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ABSTRACT

This study investigates the wound healing potential of novel starch/polyvinyl alcohol (PVA) electrospun
nanocomposite embedded with biogenically synthesized copper oxide nanoparticles (CuO NPs) derived
from Sargassum muticum extract. The CuO NPs were synthesized via an ultrasonic-assisted green method and
characterized using UV-Vis spectroscopy, Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction
(XRD), Scanning electron microscopy (SEM), Thermogravimetric analysis (TGA), and zeta potential analysis.
UV-Vis spectroscopy confirmed nanoparticle formation with a distinct SPR peak at 270 nm, while FTIR and XRD
verified the presence of functional groups and monoclinic crystalline structure, respectively. SEM revealed well-
dispersed CuO NPs within the porous nanofiber scaffold, which exhibited enhanced thermal stability. In
vitro wound healing assays using HaCaT keratinocytes demonstrated that the starch/PVA/CuO-NPs nanoscaffolds
significantly accelerated cell migration, achieving up to 96.14% wound closure at 100 ug/mL—outperforming
both algal extract (70.14%) and CuO NPs alone (84.14%). The results highlight the synergistic effect of the
biocompatible nanocomposite and bioactive CuO NPs, positioning them as a promising advanced wound dressing
material. Further research into their in vivo efficacy and mechanistic pathways is warranted.

KEYWORDS: Sargassum muticum, Green synthesis, CuO NPs, Starch/PVA- nanocomposite, Wound-healing
activity.

1. INTRODUCTION

Wound healing is a complex, multistep biological process that is essential for restoring the structural and
functional integrity of damaged tissues [1]. This process involves a cascade of cellular events, including
hemostasis, inflammation, proliferation, and remodeling [2]. Despite its natural efficiency, certain clinical
conditions such as chronic wounds, diabetic ulcers, and infections often impair the healing process [3]. These
complications place a considerable burden on public health systems worldwide, necessitating the development of
novel therapeutic strategies that can accelerate and enhance wound repair [4]. Among emerging approaches,
nanotechnology-based interventions have garnered significant attention, particularly in the form of bioengineered
nanoscaffolds integrated with therapeutic agents [5].

Electrospun nanocomposite have emerged as promising wound dressings due to their high surface area,
interconnected porous structure, and excellent biocompatibility, which collectively support cellular adhesion,
migration, and proliferation [6]. Polymers like starch and polyvinyl alcohol (PVA) have been widely employed
in nanofiber fabrication for biomedical applications [7]. Starch, a natural polysaccharide, is biodegradable,
biocompatible, and abundant, while PVA is a synthetic, water-soluble polymer known for its mechanical stability
and film-forming ability [8]. Blending these two polymers facilitates the development of hybrid nanoscaffolds
that can mimic the native extracellular matrix (ECM), thereby enhancing tissue regeneration [9].

Incorporating nanoparticles into polymeric nanocomposite has further expanded the scope of wound healing
applications [10]. Among various metal oxide nanoparticles, copper oxide nanoparticles (CuO NPs) have shown
remarkable potential due to their intrinsic antimicrobial, anti-inflammatory, and angiogenic properties [11].
Copper ions play a critical role in various physiological processes, including collagen formation, vascular
endothelial growth, and stabilization of the ECM [12]. The integration of CuO NPs into electrospun scaffolds not
only enhances their biological performance but also imparts antimicrobial protection, which is crucial in
preventing wound site infections [13].

Traditionally, chemical and physical methods for nanoparticle synthesis often involve toxic reagents, energy-
intensive conditions, and hazardous by-products [14]. In contrast, green synthesis using biological resources offers

Genetics and Molecular Research 25 (16s): 2026 1


mailto:akshivan1965@gmail.com
mailto:arepalli.chakri@gmail.com
mailto:sattanathanphd@gmail.com
mailto:sattanathanphd@gmail.com

an eco-friendly, sustainable, and cost-effective alternative [15]. Marine macroalgae have emerged as promising
candidates for the green synthesis of nanoparticles owing to their rich reservoir of bioactive compounds such as
polyphenols, flavonoids, proteins, and polysaccharides, which act as natural reducing and stabilizing agents [16].
Among brown algae, Sargassum muticum is particularly notable for its high content of biofunctional molecules
and therapeutic potential [17]. Its widespread availability along coastal regions, including the Indian coastline,
makes it an ideal source for eco-conscious nanoparticle synthesis [18].

