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ABSTRACT

This study reports the green synthesis of copper oxide nanoparticles (CuO NPs) using Chondracanthus
exasperatus (red marine macroalgae) extract via an ultrasonic-assisted method, followed by their incorporation
into starch/polyvinyl alcohol (PVA) electrospun nanoscaffolds for enhanced wound healing applications. UV -
Visible spectroscopy confirmed the formation of CuO NPs with a surface plasmon resonance (SPR) peak at 305
nm, while Fourier-transform infrared spectroscopy (FTIR) analysis revealed nanoparticle stabilization through
phytochemical interactions. X-ray diffraction (XRD) confirmed the monoclinic crystalline structure of CuO NPs,
and Scanning electron microscopy (SEM) demonstrated uniform nanoparticle distribution within nanofibrous
scaffolds. Thermogravimetric analysis (TGA) indicated improved thermal stability, and Dynamic light scattering
(DLS) /zeta potential analysis confirmed colloidal stability (—22.28 mV). In vitro wound healing assays using
HaCaT keratinocytes revealed that starch/PVA/CuO-NP nanoscaffolds exhibited superior wound closure rates
(97.1% at 100 pg/mL) compared to CuO NPs (85.1%) and algal extract (71.1%), highlighting their potential as
bioactive wound dressings. These findings suggest that the phytochemically synthesized CuO NPs embedded in
starch/PVA nanofibers offer a biocompatible, thermally stable, and highly effective scaffold for accelerating
wound regeneration.

KEYWORDS: Chondracanthus exasperatus, Green synthesis, CuO nanoparticles, starch/PVA nanoscaffolds,
Wound-healing activity.

1. INTRODUCTION

Wound healing is an intricate biological process involving a coordinated cascade of cellular and molecular events
that restore the skin’s structural integrity and function following injury [1]. This multifaceted process encompasses
hemostasis, inflammation, proliferation, and tissue remodeling, which are vulnerable to disruption under various
pathological conditions such as infections, diabetes, and oxidative stress [2]. Chronic wounds pose a significant
global health challenge, often leading to prolonged hospital stays, increased healthcare costs, and reduced quality
of life [3]. In this context, the development of innovative, biocompatible wound dressings capable of accelerating
tissue regeneration while offering antimicrobial protection has become a priority in biomedical research [4].
Nanotechnology has emerged as a promising tool in regenerative medicine due to its capacity to engineer materials
at the nanoscale, providing unique physicochemical and biological properties [5]. Among the various
nanomaterials investigated, metal oxide nanoparticles—especially copper oxide nanoparticles (CuO NPs)—have
drawn considerable attention owing to their intrinsic antimicrobial, antioxidant, and wound-healing capabilities
[6]. Copper is an essential trace element that plays a vital role in angiogenesis, collagen synthesis, and re-
epithelialization [7]. Its incorporation into wound dressings has been shown to enhance cellular proliferation and
reduce microbial load at the wound site [8]. However, traditional chemical and physical methods of synthesizing
CuO NPs often involve hazardous reagents, high energy consumption, and the generation of toxic byproducts,
making them less suitable for biomedical applications [9].

To overcome these limitations, green synthesis approaches have been increasingly adopted for nanoparticle
production [10]. These eco-friendly methods utilize biological resources such as plant extracts, microbes, or
marine algae, which act as both reducing and capping agents [11]. Marine macroalgae, in particular, have emerged
as excellent candidates for green nanoparticle synthesis due to their rich phytochemical content, including
polyphenols, flavonoids, terpenoids, and sulfated polysaccharides [12]. These bioactive compounds not only
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facilitate metal ion reduction but also enhance the stability and biological efficacy of the resulting nanoparticles
[13].

Chondracanthus exasperatus, a species of red marine macroalgae, is abundant along the southern coast of India
and is known for its diverse phytochemical profile and medicinal properties [14]. Despite its potential, its
application in nanobiotechnology remains largely underexplored [15]. This study harnesses the biomolecular
constituents of C. exasperatus for the green synthesis of CuO NPs via an ultrasonic-assisted extraction method,
which improves the yield and bioavailability of active compounds [16]. Ultrasonication promotes cell disruption
and enhances solvent penetration, facilitating efficient extraction of phytochemicals necessary for nanoparticle
formation [17].

