wound dressings, debridement, hydrotherapy, and
antibiotics primarily reduce the severity rather than promote
wound healing. Therefore, there is an urgent need to ex-
plore alternative solutions that promote effective tissue re-
generation.

Recent studies highlight the promise of natural bioac-
tive compounds and biomaterials in enhancing wound heal-
ing and tissue regeneration [6,7]. Effective healing relies on
coordinated processes, including inflammation, cell prolif-
eration, extracellular matrix formation, and tissue remod-
elling. Natural compounds can support these processes by
creating a bioactive environment that promotes tissue re-
pair when incorporated into scaffolds or dressings. Manuka
honey, rich in methylglyoxal, hydrogen peroxide, pheno-
lics, and flavonoids, exhibits antimicrobial, antioxidant,
and tissue-repair properties. It promotes fibroblast prolifer-
ation, angiogenesis, and collagen deposition, while its low
pH and osmotic effects help maintain a moist, infection-
resistant wound environment [8,9]. Fenugreek seeds con-
tain flavonoids, alkaloids, saponins, and polysaccharides
that provide antioxidant, anti-inflammatory, and antimicro-
bial effects. These compounds regulate inflammation, en-
hance fibroblast activity, support collagen synthesis, and
improve moisture retention, all of which contribute to ef-
fective healing [10,11]. In addition to plant-derived com-
pounds, the peptide hormone ghrelin shows strong thera-
peutic potential due to its anti-inflammatory and proangio-
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genic properties [12]. It stimulates fibroblast proliferation
and vascularisation, improving oxygen and nutrient deliv-
ery to healing tissues [13]. Because wound healing involves
multiple biological pathways, targeting a single mechanism
is often insufficient. Combining Ghrelin with natural bioac-
tive compounds in biomaterial-based scaffolds or dressings
offers a promising strategy to enhance tissue regeneration
and improve wound-care outcomes.

One of the major challenges in wound healing is deliv-
ering therapeutic substances to the wound site and ensuring
their stability. A potential solution to these challenges in-
volves using engineered biodegradable polymeric scaffolds
that mimic the native tissue. These scaffolds can be tailored
to incorporate bioactive components, thereby enabling pro-
longed, targeted delivery and enhancing their therapeutic
effects. Further, bioscaffolds enable interactions between
cells and the extracellular matrix (ECM), which drive cel-
lular behaviour and tissue formation [14,15]. Thus, cre-
ating a scaffold that replicates the in vivo architecture of
the cells is likely to be beneficial for tissue regeneration
[16]. Among several polymers, silk fibroin (SF), a natural
protein polymer derived from the Bombyx mori silkworm
[17], and polyvinyl alcohol (PVA) [18], a synthetic poly-
mer known for its excellent nanofiber-forming ability, have
been widely tested for their efficacy in wound healing. A
recent study reported that nanosilver incorporated PVA fi-
bres exhibit stable morphology and good biodegradability.
These results underscore the PVA’s suitability for advanced
wound dressings [19]. Also, recent studies have shown
that Bombyx mori silkworm fibroin (SF) can effectively fil-
ter blood toxins, demonstrating its potential as a promising
hemosorbent [20,21]. Hence, combining these natural and
synthetic materials into the composite scaffold will grad-
ually increase its biological and thermochemical proper-
ties. Previous studies demonstrated that these biodegrad-
able compounds promote accelerated wound healing, at-
tributed to their enhanced degradation stability and excel-
lent cytocompatibility [22,23].

In this study, we developed a PVA-SF blend nanofiber
incorporating natural compounds (Manuka honey and
Fenugreek seeds) and the peptide hormone Ghrelin. The
scaffold was thoroughly characterized to confirm success-
ful polymer blending, structural stability, and thermal be-
haviour. Scanning electron microscopy (SEM), Fourier
transform infrared spectroscopy (FTIR), thermogravimet-
ric analysis (TGA), and differential scanning calorimetry
(DSC) were performed to study the structural and physico-
thermal properties of the scaffolds. In vitro assays were
conducted to evaluate its antioxidant performance, angio-
genic potential, and cytocompatibility toward skin-relevant
cells. Together, these analyses demonstrate the potential
of the developed bioscaffold to support and accelerate skin
wound regeneration through a combination of antioxidant
protection and enhanced vascularisation.

2. Materials and Methods
2.1 Materials

Polymers: PVA (molecular weight = 89,000–98,000),
99+% hydrolyzed, was purchased from Sigma-Aldrich,
and SF was purchased from Xi’an Herbking Biotechnol-
ogy (Gaoxin District, Xi’an, Shaanxi, China). The pep-
tide hormone Ghrelin was obtained from Tocris (Batch
number: 22a1463, Tocris Bioscience, Bristol, UK) and
was kindly gifted by Prof Daryl Schwenke (University of
Otago). Manuka honey was kindly gifted by ManukaMed
(ref: MM0051C, Manuka Med (Gentell company), Master-
ton, Wellington region, New Zealand), and fenugreek seeds
(Batch no: MZ/MF/23365, Indian Heritage, India) were
purchased from the supermarket. Manuka honey was dis-
solved in the aqueous phase of fenugreek seed; Fenugreek
seed powder and Ghrelin were dissolved in MilliQ water.
All cell lines were validated by STR profiling and tested
negative for mycoplasma.

2.2 Preparation of Polymer Solutions for Electrospinning

Polymer solutions for electrospinning were prepared
by dissolving PVA and SF at various concentrations and ra-
tios (70:30, 80:20, and 50:50, respectively) in MilliQ wa-
ter. The mixtures were continuously stirred at 80–85 °C
until a homogenous solution was achieved. As PVA is a
temperature-sensitive polymer, the solutions were carefully
monitored and maintained within this temperature range to
preserve polymer stability and ensure reproducible electro-
spinning performance.