Ultrasonic-assisted extraction techniques have further improved the efficiency of bioactive compound retrieval
from algal biomass [19]. The application of ultrasound facilitates cavitation, enhancing cell wall disruption and
improving the yield of phytochemicals [20]. These extracts, when utilized in nanoparticle synthesis, result in
uniform, stable nanoparticles with improved biological functionalities [21]. The resulting biogenic CuO NPs
exhibit desirable properties for incorporation into wound-healing scaffolds [22].

In this study, we present the development and evaluation of a novel starch/PVA electrospun nanofibrous scaffold
incorporated with green-synthesized CuO NPs using S. muticum extract [23]. The macroalga was harvested from
the intertidal zones near Rameswaram, a region rich in marine biodiversity [24]. The algal extract was prepared
using ultrasonic-assisted extraction to ensure the efficient release of phytoconstituents responsible for nanoparticle
formation [25]. The green synthesis of CuO NPs was monitored and confirmed through a visible color change and
characterized using a suite of analytical techniques, including UV—Vis spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), Scanning electron microscopy (SEM), Thermogravimetric
analysis (TGA), and zeta potential analysis [26].

The biogenic CuO NPs were blended into a starch/PV A matrix, and nanofibers were fabricated via electrospinning
under optimized parameters to obtain uniform, continuous fibers [27]. These nanofibrous mats were further
evaluated for their physicochemical properties and biological activity [28]. Particular emphasis was placed on
assessing their wound healing efficacy using an in vitro scratch assay on HaCaT keratinocyte cells [29]. This
assay mimics the process of cell migration during wound closure and provides insight into the therapeutic
effectiveness of the test materials [30].

The integration of green-synthesized CuO NPs into a biodegradable polymer matrix represents a significant
advancement in wound care technology [31]. The synergy between the polymeric scaffold and metal oxide
nanoparticles is anticipated to improve cell proliferation, promote re-epithelialization, and enhance overall healing
rates [32]. Furthermore, the environmentally friendly synthesis route underscores the sustainability aspect of this
biomedical material [33].

Overall, the present work bridges marine biochemistry, nanotechnology, and tissue engineering to propose a
sustainable and efficient strategy for wound healing applications. The utilization of S. muticum not only valorizes
marine biomass but also demonstrates its practical applicability in the synthesis of functional nanomaterials.
Through detailed physicochemical characterization and biological evaluation, this study lays the groundwork for
future translational research aimed at developing clinically viable wound dressing systems.

2. MATERIALS AND METHODS

2.1. Collection and processing of marine macroalgae

S. muticum specimens were hand-harvested from intertidal coastal areas near Rameswaram. The collected
Sargassum muticum was taxonomically identified and authenticated by Dr V. Veeragurunathan, CSIR-CSMCRI-
Marine Algal Research Station, Mandapam Camp 623519, Tamil Nadu, India. A voucher specimen was prepared
and deposited at the Herbarium of the CSIR-CSMCRI-Marine Algal Research Station, under the accession
number: SI-2025-RMM-016. This authentication ensures botanical accuracy and standardization of the study
material. Post-collection, the samples were immediately placed in chilled containers to preserve their biological
integrity during transit to the laboratory. Upon arrival, the seaweed was washed thoroughly under running tap
water to eliminate sand, debris, and surface contaminants, including epiphytes. Subsequent rinsing with distilled
water ensured further purification. The cleaned macroalgae were then chopped into smaller pieces and dried in a
shaded, well-ventilated room at ambient temperature for approximately 14 days. Once fully dried, the biomass
was pulverized into a fine powder using a mechanical milling device and stored in sealed containers at room
temperature for future procedures.

