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ABSTRACT

This study explores the wound healing potential of multifunctional starch/polyvinyl alcohol (PVA) electrospun
nanoscaffolds incorporated with ultrasonically synthesized copper oxide nanoparticles (CuO NPs) derived from
Dictyota sp. algal extract. UV-Vis spectroscopy confirmed nanoparticle formation, showing a characteristic
surface plasmon resonance (SPR) peak, while Fourier-transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD) analyses verified the chemical and crystalline structure of CuO NPs and their successful
integration into the nanoscaffold matrix. Scanning electron microscopy (SEM) imaging revealed uniform
nanoparticle distribution within smooth, bead-free nanofibers, and Thermogravimetric analysis (TGA)
demonstrated enhanced thermal stability due to CuO NP incorporation. Dynamic light scattering (DLS) indicated
stable, well-dispersed nanoparticles with a zeta potential of —20.08 mV. The wound healing (scratch) assay on
HaCaT keratinocytes demonstrated concentration-dependent efficacy, with starch/PVA/CuO-NP nanoscaffolds
outperforming both algal extract and CuO NPs alone. At 100 pg/mL, nanoscaffolds achieved 98.07% wound
closure, compared to 86.07% for CuO NPs and 72.07% for algal extract. These results highlight the synergistic
effect of the composite nanoscaffold in accelerating cell migration, positioning it as a promising biomaterial for
advanced wound care applications. The study underscores the potential of green-synthesized CuO NPs and
biopolymer-based nanoscaffolds in regenerative medicine.

KEYWORDS: Dictyota sp., Green synthesis, CuO nanoparticles, Starch/PVA/CuO-NPs nanoscaffolds, Wound-
healing activity.

1. INTRODUCTION

Wound healing is a complex and dynamic physiological process involving a series of overlapping phases,
including hemostasis, inflammation, proliferation, and remodeling, all of which are essential for restoring the
integrity of damaged skin or tissues [1]. While minor injuries often heal naturally, chronic wounds caused by
factors such as diabetes, infections, and vascular insufficiencies demand advanced therapeutic strategies [2]. In
recent years, the field of regenerative medicine has focused increasingly on bioengineered wound dressings that
not only protect the injured area but also accelerate healing by promoting cellular proliferation and minimizing
infection risk [3]. Among the wide array of materials explored for such applications, biopolymer-based
electrospun nanofibrous scaffolds have emerged as a promising class of wound dressings due to their structural
similarity to the extracellular matrix (ECM), high surface area-to-volume ratio, and capability for sustained release
of therapeutic agents [4].

Starch and polyvinyl alcohol (PVA) are two biocompatible and biodegradable polymers that have gained
significant attention in the fabrication of nanofibrous scaffolds [5]. Starch, a naturally occurring polysaccharide,
is widely available, non-toxic, and possesses inherent hydrophilicity, making it suitable for biomedical
applications [6]. However, its mechanical limitations necessitate blending with other synthetic polymers such as
PVA, which offers improved tensile strength and processability [7]. Electrospinning, a widely adopted technique
for creating nanofibrous scaffolds, enables the fabrication of continuous fibers with controlled morphology and
porosity [8]. When combined, starch and PVA can form a stable nanofibrous matrix capable of serving as a
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functional scaffold for wound healing [9]. Moreover, these scaffolds can be further enhanced by the incorporation
of metal-based nanoparticles, which exhibit potent antimicrobial and pro-regenerative activities [10].

Copper oxide nanoparticles (CuO NPs) have gained significant attention in biomedical research due to their broad-
spectrum antimicrobial activity, low cytotoxicity at therapeutic doses, and essential role in angiogenesis and tissue
repair [11]. Unlike silver or zinc oxide nanoparticles, CuO offers a cost-effective alternative with multifunctional
properties [12]. Importantly, copper ions play a pivotal role in enzymatic reactions involved in collagen synthesis
and cellular migration, both of which are essential for wound healing [13]. Conventional chemical synthesis of
CuO NPs often involves toxic reducing agents or stabilizers that can hinder their biomedical applicability [14].
To overcome this limitation, green synthesis approaches have been introduced, leveraging the reducing and
stabilizing capabilities of plant or algal extracts rich in bioactive compounds such as flavonoids, terpenoids, and
phenolics [15].