Once synthesized, the CuO NPs were incorporated into electrospun nanofibrous scaffolds composed of starch and
polyvinyl alcohol (PVA) [18]. Electrospinning is a well-established technique for fabricating nanofibrous matrices
that closely mimic the extracellular matrix (ECM) of human tissues [19]. These nanofibers offer high surface area,
tunable porosity, and excellent mechanical properties, making them ideal for wound dressing applications [20].
PVA, a synthetic polymer widely used in biomedical fields, provides structural integrity and ease of
electrospinning, while starch, a natural polysaccharide, contributes to the biocompatibility and biodegradability
of the scaffold [21]. The blend of PVA and starch thus creates a synergistic matrix that can support controlled
nanoparticle release, moisture retention, and cell adhesion—critical features for efficient wound management [22].
The integration of biogenically synthesized CuO NPs into starch/PV A nanofibers aims to create a multifunctional
wound dressing with enhanced antimicrobial activity, biocompatibility, and regenerative potential [23]. The
nanoparticles confer antibacterial and anti-inflammatory properties, while the scaffold provides a conducive
environment for cellular activities such as migration and proliferation [24]. Moreover, the green synthesis process
ensures that the scaffold is free from cytotoxic residues typically associated with chemically synthesized
nanoparticles, thereby improving safety and efficacy in biomedical applications [25].

To validate the material’s suitability for wound healing, comprehensive physicochemical characterizations were
conducted [26]. UV—visible spectroscopy confirmed nanoparticle formation via distinct absorption peaks
associated with surface plasmon resonance [27]. Fourier transform infrared (FTIR) spectroscopy revealed
functional groups involved in the reduction and stabilization processes [28], while X-ray diffraction (XRD)
analysis confirmed the crystalline nature of the CuO NPs and their incorporation into the fiber matrix [29].
Scanning electron microscopy (SEM) provided insights into the surface morphology and fiber uniformity,
confirming successful electrospinning of nanoparticle-embedded nanofibers [30]. Thermogravimetric analysis
(TGA) demonstrated the scaffold's enhanced thermal stability, indicating its robustness under physiological
conditions [31]. Dynamic light scattering (DLS) and zeta potential measurements further corroborated the
nanoscale size distribution and colloidal stability of the CuO particles, affirming their biomedical compatibility
[32].

To assess the biological efficacy of the fabricated nanoscaffolds, an in vitro scratch assay using human
keratinocyte (HaCaT) cells was performed [33]. This assay provides a reliable model to evaluate cell migration
and wound closure—two critical parameters in the wound healing process [34]. The results indicated that the
starch/PVA/CuO nanoscaffolds significantly accelerated cell migration compared to untreated controls and
individual components, highlighting their potential as advanced wound healing materials.

2. MATERIALS AND METHODS

2.1 Reagents and raw materials

C. exasperatus, a brown algal species sourced from the coastal region of Rameswaram, Tamil Nadu, was used as
a natural reductant for synthesizing CuO NPs. This alga is rich in bioactive phytoconstituents capable of metal
ion reduction. Analytical-grade copper (II) sulfate pentahydrate (Merck, Germany) served as the metal precursor.
For nanofiber synthesis, PVA (molecular weight ~115,000 g/mol) and starch were employed. PVA was selected
due to its excellent electrospinning behavior and biocompatibility, while starch contributed to fiber degradability
and enhanced composite performance with synthetic polymers. HaCaT keratinocytes cells were obtained from the
National Centre for Cell Science (NCCS), Pune, India, which provided authenticated and contamination-free cell
stocks for biological investigations focused on wound healing activity.

2.2 Algal biomass collection and preparation

Fresh C. exasperatus specimens were hand-harvested from the intertidal regions of Rameswaram. The collected
C. exasperates 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-018. This authentication ensures botanical accuracy and standardization of the study
material. To preserve the integrity of active compounds, samples were kept chilled in sterile containers during
transport to the lab. In the laboratory, the algae were rinsed thoroughly with tap water to remove surface impurities,
followed by distilled water to eliminate any remaining salts. Around 100 g of the cleaned sample was chopped
and shade-dried at 28 + 2°C for two weeks. The dried algae were pulverized into powder, sieved for uniformity,
and stored in airtight, moisture-resistant containers until use.
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2.3 Ultrasonic-assisted extraction of bioactives

Bioactives were extracted using ultrasonic-assisted extraction (UAE), enhancing the release of intracellular
compounds. Two grams of powdered algal biomass were dispersed in 50 mL of Milli-Q water in a 100 mL
borosilicate beaker and subjected to sonication at 60°C for 45 minutes using a LABQUEST ultrasonic bath
(Borosil, Serial No. 941032329018). The mixture was then filtered through Whatman No. 1 filter paper. The
resultant clear extract, rich in phenolic compounds, flavonoids, and polysaccharides, was either used fresh or
refrigerated at 10°C. A portion was freeze-dried and stored for long-term applications [35, 36].