2.2. Ultrasonic extraction of phytocompounds

To extract bioactive constituents, 2 grams of powdered S. muticum were mixed with 50 mL of Milli-Q-grade
water. This suspension underwent ultrasonic extraction using a LABQUEST ultrasonic bath (Borosil; Serial No.
941032329018) set at 60°C for 45 minutes. The ultrasound-assisted method facilitated the breakdown of cell walls
and enhanced compound release. Following sonication, the mixture was filtered using sterile Whatman No. 1 filter
paper to obtain a clean extract. The resulting solution was stored temporarily at 10°C and subsequently freeze-
dried via lyophilization for prolonged storage and downstream experimental use [34, 35].

2.3. Green fabrication of CuO NPs

CuO NPs were synthesized using a green route by combining 50 mL of a 0.1 M aqueous CuSO4-5H-0 solution
with 10 mL of S. muticum extract, which was prepared by dissolving 10 mg of lyophilized extract in 10 mL Milli-
Q water (5:1 volume ratio). The resulting mixture was stirred at a constant speed of 650 rpm and heated at 60°C
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for a duration of 2 hours. The reaction progress was visually indicated by a color change from blue to bluish-
green, suggesting the reduction of copper ions and CuO formation. The reaction mixture was centrifuged, and the
pellet was washed thrice with double-distilled water to eliminate impurities and organic residues. The purified
nanoparticles were lyophilized for 48 hours and preserved in airtight containers for later characterization and
scaffold development [36].

2.4. Electrospinning of starch/PVA nanofibers embedded with CuO NPs

To develop composite nanofibers, a 15% (w/w) PVA solution was prepared by dissolving the polymer in Milli-Q
water under continuous stirring. Subsequently, 100 mg each of starch and synthesized CuO NPs were incorporated
into the PV A solution. The mixture was stirred thoroughly at 50°C for 2.5 hours to ensure homogeneous dispersion
of the components. This blended solution was loaded into a syringe with a stainless-steel nozzle (0.84 mm internal
diameter) and mounted on the HOLMARC HO-NFES-040 electrospinning unit. Optimized electrospinning
parameters included an applied voltage of 11.5 kV, a needle-to-collector distance of 12.3 cm, and a flow rate of
0.4 mL/h. The process was conducted at ambient conditions for 6—8 hours, after which the nanofibrous mats were
collected and stored in a desiccator for subsequent evaluations [37-39].

2.5. Physicochemical characterization of nanoparticles and nanofiber mats

2.5.1. UV—-visible spectroscopy

The optical characteristics of both the S. muticum extract and the synthesized CuO NPs were determined using a
VIS SPEC V-730 spectrophotometer. Measurements were recorded across a wavelength range of 200 to 800 nm,
using deionized water as the blank reference. The emergence of surface plasmon resonance (SPR) peaks
confirmed successful nanoparticle synthesis [40].

2.5.2. FTIR spectroscopy analysis

FTIR spectra were acquired using a PerkinElmer Spectrum Two instrument in ATR mode. Spectral data were
collected between 4000 and 400 cm ™!, with a resolution of 4 cm™ and 64 scans per sample. Peaks were interpreted
based on functional groups including hydroxyl, phenol, carbonyl, and metal-oxygen bonds to determine chemical
interactions and nanoparticle composition [41].

2.5.3. XRD analysis

XRD analysis was carried out using a Bruker D8 Advance diffractometer equipped with CuKa radiation (A =
1.5406 A), operating at 40 kV and 40 mA. Diffraction patterns were captured over a 20 range of 5°-90° with a
step size of 0.029649°. The observed diffraction peaks were matched with standard JCPDS files to validate the
crystalline structure and phase purity of CuO NPs [42].