The final bioscaffold formulation used for electrospin-
ning was prepared by dissolving 2.5 g of PVA and 2.5 g of
Silk fibroin in 23 mL of MilliQ water. Subsequently, 2%
Manuka honey, 20 µg of Ghrelin, and 2 mL of the aque-
ous phase of fenugreek seed extract phase were incorpo-
rated into the polymer solution to obtain a final volume of
25 mL. The selection of polymer concentrations and in-
corporation levels of the natural derivatives was primar-
ily based on electrospinning feasibility, including stable jet
formation, spinning duration, uniform fibre morphology,
scaffold integrity, and overall biocompatibility, rather than
on achieving a predefined therapeutic dose for a specific
wound area. Preliminary electrospinning formulation trials
were conducted to identify concentrations that ensured con-
sistent jet stability and uniform nanofiber formationwithout
bead defects (Supplementary Figs. 1–3). For the bioactive
components, incorporation levels were guided by ranges
reported in the literature that preserve biological activity
while maintaining fibre uniformity [13,24,25].

2.3 Characterization of the Polymer Solution

The viscosity of the solutions with different ratios was
measured using a Discovery Hybrid HR-3 Rheometer (TA
Instruments, Newcastle, DE, USA) equipped with anMP61
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liquid temperature control device at 20 °C, with cone-plate
geometry (40 mm diameter and 1° angle), as described ear-
lier [26].

2.4 Fabrication of Composite Bioscaffold
PVA-SF nanofiber scaffold and bioscaffold (combina-

tion of PVA-SF and natural compounds) were fabricated us-
ing an electrospinning device (TL-BM, Tong Li Tech Co.,
Ltd., Nanshan District, Shenzhen, Guangdong, China) with
the following conditions: voltage ranging from 8–20 kV,
needle to tip collector distance of 11–17 cm and flow rate
between 1.2–2.5 mL/h. The parameters were decided fol-
lowing optimization using previously established parame-
ters (Supplementary Figs. 1–3). A 22-gauge needle was
used for spinning, and the whole process was carried out at
room temperature. The nanofibrous scaffold was collected
on aluminium foil wrapped around the collector. After fab-
rication, the scaffolds were stored in a desiccator until the
assay.

2.5 Characterization of the Bioscaffold
2.5.1 SEM

The surface morphology of the PVA-SF and bioscaf-
fold was examined using field emission scanning electron
microscopy (JEOL 6700F FE-SEM, JEOL Ltd., Tokyo,
Japan). Each scaffold was placed onto a double-sided car-
bon tape mounted on a metal stub prior to scanning; scaf-
folds were coated with a 10 nm layer of gold palladium in
an Emitech K575X peltier-cooled high-resolution sputter
coater (EMTechnologies Ltd, Kent, England). Imageswere
captured at 1000× and 10,000×magnifications. The diam-
eters of the electrospun fibres were analyzed from SEM im-
ages using the ImageJ software V1.54s (NIH, MD, USA),
(FIJI, NIH). Measurements were taken from 50 areas in
each image.

2.5.2 Attenuated Total Reflectance Fourier Transform
Infrared (ATR-FTIR) Spectroscopy

ATR-FTIR was used to confirm the presence of func-
tional groups in the raw materials and scaffolds. Scaffolds
measuring 1 × 1 cm2 were directly placed on the machine
(Alpha FT-IR, Bruker, MA, USA). Twenty scans were ob-
tained for each FTIR spectrum in ATR mode. Data were
acquired using Agilent resolution OPUS ProTM software
(version 5.2.0, Bruker Optik, Ettlingen, Germany), and the
spectra were baseline-corrected and smoothed using Ori-
gin Pro software (OriginLab, Version 2025b(10.25), MA,
USA). All spectra were reported in the wavenumber range
from 400–4000 cm−1, with a spectral resolution of 4 cm−1.
Before data acquisition for each sample, a blank scan (with-
out a sample) was performed and recorded to establish a
baseline. Due to the extensive overlap of the major vibra-
tional regions (O–H, N–H, and amide I/II) shared among
PVA, SF, Manuka honey, and fenugreek seed extract, we
did not perform peak deconvolution or curve-fitting anal-

ysis in our study. Instead, we employed well-established,
more robust spectrum indicators, including characteristic
peak shifts, band broadening, and functional group signa-
tures, which are widely accepted for evaluating polymer-
polymer and polymer-biomolecule interactions to distin-
guish component contributions [27,28].

2.5.3 Biodegradation Analysis
The degradation rate of the scaffolds was determined

using the weight loss method. The scaffolds were cut into
small circles of 8mmdiameter using a biopsy puncher (Mil-
tex biopsy punch, Capes Medical, NZ). After recording the
initial weight (W1) of the samples, theywere placed in a test
tube filled with 10 mL PBS and allowed to degrade for dif-
ferent time points (7, 14, 28 days). At each time point, the
sample was removed, air-dried for 24 hours, and weighed
again (W2). The percentage of scaffold degradation was
calculated using the following equation.

Degradation % = W1−W2
W1 × 100

2.5.4 Thermal Stability Assay—Thermal Stability of the
Scaffolds was Assessed Using Two Techniques
2.5.4.1 TGA. TGA was performed to analyse the thermal
stability and thermal decomposition of the prepared scaf-
folds and raw materials using a Q50 TGA analyser (TA In-
struments, New Castle, DE, USA). The platinum sample
pan (TA Instruments, DE, USA) was loaded with approx-
imately 5–10 mg of sample and heated from 20 °C to 700
°C at a constant heating rate of 10 °C/min under a N2 sup-
ply at a flow rate of 20 mL/min. The TRIOS software (TA
Universal Analysis 2000 V4.OC, TA Instruments) was used
to obtain the data, and OriginPro software (OriginLab, Ver-
sion 2025b(10.25), MA, USA) was used to analyze and plot
the graphs.