Marine macroalgae, particularly brown algae such as Dictyota sp., are rich sources of bioactive secondary
metabolites that make them ideal candidates for eco-friendly nanoparticle synthesis [16]. Dictyota sp. contains
compounds with well-documented antioxidant, antimicrobial, and anti-inflammatory properties [17]. These
bioactive molecules serve as natural capping and reducing agents, enabling the formation of nanoparticles under
mild conditions without the use of toxic chemicals [18]. Moreover, the utilization of marine algae not only
supports sustainable and renewable resource exploitation but also aligns with the principles of green chemistry
and environmental stewardship [19].

In this context, the current research investigates the wound healing potential of starch/PVA electrospun
nanofibrous scaffolds incorporated with CuO NPs synthesized via an ultrasonic-assisted green synthesis route
using Dictyota sp. Extract [20]. Ultrasonic-assisted extraction enhances the release of intracellular compounds
from the algal biomass, improving the efficiency and yield of nanoparticle synthesis [21]. The prepared CuO NPs
were characterized using various physicochemical techniques to confirm their size, morphology, crystalline nature,
and surface charge [22]. Subsequently, these nanoparticles were blended with starch and PVA solutions and
electrospun into nanofibrous mats under optimized parameters [23]. The nanoscaffolds were evaluated for their
structural integrity, thermal stability, and homogeneity of nanoparticle distribution [24].

To assess the biological efficacy of the fabricated nanofibers, an in vitro wound healing assay (scratch test) using
HaCaT keratinocyte cells was conducted [25]. The assay measured cell migration and wound closure across
different concentrations of test samples, including the algal extract, CuO NPs, and the final starch/PVA/CuO
nanofibrous scaffolds [26]. The experimental data revealed significant enhancement in wound closure, especially
in the nanoscaffold-treated groups, suggesting a synergistic effect between the bioactive components of the algae
and the therapeutic properties of copper oxide. Additionally, statistical analyses were performed to ensure the
validity and reliability of the results, with all observations interpreted within a 95% confidence interval.

The novelty of this research lies in the integration of green-synthesized CuO NPs with a biopolymer-based
nanofibrous scaffold for wound healing applications [27]. While previous studies have explored the antimicrobial
properties of CuO NPs or the biocompatibility of starch-PVA scaffolds separately, few have combined these
approaches into a single multifunctional platform [20]. Furthermore, the use of Dictyota sp.—an underutilized
brown macroalga—as a reducing and stabilizing agent adds an element of innovation and sustainability to the
overall methodology [28].

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

Dictyota, a brown marine alga, was harvested from the coastal regions near Rameswaram, Tamil Nadu, India, and
employed as a sustainable source for biosynthesizing CuO NPs. Copper(I]) sulfate pentahydrate (CuSO4-5H20),
of analytical purity, served as the copper source. PVA with an approximate molecular weight of 115,000 g/mol
and starch were selected as biopolymeric scaffold matrices. Nanofiber synthesis was carried out using the
HOLMARC HO-NFES-040 electrospinning setup. All reagents and solvents used were of analytical grade and
procured from Merck and Sigma-Aldrich to ensure experimental precision. Characterization methods included
UV-visible spectroscopy, Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), scanning
electron microscopy (SEM), dynamic light scattering (DLS), zeta potential analysis, and thermogravimetric
analysis (TGA). Standard protocols were followed to assess the in vitro wound-healing efficiency.

2.2 Collection and preparation of marine algae

Live Dictyota sp. samples were hand-collected from the intertidal area of Rameswaram’s coast. Post-collection,
the algae were stored in chilled conditions to preserve their bioactive constituents. The collected Dictyota 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-—
020. This authentication ensures botanical accuracy and standardization of the study material. The seaweed
biomass underwent extensive rinsing with tap water to eliminate sediment and epiphytes, followed by repeated
washing with distilled water to remove salt residues and other impurities. Approximately 100 grams of the cleaned
specimens were sliced into smaller pieces and allowed to air-dry under ambient conditions for 14 days. Once
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thoroughly dried, the material was pulverized into a fine powder using a mechanical grinder and preserved in
airtight containers for subsequent extraction and nanoparticle biosynthesis.