2.5.4. SEM analysis

Surface topography and dispersion of nanoparticles within the electrospun fibers were analyzed using a JEOL
JSM-IT800 NANO SEM. Prior to imaging, samples were gold-sputtered to improve conductivity. SEM images
provided insight into fiber diameter, surface texture, and distribution uniformity of embedded nanoparticles [43].
2.5.5. TGA

The thermal behavior of the composite nanofiber mats was evaluated using a PerkinElmer TGA 8000 instrument.
Roughly 5 mg of each sample was heated from room temperature up to 550°C at a rate of 15°C/min under a
nitrogen atmosphere. The resulting thermograms were interpreted for moisture loss, polymer decomposition, and
residual content [44].

2.5.6. Particle size and zeta potential determination

The average particle size and surface charge of the synthesized CuO NPs were measured with a Malvern Zetasizer
Ultra. The zeta potential values were assessed to estimate colloidal stability, with higher absolute values indicating
better electrostatic repulsion and dispersion quality [45].

All generated data from these experiments have been deposited in the Mendeley Data repository, accessible via
DOI: 10.17632/jrs2y2hp7v.2.

2.6. Wound healing (scratch) assay

The in vitro scratch assay was employed to assess the cell migration potential of HaCaT keratinocytes upon
treatment with different formulations: S. muticum extract, CuO NPs, and starch/PVA/CuO-NPs nanoscaffolds.
Cells were seeded in 12-well plates at a density of 2 x 10° cells/well using Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 10% FBS and 1% penicillin—streptomycin. After reaching confluence in a 5% CO-
incubator at 37 °C, a linear wound was created using a sterile 200 pL pipette tip. Detached cells were removed
with PBS, and treatment solutions (6.25, 12.5, 25, 50, and 100 pg/mL) were added in serum-free DMEM.
Untreated wells acted as controls. Images were captured at 0, 24, and 48 hours using an inverted phase-contrast
microscope, and wound closure rates were calculated using ImagelJ to compare treatment effectiveness [46].

2.7. Statistical analysis

All experimental results were analyzed statistically using SPSS v25.0 and GraphPad Prism v9.0. Data are
expressed as mean + standard deviation from triplicate tests. Differences among groups were determined by one-
way ANOVA followed by Tukey’s or Dunnett’s post hoc test. A significance level of p < 0.05 was adopted.
Pearson correlation tested inter-variable associations. Data normality was verified via the Shapiro—Wilk test, and

Genetics and Molecular Research 25 (16s): 2026 3



log transformation was applied if normality assumptions failed. A 95% confidence level was maintained for all
interpretations [47].

3. RESULTS

3.1. UV-visible spectroscopy

The optical absorbance profiles of S. muticum extract and the green-synthesized CuO NPs were recorded using a
JASCO V-730 UV-Vis spectrophotometer across a spectral range of 200—-800 nm with a resolution increment of
1 nm (Fig. 1). The crude algal extract displayed a broad absorption band characteristic of its diverse phytochemical
constituents. In contrast, the CuO NPs exhibited a marked SPR peak centered at 270 nm, which serves as a spectral
fingerprint confirming nanoparticle formation. The absorbance intensity at this peak measured 0.4776, indicating
the presence of nanoscale copper oxide structures. The instrumental parameters, including a 1.0 nm slit width, a
scanning rate of 1000 nm/min, and automated filter switching, enabled precise spectral acquisition. This distinct
optical behavior validated the transformation of copper salts into nanosized CuO particles via biogenic synthesis.
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Fig. 1. UV-Visible spectral profiles of algal extract and CuO NPs.
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3.2. FTIR spectroscopy

Attenuated total reflectance Fourier-transform infrared (ATR-FTIR) spectra were captured using a PerkinElmer
Spectrum Two spectrophotometer to investigate the functional groups present in the CuO NPs and the starch/PVA
electrospun matrix (Fig. 2). The CuO NPs revealed a broad absorption peak at 3277 cm™, corresponding to O—H
stretching vibrations, alongside minor peaks near 2700 and 2500 cm™, which may signify C—H stretching or
aldehydic carbonyl functionalities. The starch/PV A nanoscaffold demonstrated a strong C=O stretching vibration
at 1500 cm™, while the peak around 840 cm™ was attributed to glycosidic linkages inherent to starch. Peaks
observed below 1000 cm™, especially near 600 cm™, were indicative of Cu—O bonding, confirming the
incorporation of copper oxide particles into the polymeric matrix. These spectral features confirmed that essential
molecular structures were retained and that CuO NPs were effectively embedded into the nanofiber scaffolds.
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.
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3.3. XRD analysis