2.5.4.2 Differential Scanning Calorimetry (DSC). The
thermal responses of pure PVA, SF, Manuka honey, fenu-
greek seeds, and scaffolds were determined using a Q1000
differential scanning calorimeter (TA Instruments, New
Castle, DE, USA). Approximately 2–6 mg of each sam-
ple was weighed into a standard aluminium DSC pan and
crimped with a pin-holed standard aluminium lid. The sam-
ples were heated from 10 to 300 °C at a controlled rate
of 10 °C/min under a dynamic nitrogen atmosphere of 50
mL/min. The DSC data were analyzed using TA Univer-
sal Analysis 2000 V4.OC software and OriginPro software
were used to analyze and plot the graphs.

2.5.4.3 In Vitro Release Studies. To determine the in vitro
cumulative release behaviour of the electrospun bioscaf-
folds, 10 mg of bioscaffold was immersed in 3 mL of PBS
(pH 7.4) and incubated at 37 °C under gentle shaking to sim-
ulate physiological conditions. The release medium (0.3
mL) was withdrawn at predetermined time intervals and
replaced with an equal volume of fresh PBS. The amount
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of released bioactive compounds was determined using
UV-visible spectrophotometry at the predetermined wave-
lengths of 310 nm and 330 nm corresponding to the loaded
components. The release concentration at each time point
(Cₜ) was calculated from the calibration curve of standard
solutions. All measurements were performed in triplicate.

2.6 Antioxidant Assay
The intrinsic antioxidant property of the nanofi-

brous scaffolds was evaluated using the 1,1-diphenyl-2-
picrylhydrazyl (DPPH) assay (Sigma-Aldrich, Molecular
weight 394.32 Da). Briefly, a 0.2 mM DPPH solution was
prepared by dissolving 7.88 mg of DPPH powder in 100
mL of 99% methanol. For the assay, 5 mg of each scaffold
sample was mixed with 1.5 mL of the prepared DPPH so-
lution and incubated at room temperature. The absorbance
of the mixture was recorded at 517 nm using a microplate
reader (SpectraMax® i3X, catalog number: MDMR-004,
CA, USA) at 24 and 48 hours. The DPPH radical scaveng-
ing activity was calculated using the following equation:

DPPH (%) = (Acontrol–Asample) / Acontrol × 100
where Acontrol is the absorbance of DPPH radical in
methanol, and Asample is the absorbance of DPPH radical
plus sample extract.

2.7 Cytotoxicity Study
The cytotoxicity of the scaffold was evaluated us-

ing the human umbilical vein endothelial cell line (HU-
VECs, Thermo Fisher Scientific Limited, New Zealand)
and the human keratinocyte cell line (HaCaT, ATCC®
CRL-2404) using the CellTiter 96® non-radioactive cell
proliferation assay Kit (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), Promega Corpora-
tion, Madison, WI, USA). HUVECs were cultured in
endothelial basal medium (M200, ThermoFisher), sup-
plemented with a low serum growth supplement (Ther-
moFisher), 10% Fetal bovine serum (FBS), and 1X
Antibiotic-Antimycotic (ThermoFisher). HaCaT cells
were cultured in Dulbecco’s Modified Eagle medium
(DMEM), supplemented with 10% FBS and 1X Antibiotic-
Antimycotic (ThermoFisher). Both cell lines were main-
tained at 37 °C, 5% CO2, and 95% humidity. For the assay,
cells were seeded at a concentration of 10,000 cells/well in
100 µL of complete growthmedium in a sterile 96-well flat-
bottomed plate (Falcon plate, Corning Coster, USA) and in-
cubated at 37 °C for 24 hours to allow for cell adherence.
The following day, 8 mm UV-treated (30 min) scaffolds
(PVA-SF scaffold or bioscaffold) were placed directly into
the wells and the cells were cultured for an additional 72
hours. For this study, cytotoxicity was monitored only up
to 72 hours, a widely recognized standard time point for
evaluating acute cell viability on biomaterials [29].

This duration was sufficient to assess the initial bio-
compatibility and detect any immediate cytotoxic effects of
the scaffold components, including PVA, SF, and the in-

corporated bioactive compounds. Cells without a scaffold
served as the control. At the conclusion of the treatment
period, the growth media were carefully removed, and cells
were gently washed three times with PBS (PH 7.4). Next,
100 µL of PBS and 15 µL of MTT solution were added to
each well, followed by a 4-hour incubation at 37 °C. The
reaction was then stopped by adding a stop solution, fol-
lowed by incubation for an additional 1 hour. Afterwards,
the absorbance was measured at 570 nm using a microplate
reader (SpectraMax® i3X). The MTT assay was performed
in triplicate across three independent scaffolds, and cell vi-
ability was expressed as a percentage of viable cells relative
to the negative control.

2.8 Scratch Assay
A scratch assay was conducted to determine the effect

of the scaffold on HUVEC migration, as a measure of in
vitro wound-healing properties. For this experiment, HU-
VECs were plated at 50,000 cells/well in complete M200
medium into a 24-well plate coated with fibronectin and
cultured for 48 hours until the cells reached 90% conflu-
ence. Using light pressure, a scratch was created on the
monolayer of cells in each well with the sharp end of a 200
µL pipette tip. The cells were then washed twice with PBS
to remove cellular debris and replaced with fresh FBS-free
M200 medium to ensure the observed wound closure was
due to migration rather than proliferation. Subsequently,
cell culture inserts with the scaffold and 300 µL FBS-free
M200 media were placed on top of the well. Serial images
were captured at baseline (time 0) and at 4, 8, 12, 16, and
24 hours after the scratch to monitor cell migration. The
images were analyzed using the Wound-Healing Size Tool
plugin in FIJI (NIH) to calculate the area not covered by
cells. The wound area at each time point is expressed as a
percentage of the initial area (time 0), eliminating bias from
scratches of varying sizes.