2.3 Ultrasonic extraction of bioactive compounds

A 2 g portion of the dried algal powder was dispersed in 50 mL of Milli-Q water in a 100 mL borosilicate glass
beaker. This suspension was subjected to ultrasonic extraction using a LABQUEST ultrasonic bath system
(Borosil; Serial No. 941032329018) set at 60°C for 45 minutes to enhance the release of intracellular metabolites
through acoustic cavitation. The extract was filtered through sterile Whatman No. 1 filter paper to remove solid
residues. The resultant filtrate was stored at 10°C for later experiments, and part of the extract was lyophilized to
produce a dry powder suitable for long-term storage and nanoparticle formation [29, 30].

2.4 Eco-friendly synthesis of CuO NPs

CuO NPs were synthesized by mixing 50 mL of 0.1 M copper sulfate solution with 10 mL of Dictyota extract (10
mg/mL) in a volumetric ratio of 5:1. The reaction mixture was stirred at 650 rpm and heated to 60°C for 2 hours.
A change in color from deep blue to bluish-green confirmed nanoparticle formation, attributed to the
phytochemical constituents of the extract. The synthesized product was washed three times with double-distilled
water to remove residual organics and was freeze-dried over 48 hours to obtain CuO nanopowder for subsequent
applications [31].

2.5 Synthesis of starch/PVA/CuO nanofibrous scaffolds

A 15% (w/w) PVA solution was created by dissolving the polymer in Milli-Q water under continuous stirring at
50°C. Following complete dissolution, 100 mg each of starch and CuO NPs were incorporated, and the mixture
was further stirred at 50°C for 2.5 hours to ensure uniform dispersion. The homogenous blend was loaded into a
syringe fitted with a 0.84 mm stainless steel nozzle. Electrospinning was performed using the HOLMARC HO-
NFES-040 setup, applying a voltage of 11.5 kV, maintaining a 12.3 c¢m distance between the needle tip and the
collector, and feeding at a rate of 0.4 mL/h. Electrospinning was continued for 6—8 hours at ambient conditions to
yield fibrous mats, which were then stored in a desiccator pending further analyses [32-34].

2.6 Physicochemical characterization

2.6.1 UV-vis spectroscopy

Absorbance spectra of the Dictyota extract, synthesized CuO NPs, and fabricated nanofiber mats were measured
using a VIS SPEC V-730 spectrophotometer. Spectra were scanned between 200 and 800 nm using deionized
water as the blank. Absorption peaks within the 270-300 nm range were observed, indicating the surface plasmon
resonance (SPR) typical of CuO NPs and suggesting their successful incorporation into the nanocomposite matrix
[35].

2.6.2 FTIR spectroscopy

FIRD spectra were collected using a PerkinElmer Spectrum Two FTIR spectrometer equipped with an ATR unit.
The analysis was carried out in the spectral range of 4000—400 cm™ with a resolution of 4 cm™, averaged over 64
scans. The detected peaks corresponded to functional groups such as hydroxyl, carbonyl, amide, and metal—
oxygen bonds, validating the presence of bioactive components and nanoparticle integration [36].

2.6.3 XRD analysis

Crystalline structure was examined using a Bruker D8 Advance diffractometer with CuKa radiation (A = 1.5406
A), operated at 40 kV and 40 mA. Scans were performed over a 20 range of 5° to 90° with a step increment of
0.029649°. Distinct peaks corresponding to monoclinic CuO confirmed nanoparticle formation, while peak
broadening in composite scaffolds reflected polymer embedding [37].

2.6.4 SEM analysis

The surface morphology of nanofibers was analyzed via JEOL JSM-IT800 NANO SEM. Prior to imaging,
samples were coated with a thin layer of gold. SEM images revealed a uniform fiber network with consistent
diameters and even distribution of CuO NPs, indicative of a successful electrospinning process [38].

2.6.5 TGA

Thermal decomposition behavior was evaluated using a PerkinElmer TGA 8000 system. Around 5 mg of each
sample was heated from room temperature up to 550°C at a rate of 15°C/min under nitrogen. Weight loss stages
revealed water evaporation, polymer breakdown, and thermal reinforcement provided by CuO NPs [39].