2.4 Biosynthesis of CuO NPs

The synthesis of CuO NPs was initiated by slowly adding 10 mL of the algal extract (10 mg/mL concentration)
into 50 mL of 0.1 M copper sulfate under constant stirring at 650 rpm and 60°C for two hours, maintaining a 5:1
volume ratio (salt to extract). A visible color change from blue to bluish-green signaled the reduction of Cu?" ions.
The nanoparticles were recovered via centrifugation, washed three times with distilled water, and freeze-dried for
48 hours to obtain a dry nanopowder suitable for incorporation into nanofiber scaffolds [37].

2.5 Electrospinning of CuO-embedded nanofibers

An aqueous solution of PVA at 15% (w/w) was prepared by continuous stirring at 50°C until completely dissolved.
Following this, 100 mg each of starch and synthesized CuO NPs were added and stirred for 2.5 hours to ensure a
uniform mixture. The solution was loaded into a 10 mL syringe fitted with a stainless-steel needle of 0.84 mm
internal diameter. Electrospinning was carried out using a HOLMARC HO-NFES-040 setup at 11.5 kV, with a
flow rate of 0.4 mL/h and a tip-to-collector distance of 12.3 cm. The process lasted for 6-8 hours at 25 + 2°C.
Nanofibers were collected on aluminum foil and preserved in a desiccated environment [38-40].

2.6 Characterization of synthesized materials

2.6.1 UV-visible spectroscopy

The formation and optical features of CuO NPs were evaluated using a VIS SPEC V-730 UV-Visible
spectrophotometer over a wavelength range of 200-800 nm, with deionized water as the blank. The presence of
characteristic absorbance peaks between 270-300 nm confirmed nanoparticle formation due to surface plasmon
resonance (SPR) effects [41].

2.6.2 FTIR spectroscopic analysis

FTIR spectroscopy was conducted using a PerkinElmer Spectrum Two spectrometer in ATR mode. Scans were
recorded over the range of 4000—400 cm™ at 4 cm™ resolution and 64 accumulations. Key bands corresponding
to O-H, C=0, N-H, and Cu-O confirmed the involvement of bioactives in nanoparticle formation and their
successful integration into the fiber matrix [42].

2.6.3 XRD analysis

The crystalline characteristics of synthesized CuO and nanofibers were studied using a Bruker D§ Advance X-
ray diffractometer with CuKo radiation (A = 1.5406 A), operated at 40 kV and 40 mA. Scans were performed over
a 20 range from 5° to 90° at a step size of 0.029649°. Sharp peaks indicated the monoclinic structure of CuO,
while broadened patterns in composite fibers suggested effective incorporation [43].

2.6.4 SEM analysis

The surface architecture of nanofibers was assessed via SEM using a JEOL JSM-IT800 NANO instrument.
Samples were sputter-coated with gold to improve conductivity. The SEM micrographs exhibited continuous,
bead-free fibers with homogeneous distribution of CuO NPs throughout the scaffold [44].

2.6.5 TGA

Thermal stability of the fibers was investigated using a PerkinElmer TGA 8000 analyzer. Approximately 5 mg of
each sample was placed in aluminum crucibles and heated from ambient temperature to 550°C at a rate of
15°C/min under nitrogen flow. TGA profiles showed distinct phases of water loss, polymer degradation, and
residual mass, with CuO-enhanced fibers demonstrating superior thermal resistance [45].

2.6.6 DLS and zeta potential

DLS and zeta potential measurements were carried out using a Malvern Zetasizer Ultra to determine nanoparticle
size and colloidal stability. The particle size distribution confirmed nano-range dimensions, and zeta potential
values (= +30 mV) indicated high stability, affirming their applicability in biomedical systems [29]. All relevant
raw and processed datasets are archived in Mendeley Data (DOI: 10.17632/99bn3x4yzb.2).