The scratch area at each time point was measured us-
ing ImageJ software V1.54s (NIH, MD, USA), and the per-
centage of wound closure was calculated according to the
following formula:

Wound Closure(%) = Initial Scratch Area−Scratch Area at Time (t)
Initial Scratch Area × 100

Initial scratch area is time 0 h, scratch area at time t –
(4, 8, 12, 16, 20, and 24 h).

2.9 Cell Proliferation on Scaffold
The scaffold’s efficacy in promoting cell growth was

determined using the cardiomyocytes (AC-16) cell line.
AC-16 are immortalized human ventricular AC-16 re-
ceived from Dr Mercy Davidson of Columbia Univer-
sity (Institutional Review Board approval (IRB#X0592)
[30]. AC-16 cells are widely used to study cellu-
lar interactions and responses to biomaterials and oxida-
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Fig. 1. Rheology analysis of the spinning solution. The viscosity graph of Raw PVA, Raw SF and PVA-SF at ratios of 70:30, 80:20,
PVA-SF 50:50, and after incorporating the natural components (bioscaffold). The PVA-SF 50:50 ratio and bioscaffold solution exhibited
a non-Newtonian fluid behaviour, while other preparations exhibited Newtonian fluid behaviour. In the viscosity graphs, the X-axis
represents the shear rate, and the Y-axis represents the viscosity. PVA, polyvinyl alcohol; SF, silk fibroin.

tive stress [31]; hence, we used AC-16 cells for our
study. AC-16 cells were cultured in DMEM supple-
mented with 10% FBS and 1% antibiotic-antimycotic.
Once the cells reached confluency, 1 × 106 cells
were labelled with CellTracker dye CM-1,1′-Dioctadecyl-
3,3,3′,3′-Tetramethylindocarbocyanine Perchlorate (DiI)
(C7000, Molecular Probes) according to the manufacturer’s
instructions. A pre-sterilized scaffold was placed on cover
glasses using Histoacryl Blue Tissue Adhesive (Capes), fol-
lowed by seeding 10,000 cells onto the scaffold. Images
were captured at different time intervals using the EVOS
5000 fluorescence microscope. ImageJ (NIH, USA) was
used to quantify the cell population.

2.10 Statistical Analysis

All the experiments were carried out in triplicate in
different regions on 3 independent scaffolds, and the data
were expressed as the mean ± standard deviation (SD).
The data distribution was assessed using the Shapiro-Wilk
normality test. Statistical analysis was performed using ei-
ther a one-way Analysis of Variance (ANOVA) or a two-

way ANOVAwith Tukey’s post hoc test in GraphPad Prism
(GraphPad Software, LLC, version 9.5.1, Boston, MA,
USA). p values < 0.05 were considered to be statistically
significant.

3. Results
3.1 Successful Fabrication and Characterization of
Bioscaffolds
3.1.1 Optimal Viscosity of the Electrospinning Solution

The viscosity of the spinning solution determines the
surface morphology, defect-free, and continuous formation
of the nanofiber. Hence, the rheological behaviour of the
polymer solutions composed of PVA and SF at different
ratios, with and without the addition of natural compo-
nents (Manuka honey, fenugreek seed, Ghrelin), was in-
vestigated using a rheometer. As shown in Fig. 1 and
Supplementary Fig. 4, rheological analysis revealed that
the PVA-SF 50:50 formulation exhibited more pronounced
non-Newtonian behaviour than the other PVA-SF ratios, as
reflected by changes in viscosity with increasing shear rate.
Different ratios (70:30, 50:50, 80:20) showed a mixture of
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Fig. 2. SEM analysis of the electrospun nanofibrous scaffolds. (A,B,D,E) Representative SEM images of PVA-SF (A,B) and bioscaf-
fold (D,E). Panels (A) and (D) display images at 1000×magnification (scale bar: 10 µm), while (B) and (E) are at 10,000×magnification
(scale bar: 1 µm). Panel (C,F) represents a distribution bar graph illustrating the nanofiber diameters: PVA-SF fibres have an average
diameter of 150.68 ± 44.85 nm (C), while the bioscaffold fibres have an average diameter of 195.56 ± 49.48 nm (F). SEM, Scanning
Electron Microscopy.

high and low viscosity, depending on their composition.
Among these, the PVA-SF 80:20 blend showed the high-
est viscosity of 1.05 Pa · s, which is likely to hinder stable
jet formation due to its high resistance, leading to the de-
velopment of defects in the fibres during electrospinning.
Conversely, the PVA-SF 70:30 ratio showed a lower viscos-
ity of 0.25 Pa·s, potentially leading to the formation of thin
fibres or bead formation due to insufficient chain entangle-
ment. The PVA-SF 50:50 ratio exhibited an optimal viscos-
ity profile, characterized by moderate flow resistance while
maintaining the desired shear-thinning properties, enabling
stable jet formation and uniform fibre deposition. There-
fore, this composition was selected as the most suitable ra-
tio for electrospinning. While there was a small reduction
in viscosity upon incorporation of bioactive compounds, it
remained within the acceptable spinning range. Overall,
these results confirm that the formulated PVA-SF 50:50 ra-
tio, well balanced between viscosity and shear thinning be-
haviour, is key to achieving a uniform and defect-free PVA-
SF scaffold and a natural components incorporated bioscaf-
fold.