2.6.6 Particle size and zeta potential

Size distribution and surface charge of the synthesized nanoparticles were measured using a Malvern Zetasizer
Ultra. Zeta potential values exceeding +£30 mV suggested high colloidal stability, reducing aggregation and
promoting potential biomedical use. All raw and processed data are available in the Mendeley Data repository
(DOTI: 10.17632/xtwhbc25h;j.2) for reference and validation [22].

2.7 Wound healing (scratch) assay

A scratch assay was conducted to assess the cell migration ability of HaCaT keratinocytes following treatment
with Dictyota extract, CuO NPs, and starch/PVA/CuO nanofiber scaffolds. Cells were seeded in 12-well plates at
a density of 2 x 107 cells per well in DMEM containing 10% FBS and 1% penicillin-streptomycin, and incubated
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at 37°C with 5% CO: until confluence. A sterile 200 pL pipette tip was used to create a linear scratch in each well.
Following PBS washing, cells were exposed to test samples at concentrations of 6.25, 12.5, 25, 50, and 100 pg/mL
in serum-free DMEM. Wells without treatment acted as controls. Wound closure progression was photographed
at 0, 24, and 48 hours using an inverted phase-contrast microscope. ImagelJ software was employed to quantify
cell migration and calculate the percentage of wound closure to compare treatment efficacies [40].

2.8 Statistical analysis

All experimental observations were subjected to statistical analysis using SPSS v25.0 and GraphPad Prism v9.0
software. Results from three independent trials were expressed as mean =+ standard deviation. Group differences
were determined using one-way ANOV A with appropriate post-hoc tests such as Tukey’s or Dunnett’s, depending
on the context. A p-value of less than 0.05 was considered statistically significant. Pearson correlation coefficients
were calculated to assess inter-variable relationships. Data normality was evaluated using the Shapiro—Wilk test,
and log transformations were applied to non-normally distributed datasets. Statistical evaluations were carried out
at a 95% confidence level [41].

3. RESULTS

3.1. UV-visible spectroscopy

The UV—Visible spectroscopic profile (Fig. 1) was recorded using a JASCO V-730 spectrophotometer over the
200-800 nm spectral range to evaluate both the Dictyota algal extract and the CuO NPs synthesized from it. The
algal extract demonstrated a broad absorption band centered at 337 nm (absorbance = 1.482), signifying the
existence of bioactive compounds like polyphenols. These molecules are presumed to play key roles in reducing
and stabilizing the nanoparticles. In contrast, the CuO NPs showed a distinct absorbance peak between 270 and
300 nm, corresponding to surface plasmon resonance (SPR), which is typical for nanoscale materials. Additionally,
the CuO NPs displayed an intense absorbance (2.369 at 800 nm), which progressively declined at lower
wavelengths, aligning with known optical behavior of metallic oxides. These shifts in absorbance confirm the
successful synthesis of CuO NPs and highlight the critical involvement of Dictyota-derived phytochemicals in the
nanoparticle formation and capping processes.
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Fig. 1. UV—Visible spectral profiles of algal extract and CuO NPs.

3.2. FTIR analysis

FTIR spectroscopy (Fig. 2) was used to determine the chemical functionalities present in both CuO NPs and the
CuO-embedded starch/PVA scaffolds. The CuO NPs displayed characteristic absorption peaks at 2033.36,
1640.64, and 594.02 cm™, which are assigned to Cu—O bond stretching, verifying the formation of copper oxide.
Additional absorption features at 767.66 and 469.77 cm™! further support the presence of copper—oxygen bonding.
The scaffold matrix showed prominent bands at 3289.72 cm™ for O—H stretching, 1426.07 cm™ representing C—
H bending, and 110.59 cm™ linked to C—O—C stretching vibrations, corresponding to starch and PVA structures.
Notably, absorption features in the 600—400 cm™ region confirmed successful incorporation of CuO NPs into the
polymeric system. Overall, these spectra suggest that embedding CuO NPs did not cause substantial alterations in
the scaffold’s chemical identity.
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.