XRD analysis was performed using a Bruker D§ Advance diffractometer equipped with CuKa radiation (A =
1.5406 A), scanning over a 20 range from 5° to 90°. The CuO NPs exhibited prominent peaks at 32.7° (110), 35.3°
(002), 38.3° (111), and 48.1° (202), which match the diffraction pattern for a monoclinic phase of CuO,
corroborated by JCPDS card no. 05-0661. The electrospun starch/PVA scaffold revealed semicrystalline peaks at
19.3°, 21.4°, and 23.5°, supplemented by additional reflections at 26.5° and 29.5° (Fig. 3), suggesting structural
alteration due to nanoparticle inclusion. Calculated interplanar spacings were 2.73 A for the CuO NPs and 4.60 A
for the scaffold composite, reinforcing the crystalline nature of the nanoparticles and their even distribution within
the polymer framework.
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.

3.4. SEM analysis

Morphological characteristics of the synthesized CuO NPs and starch/PV A nanoscaffolds were examined through
SEM using a JEOL JSM-IT800 NANO microscope (Fig. 4). The CuO NPs appeared as aggregates with varying
morphologies ranging from spherical to irregular, suggesting polydispersity. In contrast, the starch/PVA
nanofibers displayed a well-defined porous and fibrous structure with relatively smooth surfaces and minor bead
formation, which are typical in electrospun mats. The nanoparticles were visibly integrated and dispersed
throughout the nanofiber surface, confirming their successful entrapment. The microstructural arrangement
indicated that the scaffold offers an advantageous architecture for biomedical applications involving tissue support
and cell migration.
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Fig. 4. SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds.
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3.5. TGA

Thermal stability of the nanocomposite scaffolds was evaluated through TGA conducted under a nitrogen
atmosphere from 25°C to 550°C (Fig. 5). The thermogram indicated a three-step degradation profile. The initial
mass loss occurred below 150°C, attributed to moisture evaporation. The second phase began at approximately
243.0°C and peaked at 349.6°C, corresponding to the thermal decomposition of starch and PVA. The final residual
mass was approximately 51.9%, suggesting the presence of thermally resistant inorganic components and possible
crosslinking. These results confirmed that the inclusion of CuO NPs enhanced the scaffold’s thermal stability and
that the scaffold maintained its structural coherence up to the onset of major degradation.
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Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds.

3.6. Zeta potential and particle size analysis

Dynamic light scattering (DLS) measurements showed that the biosynthesized CuO NPs had a hydrodynamic
diameter of 92.1 nm and a polydispersity index (PDI) of 0.8444, indicating a moderately broad particle size
distribution (Fig. 6). Zeta potential analysis revealed a surface charge of —12.62 mV, with peak values recorded
at —20.85 mV and —8.99 mV (Fig. 7), indicating that the colloidal system has moderate electrostatic stability due
to surface charge repulsion. The measured conductivity of the solution was 0.07909 mS/cm, and the quality factor
was 5.109, reflecting consistency in data acquisition. These findings suggest that the CuO NPs exhibit sufficient
colloidal stability, making them suitable for further incorporation into biopolymer-based wound dressing materials.
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Fig.7. Zeta-potential analysis of CuO NPs

3.7. Wound healing (scratch) assay

After 48 hours of treatment, the wound healing assay (Fig. 8) demonstrated significant differences in the migratory
behavior of HaCaT keratinocyte cells when exposed to algal extract, CuO NPs, and starch/PVA/CuO-NPs
nanoscaffolds at varying concentrations (6.25—100 pg/mL). The untreated control exhibited a baseline migration
rate, while all test samples enhanced wound closure in a concentration-dependent manner.
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Fig. 8. Wound healing activity analysis of algal extract, CuO-NPs and starch/PVA/CuO-NPs
nanoscaffolds

Algal Extract: The algal extract promoted wound closure, with migration rates increasing from 33.14% at 6.25
pg/mL to 70.14% at 100 pg/mL. This suggests that bioactive compounds in the extract stimulated keratinocyte
migration, though its efficacy was moderate compared to the other treatments.