3.1.2 Successful Fabrication of Bioscaffold

The SEM analysis of the fabricated bioscaffold con-
firmed the absence of any major or minor defects apart
from minimal nanoscale defects (Fig. 2A,B,D,E and Sup-
plementary Figs. 5,6). Quantitative analysis confirmed

the fibre diameter of PVA-SF scaffold was in the range
150.68 nm ± 44.85 (Fig. 2C). Upon incorporation of the
natural compounds, the average fibre diameter increased to
195.56 ± 49.48 nm (Fig. 2F). This size of the nanofibers
are favourable in mimicking the native ECM and enhanc-
ing cell-scaffold interactions to promote cell growth, differ-
entiation and proliferation [32–34]. Moreover, the slightly
increased fibre diameter in the natural compound-loaded
scaffold may improve retention and localized availability
of antioxidant and proangiogenic compounds. This struc-
tural feature can facilitate sustained interaction of the incor-
porated natural components with surrounding cells, poten-
tially enhancing free-radical scavenging activity and pro-
moting endothelial cell migration.

3.2 ATR-FTIR Spectroscopy of the Bioscaffold Confirmed
the Presence of PVA, SF, Manuka Honey and Fenugreek
Seed Functional Groups

FTIR was used to analyze the chemical interaction of
the polymers and to identify the incorporated natural com-
ponents in the composite matrix (Fig. 3 and individual re-
peats in Supplementary Fig. 7). Raw Fenugreek seed
powder (Fig. 3A) showed its characteristic peak at 3365
cm−1 due to the N–H stretching, followed by a small peak
at 2927 cm−1 corresponding to C–H stretching. The ap-
pearance of strong peaks at 1657 and 1544 cm−1 denotes
the presence of C=O (amide I), and N–H (amide II) [35].
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Fig. 3. ATR-FTIR spectroscopy analysis of the electrospun nanofibrous scaffolds. (A) Raw Fenugreek seeds, (B) Raw Manuka
honey, (C) Raw PVA, (D) Raw SF, and an overlaid comparison with the (E) PVA-SF composite and (F) bioscaffold. In the PVA-SF
spectrum, notable shifts occur at peaks 3282, 1654, and 1544 cm−1, which correspond to the O–H group, amide I, and amide II, respec-
tively. In the bioscaffold, shift changes occur at amide I, amide II, and 1030 cm−1, which corresponds to C–O stretching (sugar group).
The spectra span 400–4000 cm−1, with the x-axis representing wavenumber (cm−1) and the y-axis indicating percentage transmittance.
ATR-FTIR, Attenuated Total Reflectance-Fourier Transform infrared Spectroscopy.

Raw Manuka honey (Fig. 3B) showed a broad peak
at 3250 cm−1, denoting O–H stretching. A sharp, domi-
nant peak at 1030 cm−1 corresponds to C–O (glucose). A
small peak at 918 cm−1 corresponds to the C–H bending.,
and the bands from 900–750 cm−1 indicate the stretching
of C–O and C–C [36]. Raw PVA (Fig. 3C) showed four
major peaks at 3282 cm−1 (O–H stretching), 2912 cm−1

(asymmetric stretching of CH2), 1430 cm−1 (CH2 bend-
ing), and 1073 cm−1 (stretching of C=O). While raw SF
showed the peaks at 1654 cm−1 (amide Ⅰ, C=O stretching)
and 1544 cm−1 (amide Ⅱ, N–H bending), indicating the
presence of β-sheet structure in SF (Fig. 3D). In addition,
two other peaks were observed at 1232 cm−1 (amide Ⅲ,
C–N stretching, assigned to the random coil conformation)
and 3269 cm−1 (N–H stretching).

Following the blending of PVA into the SF, the FTIR
spectrum of PVA-SF scaffold (Fig. 3E) exhibited the char-
acteristic bands of both PVA and SF, confirming their effec-
tive intermolecular interactions. Specifically, we observed
a slight shift in the position of amide Ⅰ to 1654 cm−1 upon
blending it with PVA. This suggests a strong interaction be-

tween the PVA hydroxyl group and the amide groups in the
SF. Noticeably, the width of the O–H region (3300–3200
cm−1) broadened in the PVA-SF spectrum. This indicates
an increase in hydrogen bonding between the O–H groups
of PVA and the C=O groups of SF. Further, the absence
of new peaks indicates the uniform blending of PVA-SF
polymers. All peaks observed were consistent with the pub-
lished literature [37,38].

The electrospun bioscaffold spectrum (Fig. 3F) re-
tained all the major characteristic peaks corresponding to
the polymers and the incorporated natural compounds. No-
tably, the amide I band exhibited a slight shift to 1651 cm−1

compared with the PVA-SF scaffold spectrum, indicating
interactions between the hydrogen-bonding networks of the
polymers and the incorporated Manuka honey and fenu-
greek seed extract. This shift confirms the presence of sec-
ondary intermolecular interactions between silk fibroin and
the natural bioactive components within the nanofiber ma-
trix. The characteristic C–O stretching of Manuka honey
1030 cm−1 and N–H stretching of fenugreek seed 3365
cm−1 were faintly shifted to 1075 cm−1 and 3345 cm−1, re-
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Fig. 4. Degradation analysis of the electrospun nanofibrous scaffolds. Quantitative scatter plot bar graphs showing degradation of
PVA-SF scaffold and bioscaffold on day 1, 7, and 28. Data are represented as mean degradation percentage± SD at various time points,
analyzed using one-way ANOVA. There is no statistical difference observed. Experiments were performed in triplicate across different
regions of a scaffold and repeated with 3 individual scaffolds. ANOVA, Analysis of Variance; SD, Standard Deviation.

spectively, suggesting a slight overlap of hydrogen bonding
between the composites and with the N–H groups present
in the fenugreek seed. Despite minimal shifts relative to
the rawmaterials, the presence of characteristic peaks in the
bioscaffold confirms a good interaction among the different
materials within the scaffold.