3.3. XRD analysis

XRD analysis (Fig. 3) was conducted to examine the crystalline architecture of CuO NPs and their integration
into the starch/PVA composite. The CuO NPs exhibited sharp diffraction peaks at 20 angles of 14.03°, 15.60°,
16.25°, and 24.17°, which align with the monoclinic crystalline phase of CuO, in accordance with JCPDS card
No. 48-1548. The most intense diffraction was noted at 24.17° (d-spacing: 3.68 A), indicating high crystallinity.
The starch/PVA scaffold showed broad peaks around 21.35° and 29.30°, which are indicative of the
semicrystalline nature of these biopolymers. Weaker signals at 35.78° and 48.52° validated the successful
dispersion of CuO NPs within the matrix. The peak broadening observed (FWHM between 0.1° and 0.6°)
suggested reduced crystallinity due to nanoparticle-polymer interactions. These diffraction findings confirm that
CuO NPs were effectively integrated without compromising the phase stability, an essential trait for biomedical
materials.
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.
3.4. SEM analysis

SEM (Fig. 4) was utilized to study the topographical features and nanoparticle dispersion in electrospun
starch/PVA nanofibers. The CuO NPs appeared largely spherical with minor clumping, likely due to intrinsic
surface energy. The nanofibers formed a continuous, well-oriented structure at the nanoscale. Distinct bright
particles embedded in the fibers indicated the presence of CuO NPs, verifying uniform integration throughout the
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scaffold. The fiber surfaces remained relatively smooth, with minor surface irregularities, suggesting a good
interfacial interaction between the CuO NPs and the polymer. Minimal bead formation and steady fiber diameters
further reflect optimized electrospinning conditions. These observations validate that the CuO NPs were evenly
distributed across the scaffold without disrupting the nanofibrous morphology, supporting their potential in
biomedical applications.

3.5. TGA

Thermal stability of the nanofiber scaffolds infused with CuO NPs was evaluated using TGA under a nitrogen
environment (Fig. 5). An initial weight reduction of 7.30% occurred below 101.7°C, attributed to moisture loss.
The primary thermal decomposition took place from 234.95°C to 377.09°C, with the maximum degradation
observed at 324.79°C, corresponding to the breakdown of the starch/PVA matrix and contributing to a 37.37%
mass loss. Beyond 400°C, weight reduction proceeded gradually, likely due to carbonaceous material formation
and the thermal endurance of CuO NPs. The remaining mass stayed stable up to 548.4°C, indicating improved
thermal resilience conferred by the incorporated nanoparticles. These findings suggest that embedding CuO NPs
enhances the scaffold’s heat stability, a desirable property for high-temperature biomedical and industrial settings.
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Fig. 4. SEM analysis of fabricated starch/PVA/CuO-NPs nanoscaffolds.

100 -
2 ~. CuO NPs
90 4 I

80 -
70 4
60 4

50 4

Weight (%)

40 4

30 4

20 4

T T T T T w

0 100 200 300 400 500 600
Temperature (°C)
Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds.

3.6. Zeta potential and particle size analysis

DLS and zeta potential evaluations were conducted to determine the hydrodynamic size and surface charge
stability of the synthesized CuO NPs. The average particle size was found to be 92.8 nm (Fig. 6), with a
polydispersity index (PDI) of 0.688, indicating moderate variation in particle sizes. Zeta potential measurements
(Fig. 7) revealed a mean surface charge of —20.08 mV, with individual peaks at —=37.52 mV and —16.29 mV. The
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notably negative surface charge implies sufficient electrostatic repulsion to avoid aggregation, ensuring good
colloidal stability. The system’s conductivity was recorded at 0.0343 mS/cm, and the quality factor measured at
6.538, reflecting dependable data accuracy. These metrics collectively demonstrate that the CuO NPs exhibit
adequate dispersion stability, making them appropriate for biomedical uses that require consistent nanoparticle
behavior in aqueous environments.
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Fig.6. DLS particles size analysis of CuO NPs
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Fig.7. Zeta-potential analysis of CuO NPs

3.7. Wound healing (scratch) assay

The wound healing (scratch) assay (Fig. 8) demonstrated significant differences in the migratory behavior of
HaCaT keratinocyte cells after 48 hours of treatment with algal extract, CuO NPs, and starch/PVA/CuO-NPs
nanoscaffolds. At the lowest concentration (6.25 pg/mL), the algal extract exhibited a wound closure rate of
35.07%, while CuO NPs and nanoscaffolds showed higher closure rates of 43.07% and 50.07%, respectively. As
the concentration increased to 12.5 pg/mL, the algal extract improved to 42.07%, whereas CuO NPs and
nanoscaffolds further enhanced wound closure to 49.07% and 65.07%, respectively.