CuO NPs: CuO NPs exhibited stronger pro-migratory effects, with wound closure rates rising from 41.14% at
6.25 pg/mL to 84.14% at 100 pg/mL. The nanoparticles significantly accelerated cell migration, likely due to
their role in enhancing cellular signaling pathways involved in wound repair.

Starch/PVA/CuO-NPs Nanoscaffolds: The nanoscaffolds displayed the most pronounced wound healing activity,
achieving 48.14% closure at 6.25 ng/mL and 96.14% at 100 pg/mL. Their superior performance may be attributed
to the combined effects of the biocompatible scaffold matrix and the embedded CuO NPs, which collectively
support cell adhesion, proliferation, and migration.

All test samples enhanced wound healing compared to the control, with the nanoscaffolds showing the highest
efficacy. The results highlight the potential of these materials, particularly the starch/PVA/CuO-NPs
nanoscaffolds, as promising candidates for wound healing applications. Further studies could explore their
mechanisms of action and in vivo performance.

4. DISCUSSION

The wound healing potential of starch/PVA electrospun nanoscaffolds integrated with biogenically synthesized
CuO NPs derived from S. muticum was systematically assessed through multiple analytical and biological
techniques. The study employed a comprehensive suite of characterization tools to confirm nanoparticle synthesis,
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successful incorporation into polymer matrices, and biological efficacy using an in vitro scratch assay. Each
analytical technique contributed valuable insights into the scaffold’s physicochemical properties and its capability
to enhance cellular responses associated with wound healing.

The UV—Visible spectroscopic analysis provided a foundational confirmation of nanoparticle formation. The S.
muticum extract showed broad absorption due to its diverse phytochemical content, likely polyphenols and
flavonoids. Upon reduction of copper salts through the ultrasonic-assisted green synthesis method, a distinct SPR
peak emerged at 270 nm, indicating the presence of CuO NPs. The peak absorbance value of 0.4776 strongly
supported the formation of stable nanoscale CuO structures. The optimized instrumental conditions ensured
precise spectral resolution, and this transition from phytochemical-rich extract to nanomaterial is essential for
demonstrating the success of green synthesis approaches. These findings confirmed the transformation of metal
precursors into well-defined CuO NPs via eco-friendly processes [48-53].

FTIR spectral analysis further validated the integration of CuO NPs into the starch/PVA matrix. The presence of
characteristic O—H and C-H stretching vibrations, along with aldehydic carbonyl bands in the CuO spectrum,
indicated functional groups derived from the algal extract were involved in reduction and capping. In the
nanoscaffold, peaks at 1500 cm™ and 840 cm™ denoted the presence of carbonyl and glycosidic groups,
respectively, suggesting the maintenance of essential polymer functionalities. Notably, bands below 1000 cm™
confirmed the presence of Cu—O bonds, verifying successful embedding of the nanoparticles. This retention of
functional groups implies that the structural and chemical integrity of the scaffold is preserved post-incorporation,
which is critical for biocompatibility and sustained activity in biomedical environments [54-59].

XRD analysis demonstrated the crystalline nature of the biosynthesized CuO NPs and their effect on the scaffold's
structure. The nanoparticles exhibited sharp peaks consistent with the monoclinic crystalline phase of CuO,
corroborated by standard JCPDS data. In contrast, the starch/PVA scaffold, typically semicrystalline, showed
additional reflections upon incorporation of CuO NPs, indicating a degree of structural reorganization. The
calculated interplanar distances for the CuO NPs (2.73 A) and scaffold (4.60 A) supported the idea of
homogeneous nanoparticle dispersion, which is vital for ensuring uniform therapeutic response throughout the
scaffold surface [60-65].