3.3 Sustained and Slow Degradation of Bioscaffold

For wound-care applications, an ideal scaffold should
degrade gradually while preserving its architecture, thereby
supporting tissue repair and enabling controlled release of
incorporated bioactive components to achieve optimal ther-
apeutic outcomes. In the present degradation analysis, no
statistically significant difference in weight loss was ob-
served between the two scaffold groups (Fig. 4). However,
the bioscaffold showed a comparatively higher weight loss
at day 7, likely attributable to the hydrophilic nature of the
incorporated natural compounds. This early weight loss
suggests an initial release of bioactive components from the

PVA-SF matrix, which may accelerate early-stage wound-
healing responses. Beyond the first week, the degradation
rate stabilized for both scaffold groups, with overall degra-
dation remaining below 30% by day 28, indicating sus-
tained structural integrity and a slow, controlled degrada-
tion profile.

3.4 Bioscaffolds are Thermally Stable
3.4.1 TGA

A thermal analysis of the nanofibers is essential to
evaluate their thermal stability and moisture degradation
rate, and to identify the thermal decomposition of the in-
dividual materials used. In wound care applications, ther-
mal stability is important for quantifying scaffolds’ stabil-
ity, which is required to support tissue repair and regenera-
tion; it also helps predict the material’s longer-term in vitro
and in vivo degradation behaviour and performance.

The thermogram of all the raw materials showed an
initial weight loss occurring between 80–150 °C, attributed
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Fig. 5. Thermal analysis of the electrospun nanofibrous scaffolds. Representative TGA thermogram of Raw Fenugreek seed, Manuka
honey, PVA, SF, PVA-SF, and bioscaffolds composites. (A) Raw samples and scaffolds, (B) PVA-SF scaffold, (C) bioscaffold. The X
axis represents the temperature (°C), and the Y axis represents the percentage of weight loss. TGA, Thermogravimetric Analysis.

to the evaporation of moisture present in the hydrophilic
polymers and the natural components. Subsequently, the
thermal degradation of natural components occurred in the
range of 220–350 °C, corresponding to the decomposition
of carbohydrates, lipids, and sugar molecules inherent in
these materials (Fig. 5A and individual repeats in Supple-
mentary Fig. 8) [39–41].

The initial degradation of the PVA-SF scaffold oc-
curred at 150 °C, resulting in a weight loss of 4.69%. A
subsequent significant degradation occurred between 250
°C and 300 °C, due to the breakdown of polymer chains in-
cluding amino groups, vinyl groups, and C–C bonds within
the SF and PVA backbones (Fig. 5B) [42–44]. Beyond 600
°C, the TGA curves plateaued, indicating that the compos-
ite nanofibers had fully decomposed, leaving little to no
unburned inorganic residue. The decomposition tempera-
ture of the PVA-SF composite lies between that of raw SF
and PVA, possibly due to an increase in crystallinity dur-
ing the electrospinning process. Bioscaffolds showed an
initial degradation at around 150 °C, resulting in a weight
loss of approximately 7.13%. This suggests the presence
of new, additional materials. The second decomposition
of the bioscaffolds occurred around 270 °C, resulting in
a weight loss of approximately 66.36%, which was 9.65%
less than the PVA-SF scaffold (Fig. 5C). These findings in-
dicate that the incorporation of new natural compounds en-

hanced the thermal stability of the bioscaffolds, potentially
enhancing their flexibility and resistance to brittleness [45].
Such stability is beneficial for wound-healing applications,
as it supports sustained bioactive delivery and helps main-
tain the scaffold’s structural integrity throughout the tissue-
regeneration process.

3.4.2 Differential Scanning Calorimeters (DSC)

The glass transition temperature (Tg) of raw fenugreek
seed was 80 °C, corresponding to protein denaturation and
water loss [25,46]. In the case of raw Manuka honey, two
thermal events were exhibited; Tg was observed around 118
°C (Fig. 6A and individual repeats in Supplementary Fig.
9), followed by an endothermic peak around 220 °C, corre-
sponding to the transition of amorphous sugar matrix, such
as fructose or glucose, which are the major components of
Manuka honey [40,41].

The Tg curves of PVA and SF were observed between
75 and 95 °C, indicating the release of water. This is fol-
lowed by an endothermic peak between 225 °C and 240 °C,
denoting the breakdown of amorphous amide groups in SF
and the melting of crystalline domains in PVA [47–49].

Analysis of the PVA-SF scaffold curve (Fig. 6B)
showed a visible shift in the Tg to 90 °C, indicating inter-
molecular interactions between PVA and SF. Interestingly,
Tg of bioscaffold was around 120 °C, 30% higher when
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Fig. 6. DSC thermogram analysis of the electrospun nanofibrous scaffolds. Representative trace of DSC thermogram of Raw
fenugreek Seed, Manuka honey, PVA, SF, PVA-SF, and bioscaffold (A), PVA-SF scaffold (B) and bioscaffold (C). The X-axis represents
the temperature (°C), and the Y-axis represents the heat flow. DSC, Differential Scanning Calorimetry.

Fig. 7. Drug delivery analysis of the electrospun bioscaffolds.
Quantitative line graph showing the cumulative release kinetics of
natural compounds incorporated into bioscaffolds. Data presented
as µg/mL and are presented as mean ± SD, n = 3 independent
scaffolds with three technical repeats in each scaffold.

compared to the PVA-SF composite (Fig. 6C). Further, the
thermal decomposition of the PVA-SF was around 217 °C,
which increased to 227 °C after incorporation of natural
compounds, indicating that the addition of natural deriva-
tives enhances the overall thermal stability.