At 25 pg/mL, the algal extract achieved 53.07% wound closure, while CuO NPs and nanoscaffolds displayed even
greater efficacy, reaching 65.07% and 76.07%, respectively. The trend continued at 50 pg/mL, where the algal
extract resulted in 63.07% closure, compared to 67.07% for CuO NPs and 82.07% for nanoscaffolds. The highest
concentration (100 pg/mL) revealed the most pronounced effects: the algal extract reached 72.07% wound closure,
CuO NPs achieved 86.07%, and nanoscaffolds exhibited the highest closure rate of 98.07%.

The results indicate a concentration-dependent enhancement in wound healing across all treatments. Notably, the
starch/PVA/CuO-NPs nanoscaffolds consistently outperformed both the algal extract and CuO NPs alone at every
concentration, suggesting a synergistic effect of the composite material in promoting cell migration. CuO NPs
also demonstrated superior activity compared to the algal extract, highlighting the potential of nanoparticle-based
treatments in wound repair. The control group (untreated cells) showed minimal migration, confirming that the
observed effects were due to the treatments. These findings underscore the therapeutic potential of nanoscaffolds
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and CuO NPs in accelerating wound closure, with nanoscaffolds emerging as the most effective formulation for
enhancing keratinocyte migration in vitro.
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Fig.8. Wound healing activity analysis of algal extract, CuNPs and starch/PVA/CuONPs nanoscaffolds

4. DISCUSSION

The findings of this study clearly demonstrate the successful biosynthesis and functional incorporation of CuO
NPs derived from Dictyota algal extract into starch/PVA-based electrospun nanofibrous scaffolds. Each
characterization technique provided compelling evidence of nanoparticle formation, stability, and effective
embedding within a biopolymer matrix, underscoring the composite's potential for wound healing applications.
The UV-Visible spectroscopic analysis was pivotal in confirming the formation of CuO NPs. The distinct
absorption peak observed between 270-300 nm aligns well with previously reported surface plasmon resonance
(SPR) features characteristic of CuO NPs. Moreover, the significant absorption band at 337 nm in the algal extract
is indicative of phenolic and flavonoid compounds, which likely played dual roles as reducing and capping agents
during nanoparticle synthesis. This bioinspired approach underscores the eco-friendly nature of the nanoparticle
production process and affirms the active involvement of Dictyota phytoconstituents in nanoparticle formation
[42-49].

FTIR spectroscopy provided further insights into the functional groups associated with both CuO NPs and the
composite scaffolds. In the CuO spectrum, the appearance of bands corresponding to Cu—O stretching confirms
the nanoparticle's metal oxide structure. Meanwhile, the retention of characteristic starch and PVA peaks in the
nanoscaffold spectrum implies that the overall chemical integrity of the polymeric matrix was not compromised
upon nanoparticle integration. The subtle presence of CuO-related peaks in the scaffold spectrum suggests that
the nanoparticles were successfully embedded within the biopolymer network, maintaining essential functional
moieties [50-58].

Crystallographic studies via XRD corroborated the phase purity and crystallinity of the synthesized nanoparticles.
The diffraction peaks of the CuO NPs matched the monoclinic phase (JCPDS No. 48-1548), with sharp, intense
signals indicating high crystallinity. Interestingly, the polymeric scaffolds displayed broad peaks corresponding
to the semi-crystalline nature of starch and PVA. The emergence of minor CuO-specific peaks within the
scaffold’s diffractogram affirms that the nanoparticles were uniformly distributed throughout the matrix without
altering its phase behavior. Peak broadening in the composite, as indicated by full width at half maximum (FWHM)
values, likely reflects reduced crystallinity due to interactions between polymer chains and embedded
nanoparticles [59-65].