2.7 Wound healing (scratch) assay

The scratch assay was employed to examine the migration ability of HaCaT keratinocytes treated with algal extract,
CuO NPs, and PVA/starch/CuO composite fibers. Cells were seeded in 12-well plates at a density of 2 x 107
cells/well using DMEM supplemented with 10% FBS and 1% penicillin-streptomycin and incubated at 37°C with
5% CO: until confluent. A sterile 200 uL pipette tip was used to create a central linear scratch. Wells were rinsed
with PBS to remove debris, and cells were exposed to test samples at concentrations of 6.25, 12.5, 25, 50, and
100 pg/mL in serum-free DMEM. Untreated controls were also maintained. Microscopic images were taken at 0,
24, and 48 hours using an inverted phase-contrast microscope, and wound closure was quantified using ImageJ
software to evaluate cell migration and healing efficiency [46].
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2.8 Statistical analysis

All experimental data were statistically evaluated using SPSS version 25.0 and GraphPad Prism version 9.0.
Results from triplicate experiments were expressed as mean + standard deviation. One-way analysis of variance
(ANOVA), followed by Tukey’s or Dunnett’s multiple comparison tests, was used to detect significant differences
among groups. A p-value less than 0.05 indicated significance. Pearson’s correlation assessed associations among
variables. The Shapiro—Wilk test was employed to verify normal distribution, with non-normal datasets subjected
to logarithmic transformation. All analyses were performed with a 95% confidence interval [47].

3. RESULTS AND DISCUSSION

3.1. UV-visible spectroscopy

The successful green synthesis of CuO NPs using C. exasperatus extract was validated through UV-Visible
spectrophotometric analysis (Fig. 1). The algal extract demonstrated a broad absorbance in the range of 200—400
nm, a feature commonly linked to the presence of polyphenolic and flavonoid constituents, with a distinct
absorption peak observed at 267 nm, attributed to T—n* electronic transitions within aromatic ring systems. The
biosynthesized CuO NPs exhibited a distinct surface plasmon resonance (SPR) peak at 305 nm, signifying the
presence of localized collective oscillations of conduction electrons upon light excitation—an optical hallmark of
CuO NPs. The shift in peak from the typical CuO wavelength near 350 nm towards a lower wavelength (blue
shift) indicates the formation of uniformly distributed nanoscale particles. The lack of absorption beyond 400 nm
confirms the minimal agglomeration of the nanoparticles. The spectral distinction between the peak of the extract
(267 nm) and the SPR band of CuO (305 nm) supports the complete reduction of Cu?* ions to CuO. Furthermore,
the flat spectral profile beyond 500 nm implies negligible scattering of light, suggesting excellent colloidal
stability. These spectral attributes align with existing research on plant-mediated CuO NP synthesis, reinforcing
that the ultrasound-assisted extraction (UAE) method facilitated the efficient and uniform formation of stable CuO
NPs [48-53].
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Fig. 1. UV—Visible spectral profiles of algal extract and CuO NPs.

3.2. FTIR spectroscopic analysis

FTIR spectroscopic analysis confirmed the biosynthesis of CuO NPs and their successful incorporation into
starch/PV A-based nanofibrous scaffolds (Fig. 2). The FTIR spectrum of CuO NPs exhibited eight prominent
absorption bands, including a broad O-H stretch (3200-3400 cm™), indicating the presence of hydroxyl groups
from phenolic or alcoholic compounds, a strong C=O stretch at 1635 cm™ suggesting organic residues, and a
characteristic Cu—O bond vibration at 510 cm™ affirming nanoparticle formation. In contrast, the FTIR profile of
the nanocomposite scaffolds displayed seven peaks, such as those at 3280 cm™ (O—H), 2920 cm™ (C-H), and
1020 cm™ (C-O-C), signifying the structural features of the polymer matrix. The disappearance of the extract’s
typical carbonyl peak at 1740 cm™ and the appearance of a new band at 620 cm™ imply a possible coordination
interaction between CuO NPs and PV A chains. The reduction from eight to seven bands also suggests a molecular
reconfiguration triggered by the electrospinning process. The continued presence of the Cu—O vibration band
indicates that the nanoparticles retained their structural integrity during scaffold formation. Overall, the FTIR
findings confirm (1) nanoparticle stabilization through phytochemical encapsulation, (2) strong hydrogen bonding
interactions between starch and PVA, and (3) effective CuO-polymer integration, which is critical for achieving
a cohesive and functional nanofibrous scaffold [54-59].
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.

