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ABSTRACT

This study reports the green synthesis of copper oxide nanoparticles (CuO NPs) using Gracilaria corticata red
algal extract via an ultrasonic-assisted method, followed by their incorporation into starch/polyvinyl alcohol
(PVA) electrospun nanoscaffolds for enhanced wound healing applications. UV-Vis spectroscopy confirmed
nanoparticle formation with a characteristic surface plasmon resonance (SPR) peak at 291 nm, while Fourier-
transform infrared spectroscopy (FTIR) analysis revealed bioactive functional groups from algal extract acting as
reducing and stabilizing agents. X-ray diffraction (XRD) confirmed the monoclinic crystalline structure of CuO
NPs, whereas Scanning electron microscopy (SEM) demonstrated uniform dispersion within nanofibers without
aggregation. Thermogravimetric analysis (TGA) indicated improved thermal stability (degradation onset at
265.25°C), and Dynamic light scattering (DLS) analysis showed moderate colloidal stability (zeta potential: -
14.11 mV). The wound healing scratch assay on HaCaT keratinocytes revealed concentration-dependent activity,
with starch/PVA/CuO-NPs nanoscaffolds exhibiting superior performance (97.59% closure at 100 pg/mL)
compared to CuO NPs (85.59%) and algal extract alone (71.59%). The nanoscaffold’s fibrous architecture and
bioactive CuO NPs synergistically enhanced cell migration, underscoring its potential as an advanced wound
dressing. This study highlights the efficacy of eco-friendly CuO NPs and their nanocomposites in accelerating
tissue regeneration, offering a sustainable approach for biomedical applications.

KEYWORDS: Gracilaria corticata, Green synthesis, CuO nanoparticles, starch/PVA/CuO-NPs nanoscaffolds,
Wound-healing activity.

1. INTRODUCTION

Wound healing is a multifaceted biological process involving a cascade of cellular and molecular events aimed at
restoring the integrity and function of damaged tissue [1-4]. Impaired healing due to microbial infections,
oxidative stress, or chronic conditions such as diabetes can delay recovery and result in significant healthcare
challenges [5-9]. The demand for effective, biocompatible wound dressings that accelerate healing while
minimizing infection has fueled extensive research into advanced biomaterials and therapeutic scaffolds [10].
Electrospun nanofibrous scaffolds, in particular, have emerged as promising candidates due to their structural
similarity to the native extracellular matrix (ECM), high surface area-to-volume ratio, and potential for controlled
drug or nanoparticle incorporation [11, 12].

Natural polymers such as starch and synthetic counterparts like polyvinyl alcohol (PVA) are frequently employed
in biomedical scaffold fabrication owing to their biocompatibility, biodegradability, and mechanical flexibility
[13]. Starch, a polysaccharide derived from various plant sources, offers excellent moisture retention, low toxicity,
and renewability [14-16]. However, its native mechanical properties and electrospinnability are often suboptimal
[17]. To overcome these limitations, it is frequently blended with PVA, which enhances the mechanical integrity
and facilitates nanofiber formation through electrospinning [18]. This hybrid polymer system provides a versatile
platform for the incorporation of therapeutic agents, including metal oxide nanoparticles, to endow additional
functionality such as antimicrobial activity and oxidative stress mitigation [19, 20].

Among metal oxide, copper oxide nanoparticles (CuO NPs) stands out due to its excellent antimicrobial,
antioxidant, and pro-angiogenic properties, all of which are vital for accelerating wound repair [21]. Copper plays
a key role in several physiological processes such as angiogenesis, collagen synthesis, and tissue regeneration
[22]. Incorporation of CuO NPs into polymeric scaffolds has shown significant potential in enhancing wound
healing efficacy [23]. However, conventional chemical synthesis methods of CuO NPs often involve hazardous
reagents and generate toxic byproducts, limiting their biomedical applicability [24, 25]. To address these issues,
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green synthesis routes utilizing biological systems such as plant extracts, fungi, or algae have gained momentum
due to their eco-friendly, cost-effective, and biocompatible nature [26, 27].

Marine macroalgae, particularly Gracilaria corticata, are rich in polysaccharides, polyphenols, flavonoids, and
other phytochemicals that can serve as natural reducing and stabilizing agents in the green synthesis of
nanoparticles [28]. This red seaweed, abundantly found in coastal regions of South India, has been traditionally
used in food, agriculture, and medicine [29]. Recent studies have revealed its potential in bioremediation and
nanobiotechnology due to its phytochemical-rich profile [30, 31]. When combined with green synthesis
techniques such as ultrasonic-assisted extraction (UAE), which enhances cell wall disruption and extraction
efficiency, G. corticata serves as an ideal candidate for the biosynthesis of functional metal oxide nanoparticles
[32]. UAE further reduces energy consumption and processing time while preserving thermolabile bioactives,
making it suitable for biomedical nanoparticle preparation [33, 34].