The morphological assessment through SEM revealed well-formed, continuous nanofibers with embedded
nanoparticles clearly visible as discrete bright spots. The spherical morphology of CuO NPs, along with minimal
aggregation, attests to successful capping by phytochemicals and homogenous dispersion within the fibers.
Importantly, the nanofibers retained structural integrity with negligible bead formation, highlighting optimal
electrospinning conditions and the compatibility of CuO NPs with the polymer solution. The uniform surface
morphology is particularly crucial for biomedical scaffolds, as it influences cellular adhesion and proliferation
[66-69].

Thermal analysis via TGA provided critical information about the composite’s stability under elevated
temperatures. The enhanced thermal stability observed in CuO-containing nanoscaffolds—evidenced by delayed
onset of degradation and greater residual mass—can be attributed to the intrinsic high-temperature endurance of
metal oxide nanoparticles. The initial weight loss due to moisture evaporation and subsequent decomposition
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phases of starch and PVA were clearly demarcated, confirming that nanoparticle incorporation enhanced the
material’s resistance to thermal decomposition. Such thermal resilience is desirable for storage and sterilization
of biomedical materials [70].

Furthermore, DLS and zeta potential analyses verified the colloidal stability and size uniformity of the
biosynthesized CuO NPs. The average particle size (~92.8 nm) falls within the optimal nanoscale range for
biomedical applications. The moderate polydispersity index (PDI = 0.688) implies some degree of size variation,
which is acceptable in biogenic syntheses. More importantly, the negative zeta potential (—20.08 mV) suggests
adequate surface charge to maintain dispersion stability, thereby preventing aggregation. This feature is
particularly important for biomedical formulations where consistent nanoparticle behavior in physiological
environments is necessary [71, 72].

The in vitro wound healing assay provided perhaps the most compelling evidence of the composite scaffold’s
biomedical potential. All treatments—Dictyota extract, CuO NPs, and the nanoscaffolds—exhibited a
concentration-dependent increase in keratinocyte migration, with the nanoscaffold formulation consistently
outperforming the others. At all concentrations tested, the composite scaffolds showed superior wound closure
rates, reaching up to 98.07% at 100 pg/mL. This marked enhancement likely results from the synergistic effect of
the biocompatible polymeric matrix providing a structural framework for cell growth, combined with the
antimicrobial and pro-healing properties of CuO NPs. The CuO NPs alone outperformed the algal extract,
suggesting that the nanoparticle form enhances bioactivity, possibly through increased surface area and improved
cellular interaction. The control group’s poor performance underscores the efficacy of the treatments [ 73, 74].
Collectively, these results validate the strategic integration of green-synthesized CuO NPs into starch/PVA
scaffolds for wound healing. The combination leverages the biological activity of marine algae, the
physicochemical robustness of CuO NPs, and the biocompatibility of natural polymers to yield a multifunctional
nanocomposite. This material offers promising prospects for future clinical applications in tissue engineering and
regenerative medicine.

5. CONCLUSION

This study successfully demonstrated the fabrication and therapeutic potential of starch/PVA nanoscaffolds
embedded with green-synthesized CuO NPs derived from Dictyota sp. extract for enhanced wound healing.
Comprehensive characterization via UV-Vis, FTIR, XRD, SEM, and TGA confirmed the successful formation,
structural integrity, and thermal stability of the CuO NPs and their uniform integration into the nanofibrous
scaffold. The wound healing assay revealed a concentration-dependent response, with starch/PVA/CuO-NP
nanoscaffolds exhibiting superior efficacy (98.07% closure at 100 pg/mL) compared to standalone CuO NPs
(86.07%) and algal extract (72.07%). The enhanced performance of the nanoscaffold can be attributed to the
synergistic effects of the bioactive CuO NPs and the biocompatible polymeric matrix, which collectively promote
keratinocyte migration and wound closure. These findings highlight the potential of eco-friendly, algac-mediated
CuO NPs and their incorporation into biodegradable nanoscaffolds as a promising strategy for advanced wound
care. Future studies should focus on in vivo validation and long-term biocompatibility to facilitate clinical
translation.
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