3.3. XRD analysis

XRD analysis (Fig. 3) demonstrated the crystalline structure of biosynthesized CuO NPs and their distribution
within the starch/PVA nanofiber composite. The CuO NPs produced 32 diffraction peaks across a 26 range of
12.852° to 57.087°, with major reflections at 19.003° (d-spacing: 4.666 A), 24.173° (d = 3.679 A), and 27.314°
(d=3.262 A), corresponding to the monoclinic crystalline form of tenorite CuO (JCPDS No. 48-1548). The high
crystallinity index of 51.1% and narrow full-width at half maximum (FWHM) values (0.100°-0.713°) reveal the
formation of highly ordered nanocrystals. XRD patterns of the composite scaffold revealed 13 peaks, including
dominant ones at 29.445° (d = 3.031 A) and 21.420° (d = 4.145 A), indicative of a reduced crystallinity (20.2%)
due to polymer blending. The peak broadening in the scaffold spectrum (FWHM 0.139°-0.579°) is consistent
with the homogeneous dispersion of nanoparticles within the polymer matrix. Emergence of new peaks at 36.146°
and 47.338° suggests interactions between CuO and PVA chains. Notably, the absence of any impurity peaks
supports the high purity of the composite, while peak shifts such as the transition from 35.297° to 35.998° point
toward robust interfacial bonding between nanoparticles and polymeric components. These structural insights
confirm that the CuO NPs are not only well-incorporated into the matrix but also maintain their monoclinic
framework, vital for their functional performance [60-64].
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.

3.4. SEM analysis

SEM analysis (Fig. 4) provided insight into the morphological characteristics of both CuO NPs and the electrospun
starch/PVA nanofibrous scaffold. The synthesized CuO NPs appeared as nearly spherical particles, measuring
between 100 and 200 nm, with smooth surfaces and limited particle agglomeration, suggesting efficient
stabilization by phytochemicals present in the algal extract. The electrospun nanofibers were uniform and devoid
of beads, with diameters ranging from 100 to 150 nm. These nanofibers formed a well-porous, interconnected
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network structure, which is essential for applications in tissue engineering and regenerative medicine. High-
resolution imaging showed that CuO NPs were evenly distributed and embedded along the surface of the
nanofibers. The incorporation of nanoparticles resulted in only minor surface roughness, while the structural
integrity of the scaffold remained largely intact. Energy dispersive X-ray spectroscopy (EDS) mapping revealed
a uniform distribution of copper throughout the scaffold. Compared to control fibers without nanoparticles, over
90% of the morphological characteristics were retained post-incorporation. Furthermore, the slightly roughened
surface introduced by nanoparticle inclusion is likely to enhance cellular adhesion. These findings underscore that
the applied electrospinning conditions facilitated even nanoparticle dispersion while maintaining the scaffold’s
overall morphological fidelity [65-69].

Fig. 4. SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds

3.5. TGA analysis

TGA, conducted under nitrogen flow (Fig. 5), demonstrated that the incorporation of CuO NPs improved the
thermal resistance of the starch/PVA scaffolds. The thermal degradation occurred in three distinct phases. The
first weight loss, around 8.36%, occurred below 150°C and was attributed to the evaporation of surface-adsorbed
moisture associated with hydrophilic groups in the polymers. The second phase began at 252.14°C and reached a
maximum rate at 334.73°C (—3.08%/min), corresponding to the decomposition of starch’s glycosidic bonds and
PVA chains. The final degradation phase peaked at 441.57°C (—2.87%/min), attributed to the breakdown of the
main polymeric backbone. The residual mass at 550°C was 35.00%, which was significantly higher than in the
control scaffolds, indicating that CuO NPs reinforced the polymeric matrix. Shifts in derivative thermogravimetric
(DTG) peaks by 45.91°C and 104.2°C compared to unmodified scaffolds suggest that CuO nanoparticles
functioned both as a thermal stabilizer and as a catalyst for char formation through metal-polymer interaction.
These thermal behaviors demonstrate that the scaffold is thermally stable up to 250°C and the final residue is

consistent with the expected CuO content, confirming uniform nanoparticle dispersion throughout the material
[70-74].
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Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds.
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3.6. Zeta potential and particle size analysis