3.5 Bioscaffolds Release Active Compounds

The scaffold exhibited a sustained and time-dependent
cumulative release pattern over 72 h. An initial burst of re-
lease was observed at early time points, reaching 17.0± 1.8
µg/mL at 6 h (Fig. 7). This is likely due to rapid leaching
of surface-bound bioactive compounds from the nanofibers.
This early release is beneficial for wound healing, as the im-
mediate availability of Manuka honey and fenugreek phy-
tochemicals can provide antimicrobial, anti-inflammatory,
and antioxidant effects at the wound site. Following the
initial phase, the bioscaffold demonstrated a controlled and
sustained release profile, with cumulative release reaching
26.2 ± 1.9 µg/mL at 48 h and 32.5 ± 2.4 µg/mL at 72 h
(Fig. 7). This sustained release is likely due to the gradual
release of encapsulated compounds from the nanofibrous
matrix’s inner structure.

3.6 Functional Efficacy of the Bioscaffold
3.6.1 Bioscaffold Was not Cytotoxic

The cytotoxicity of the bioscaffold was assessed using
the MTT colourimetric assay. Both PVA-SF and bioscaf-
folds showed no changes in cell viability for HUVECs and
HaCaTs cells (Fig. 8). Over the incubation period of 72
hrs, all the scaffold groups showed no sign of cytotoxic-
ity, confirming that nanofibers are non-toxic and biocom-
patible. Specifically, the absence of cytotoxic responses
demonstrates that the fabricated scaffolds can act as drug
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Fig. 8. Toxicity analysis of the electrospun nanofibrous scaf-
folds. Quantitative scatter plot bar graphs showing the effect of
nanofibrous scaffolds on the viability of HUVECs and HaCaTs
cells. Cell viability was measured 72 hours after the scaffold was
added to the cells. Data are represented as mean ± SD and an-
alyzed using one-way ANOVA. There is no statistical difference
observed. Experiments were done in triplicate and repeated on 3
individual scaffolds. HUVECs, Human Umbilical Vein Endothe-
lial Cell line; HaCaTs, Human adult calcium-low Temperature-
tolerant keratinocytes.

delivery systems and provide a supportive microenviron-
ment for effective cell proliferation, thereby accelerating
wound repair [50].

3.6.2 Bioscaffold Improved Migration of HUVECs
The scratch assay was used to demonstrate the angio-

genic potential of bioscaffolds, which are an essential re-
quirement for effective wound care dressings. Effective cell
migration is a critical step in wound repair, as it facilitates
revascularisation and nutrient delivery and promotes bet-
ter regeneration. The PVA-SF scaffold demonstrated bet-
ter migration rates at 8 hours (p = 0.019) and 12 hours
(p = 0.025) compared to bioscaffold-treated cells. How-
ever, bioscaffold-treated cells showed better migration (91
± 9.1%) at 24 hours compared to control (68.55 ± 8.4%, p
< 0.0001) and PVA-SF (79.07 ± 9.7%, p = 0.049) (Fig. 9
and individual repeats in Supplementary Figs. 10.1–10.8).

3.6.3 Bioscaffold Supports the Proliferation of Cells
The efficacy of the bioscaffold in supporting cell

growth and proliferation was determined using DiI-labelled
AC-16 cells. Fluorescence images demonstrated both PVA-
SF and bioscaffold supported the proliferation of cells over
the cultured period (Fig. 10A). Further quantification on
AC-16 cells cultured on the bioscaffold confirmed better

growth on bioscaffold compared to other groups (Fig. 10B).
Notably, the cells displayed a well-defined elongation and
spreading morphology, indicating that the nanofibers suc-
cessfully mimic the ECM, thereby providing the required
microenvironment for the cells to attach and grow.

3.6.4 Bioscaffolds Exhibit Better Antioxidant Potential
The antioxidant capacity of the scaffolds was evalu-

ated using the DPPH radical-scavenging assay. Both the
PVA-SF scaffold and the bioscaffold exhibited antioxidant
activity (Fig. 11). The bioscaffold demonstrated the high-
est free DPPH radical scavenging activity at both 24 (47.24
± 9.2%) and 48 hours (67.59 ± 7.68%) compared to the
PVA-SF scaffold, which showed 25.22 ± 6.08% and 37.68
± 7.15% scavenging activity at 24 and 48 hours, respec-
tively (p < 0.00001 at both time points).

4. Discussion
Tissue repair and regeneration are dynamic and com-

plex process that requires the coordinated activity of growth
factors, ECM components, and both resident and recruited
cells. The ECM provides a structural and biochemical scaf-
fold that is essential for cell adhesion, proliferation, migra-
tion, and differentiation, thereby guiding effective tissue re-
generation [51]. In this study, we successfully fabricated a
composite bioscaffold integrating synthetic PVA with nat-
ural components such as silk fibroin, Manuka honey, fenu-
greek seed extract, and Ghrelin. This integration aims to
leverage the complementary properties of these materials
for wound healing and broader biomedical applications.
Wound healing is often impaired by excessive ROS [52],
chronic inflammation [53], and inadequate angiogenesis
[54]. The natural additives selected for this study, Manuka
honey, fenugreek seed extract, and Ghrelin, were chosen
specifically to address these barriers. Manuka honey is well
documented for its antibacterial and anti-inflammatory ef-
fects [55–57], fenugreek seeds are known for their antiox-
idant and collagen-promoting properties [25], and Ghrelin
is recognized for its proangiogenic and cytoprotective ef-
fects [58,59]. By successfully embedding all three natural
additives within a nanofibrous PVA-SF matrix, we aimed
to achieve a synergistic, multi-modal therapeutic effect.