SEM revealed the morphological attributes of both nanoparticles and scaffolds. The CuO NPs appeared as clusters
with varied shapes, indicating moderate polydispersity. The electrospun starch/PV A nanofibers exhibited smooth,
interconnected fibers with uniform porosity and minimal bead formation. Importantly, CuO NPs were well-
integrated within the scaffold matrix, uniformly distributed across the fiber surfaces. This nanostructured
architecture is advantageous for facilitating nutrient transport, cell infiltration, and gas exchange—key parameters
for effective wound healing [66-71].

TGA established the thermal stability of the composite material. A three-phase decomposition pattern was
observed, beginning with water evaporation, followed by polymer degradation, and concluding with stable residue
retention. The retention of approximately 51.9% mass post-heating confirmed the presence of thermally stable
CuO NPs and possibly crosslinked polymeric chains. This enhanced stability supports the scaffold’s application
in thermally dynamic environments such as skin wounds, where stability is necessary for prolonged action [72-
74].

Zeta potential and DLS measurements provided insights into the colloidal stability and particle size distribution
of the synthesized CuO NPs. The average particle size was 92.1 nm with a polydispersity index of 0.8444,
indicating moderate uniformity. The zeta potential of —12.62 mV revealed moderate surface charge stability,
sufficient to prevent aggregation in solution. These findings support the idea that the CuO NPs are appropriately
stable for biological applications, including their incorporation into polymer scaffolds for controlled therapeutic
release [75-78].

The most significant aspect of the study was the wound healing assay, which evaluated the biological efficacy of
the various treatments using HaCaT keratinocyte cells. After 48 hours, a concentration-dependent response was
observed across all treatment groups. The S. muticum extract alone facilitated moderate cell migration, attributed
to its natural bioactive compounds. CuO NPs, known for their antimicrobial and regenerative properties, showed
enhanced wound closure, suggesting their direct involvement in promoting keratinocyte migration and
proliferation. The highest wound healing potential was recorded with the starch/PVA/CuO nanoscaffolds. The
closure rate reached 96.14% at 100 pg/mL, indicating a synergistic effect between the biocompatible polymer
matrix and the embedded CuO NPs. This combination likely offers a supportive environment for cell adhesion
and directional migration, while simultaneously delivering therapeutic ions that stimulate healing processes. The
porous, fibrous structure of the scaffold mimics the extracellular matrix (ECM), further enhancing its interaction
with skin cells and facilitating rapid wound closure [79].

The integration of CuO NPs synthesized from S. muticum into starch/PVA electrospun nanoscaffolds presents a
promising approach for wound healing applications. The detailed physicochemical characterizations confirmed
successful nanoparticle formation and embedding, while the biological assays demonstrated superior healing
performance. The combined properties of antimicrobial activity, scaffold support, and bioactive ion release
establish these nanocomposites as viable candidates for next-generation wound dressings. Future studies should
include in vivo validations and long-term biocompatibility assessments to fully realize their clinical potential.
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5. CONCLUSION

This study successfully demonstrated the fabrication and therapeutic potential of starch/PVA electrospun
nanoscaffolds loaded with biogenic CuO NPs synthesized from S. muticum extract for enhanced wound healing.
Comprehensive characterization using UV-Vis, FTIR, XRD, SEM, and TGA confirmed the successful formation
of crystalline CuO NPs with optimal stability and their uniform integration into the nanofibrous scaffold. The in
vitro scratch assay revealed that the nanoscaffold significantly accelerated HaCaT keratinocyte migration,
achieving 96.14% wound closure at 100 ng/mL—outperforming both algal extract and CuO NPs alone. This
superior efficacy can be attributed to the synergistic combination of the scaffold’s biomimetic architecture, which
promotes cell adhesion, and the bioactive CuO NPs, which enhance cellular repair mechanisms. The results
underscore the potential of these nanocomposite scaffolds as advanced wound dressings, offering a biocompatible,
sustainable, and highly effective alternative to conventional treatments. Future studies should focus on in
vivo validation and mechanistic insights to further optimize their clinical applicability.
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