DLS analysis revealed that the green-synthesized CuO NPs exhibited a trimodal size distribution, with a Z-average
particle diameter of 169.9 nm and a polydispersity index (PDI) of 0.615, indicating moderate heterogeneity in
particle size (Fig. 6). Approximately 98.26% of the measured particles were under 2 um in diameter, suggesting
an overall monodisperse system with minimal agglomeration. Zeta potential measurements showed an average
surface charge of —22.28 mV, with prominent peaks at —30.12 mV and —18.58 mV (Fig. 7), likely resulting from
varied phytochemical coverage on nanoparticle surfaces. The higher negative zeta potential peak (—=30.12 mV)
suggests strong electrostatic repulsion forces, which contribute to the colloidal stability of the nanoparticle
suspension. Measurement accuracy was confirmed by high DLS intensity count rates (6040 kcps) and zeta count
rates (161,500 keps), along with an intercept value of 0.822. Additionally, a wall potential of —10.04 mV indicated
minimal sample interaction with the cuvette surface. Altogether, these data affirm the synthesis of environmentally
benign, stable, and moderately monodisperse CuO NPs, suitable for biomedical applications that demand reliable
nanoparticle-biological interface behavior [75, 76].
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Fig.7. Zeta-potential analysis of CuO NPs

3.7. Wound healing (scratch) assay

The wound healing assay (Fig. 8) demonstrated significant variations 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
34.10%, while CuO NPs and nanoscaffolds showed higher closure rates of 42.10% and 49.10%, respectively. This
indicates that the nanoscaffolds and CuO NPs were more effective in promoting cell migration compared to the
algal extract at this concentration.

As the concentration increased to 12.5 pg/mL, the algal extract improved wound closure to 41.10%, whereas CuO
NPs and nanoscaffolds further enhanced closure to 48.10% and 64.10%, respectively. The nanoscaffolds
continued to outperform the other treatments, suggesting their superior ability to facilitate keratinocyte migration.
At 25 pg/mL, the algal extract achieved 52.10% wound closure, while CuO NPs and nanoscaffolds reached 64.10%
and 75.10%, reinforcing the trend of nanoscaffolds exhibiting the highest efficacy.
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Higher concentrations (50 pg/mL and 100 pg/mL) further highlighted the differences in performance. The algal
extract resulted in 62.10% and 71.10% wound closure, respectively, while CuO NPs showed 66.10% and 85.10%
closure. Notably, the nanoscaffolds achieved the most substantial wound healing, with closure rates of 81.10%
and 97.10% at these concentrations. This suggests that the starch/PVA/CuO-NPs nanoscaffolds possess the
strongest pro-migratory effects, likely due to their composite structure, which may enhance cell adhesion and
proliferation.

Collectively, the wound healing assay revealed that all test samples promoted keratinocyte migration, but the
starch/PVA/CuO-NPs nanoscaffolds consistently exhibited the highest wound closure rates across all
concentrations. CuO NPs also demonstrated strong activity, while the algal extract, though effective, had
comparatively lower efficacy. These findings highlight the potential of nanoscaffolds as a promising therapeutic
agent for wound healing applications [77-79].

4. CONCLUSION

This study successfully demonstrated the green synthesis of stable, phytochemically capped CuO NPs using C.
exasperatus extract via an ultrasonic-assisted approach, followed by their incorporation into starch/PVA
electrospun nanoscaffolds for enhanced wound healing applications. Comprehensive characterization confirmed
the formation of monoclinic CuO NPs (UV-Vis, XRD), their successful integration into nanofibers (SEM, FTIR),
and improved thermal stability (TGA). The nanoscaffolds exhibited a highly porous, interconnected structure with
uniform nanoparticle distribution, essential for cell adhesion and proliferation. /n vitro wound healing assays
revealed that the starch/PVA/CuO-NP nanoscaffolds outperformed both free CuO NPs and algal extract, achieving
near-complete wound closure (97.1% at 100 pg/mL) due to their bioactive and structural advantages. The negative
zeta potential (—22.28 mV) further confirmed colloidal stability, minimizing aggregation risks. These findings
highlight the scaffold’s potential as a biocompatible, thermally stable, and functionally efficient wound dressing
that accelerates tissue regeneration. Future studies should explore in vivo efficacy and long-term biocompatibility
to validate clinical applicability.
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