Our optimization of the electrospinning process pro-
duced nanofibers with diameters less than 200 nm, which
are favourable for mimicking the native ECM and enhanc-
ing cell-scaffold interactions to promote cell growth, dif-
ferentiation, and proliferation [32–34]. SEM analysis con-
firmed that the fibres were uniform and defect-free. The
slight increase in the diameter of the bioscaffold fibres is
likely due to changes in viscosity resulting from the in-
corporation of the natural additives. FTIR spectra indi-
cated successful blending, with minor shifts in functional
group peaks suggesting molecular interactions between the
polymer matrix and the bioactive compounds. Physic-
ochemical assessments demonstrated that the bioscaffold
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Fig. 9. Wound healing analysis of the electrospun nanofibrous scaffolds. (A) Representative bright-field microscopic images showing
HUVECmigration at different time points. Images were captured at 4×magnification. The red box indicates the wound area. Scale bar is
750 µm. (B) Quantitative line graph showing the area of scratch closed as a percentage over a period of 24 hours. Quantitative line graph
shows wound closure over time. Data are presented as the percentage of wound area and as mean ± SD. Differences were compared
using a two-way ANOVA, followed by Tukey’s multiple comparisons test. Experiments were conducted in triplicate and repeated with
three independent scaffolds. Control cells without any scaffold; Bioscaffold—a combination of PVA-SF and natural compounds. ****p
< 0.0001, control vs. bioscaffold; #p = 0.0334, control vs. PVA-SF scaffold; δp = 0.0196 at 8 hours, p = 0.025 at 12 hours and p = 0.049
at 24 hours, PVA-SF scaffold vs. bioscaffold.
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Fig. 10. Proliferation assay of the electrospun nanofibrous scaffolds. (A) Proliferation of DiI labelled AC-16 cells on nanofibrous
scaffolds at different time points. Images captured at 4× magnification. Scale bar is 750 µm. (B) Quantitative scatter plot bar graphs
showing AC-16 cells proliferation in different time points. Data presented as the number of cells in mean± SD. Differences were com-
pared using a two-way ANOVA, followed by Tukey’s multiple comparisons test. Experiments were conducted in triplicate and repeated
with three independent scaffolds. Control cells without any scaffold; Bioscaffold-combination of PVA-SF and natural compounds. ns -
not significant, *p< 0.05, ***p< 0.0001 and ****p< 0.00001. DiI, 1,1′-Dioctadecyl-3,3,3′,3′-Tetramethylindocarbocyanine Perchlo-
rate; AC-16, cardiomyocytes.
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Fig. 11. Antioxidant activity analysis of the electrospun scaffolds. Quantitative scatter plot bar graphs showing the DPPH scavenging
activity of scaffolds at 24 and 48 h. Comparison was done using a two-way ANOVA followed by uncorrected Fisher’s LSD. Data are
presented as a percentage of scavenging ability ± SD. Experiments were repeated in triplicate from three independent scaffolds. ****p
< 0.0001. LSD, Least Significant Difference; DPPH, 1,1-diphenyl-2-picrylhydrazyl.

maintained its structural integrity, experiencing less than
30% degradation over 28 days, indicating its suitability
for providing sustained therapeutic support during tissue
healing. Thermal analyses (thermogravimetric analysis and
differential scanning calorimetry) revealed that incorpo-
rating natural compounds, especially Manuka honey, in-
creased the scaffold’s glass transition temperature and ther-
mal stability, potentially enhancing its flexibility and re-
sistance to brittleness [45]. These properties are advanta-
geous for clinical handling and applications requiring pro-
longed scaffold residence in the wound bed [60]. Func-
tionally, the bioscaffold showed no cytotoxicity in HU-
VECs and human keratinocytes (HaCaT), fulfilling a fun-
damental requirement for biomedical use [50]. More im-
portantly, it significantly enhanced endothelial cell migra-
tion at 24 hours and supported robust proliferation of human

cardiomyocytes, aligningwith its intended pro-regenerative
role. The bioscaffold’s antioxidant capacity was markedly
higher than that of the control PVA-SF scaffold, suggesting
it can mitigate ROS-mediated cellular damage, a key factor
in chronic wound pathology [52]. Our findings support and
extend prior studies that have incorporated individual nat-
ural compounds into electrospun scaffolds [57,61,62]. By
combining these three agents with complementary mecha-
nisms, we observed multifaceted functional benefits with-
out compromising scaffold integrity or biocompatibility.
This positions the developed bioscaffold as a promising
platform for wound healing and potentially for targeted
drug delivery, biosensors, and tissue engineering.

14

https://www.imrpress.com


5. Limitations
The main limitation of our study is the lack of ghrelin-

specific peak in the FTIR spectra, which was likely due to
interference or overlap with the polymer spectra. However,
the improvement in endothelial cell migration observed in
a scratch assay suggests potential incorporation of Ghrelin,
although these findings require further validation. Never-
theless, our functional assays demonstrated significant an-
tioxidant and proangiogenic effects in vitro, indicating that
the incorporated bioactive agents were released from the
nanofiber scaffolds, remained biologically active, and were
taken up by cells. Future investigation should focus on the
controlled-release kinetics of the bioactive agents, on as-
sessing the bioscaffold in in vivo wound-healing models,
and on scaling up fabrication for clinical use.

6. Conclusions
In summary, we successfully fabricated a composite

bioscaffold that integrates synthetic PVA with natural com-
ponents, including silk fibroin, Manuka honey, and fenu-
greek seed extract with potential incorporation of Ghre-
lin. Although previous studies have incorporated individual
natural compounds into electrospun scaffolds [57,61,62],
to our knowledge, this is the first report of a bioscaffold
with this combination as a mechanistic therapeutic strat-
egy. A combination of these three agents, with comple-
mentary mechanisms, exhibited sustained degradation, en-
hanced angiogenesis, cell proliferation, and increased an-
tioxidant capacity, without compromising scaffold integrity
or biocompatibility, making it a strong candidate for wound
healing and potentially for targeted drug delivery, biosen-
sors, and tissue engineering.
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