In this context, the present study explores the development of a novel nanofibrous wound dressing scaffold by
integrating CuO NPs synthesized via ultrasonic-assisted green synthesis using G. corticata extract into a
starch/PVA electrospun matrix [35, 36]. The hybrid scaffold aims to combine the physicochemical robustness of
the polymer blend with the biological functionality of CuO NPs to create a multifunctional platform for enhanced
wound management [37]. The green synthesis strategy not only ensures the ecological safety of the CuO NPs but
also leverages the intrinsic bioactivity of marine-derived phytochemicals [38].

The synthesized nanoparticles and the fabricated nanoscaffolds were subjected to comprehensive physicochemical
characterization which provided insights into particle size, structural integrity, functional groups, surface charge,
crystalline nature, and thermal stability—factors critical to their biomedical application [39]. To assess the
therapeutic potential of the developed scaffolds, an in vitro scratch wound assay using HaCaT human keratinocyte
cells was conducted [40]. The assay aimed to evaluate the cell migration and proliferation behavior in the presence
of the algal extract, green-synthesized CuO NPs, and CuO-loaded nanofiber scaffolds [41-44]. Cell migration is
a vital step in wound closure and re-epithelialization, and materials that enhance this process are considered
advantageous for wound healing applications [45].

The novelty of this study lies in its integrative approach, combining ultrasonic-assisted extraction, marine-based
green synthesis of metal oxide nanoparticles, and electrospun nanofiber technology for wound healing
applications. Unlike previous studies that focus on either green synthesis or scaffold fabrication in isolation, this
research bridges the two domains to develop a sustainable and bioactive wound dressing material. Furthermore,
the use of G. corticata, an underexplored marine alga, adds a new dimension to the field of algal
nanobiotechnology.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

The marine brown alga G. corticata was collected from the Rameswaram coastline, Tamil Nadu, India, and
utilized as a sustainable and eco-friendly reducing agent for the biosynthesis of CuO NPs. Analytical-grade
copper(Il) sulfate pentahydrate (CuSO4:5H20) from Merck served as the copper source. PVA, with an
approximate molecular mass of 115,000 g/mol, along with starch, was selected to create biocompatible nanofiber
matrices. Nanofiber fabrication was carried out using a HOLMARC HO-NFES-040 electrospinning unit. All
chemicals and solvents used, sourced from Sigma-Aldrich and Merck, met analytical-grade standards to ensure
consistent and reproducible experimental outcomes. Characterization of CuO NPs and scaffold materials included
UV-Vis spectroscopy, Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), Scanning
electron microscopy (SEM), Dynamic light scattering (DLS), zeta potential analysis, and Thermogravimetric
analysis (TGA). 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 assays were used to determine the wound healing activity of the developed scaffolds.

2.2 Collection and processing of marine algae

Specimens of G. corticata, a brown macroalga, were gathered from intertidal regions along the coast of
Rameswaram. The collected Gracilaria corticate 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-019. This authentication ensures botanical accuracy and
standardization of the study material. Immediately after collection, samples were stored in iceboxes to retain their
bioactive integrity. The seaweed was thoroughly washed with tap water to remove adhered impurities and rinsed
repeatedly with distilled water to eliminate residual salts. A quantity of 100 g of cleaned algae was chopped into
small sections and dried at ambient temperature for 14 days. The completely dried biomass was then ground into
a fine powder using a mechanical grinder and stored in airtight containers under cool and moisture-free conditions
until further use in extraction procedures.

2.3 Ultrasonic-Assisted Extraction of bioactive compounds

To enhance cell wall disruption and extraction efficiency, bioactive components were isolated from G. corticata
powder using ultrasonic-assisted extraction (UAE). Two grams of the dried algae powder were mixed with 50 mL
Milli-Q water in a 100 mL borosilicate glass container. This mixture underwent sonication at 60°C for 45 minutes
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using a LABQUEST ultrasonic cleaner (Borosil; Serial No. 941032329018). The resulting solution was filtered
using sterile Whatman No. 1 filter paper to obtain a clear extract, which was subsequently stored at 10°C. A
portion of this filtrate was freeze-dried and reserved for the biosynthesis of CuO NPs [46, 47].

2.4 Green synthesis of CuO NPs

The CuO NPs were synthesized by reacting the algal extract with a copper salt solution. Specifically, 50 mL of
0.1 M CuSOs+5H20 aqueous solution was mixed with 10 mL of algal extract (concentration: 10 mg/mL),
maintaining a volume ratio of 5:1. The reaction mixture was stirred magnetically at 650 rpm and maintained at
60°C for 2 hours. A distinct color transition from dark blue to bluish-green indicated successful phytochemical-
mediated reduction of Cu?' ions. The resulting CuO NPs were rinsed three times with deionized water and
lyophilized for 48 hours. The obtained powder was subsequently used for scaffold incorporation and biological
evaluations [48, 49].

2.5 Fabrication of starch/PVA nanofibrous scaffolds containing CuO NPs

Nanofibrous scaffolds were developed using an electrospinning approach with a polymeric blend of PVA and
starch, incorporating CuO NPs. A 15% (w/w) solution of PVA was prepared by dissolving the polymer in Milli-
Q water at 50°C under constant stirring. Then, 100 mg of starch and 100 mg of synthesized CuO NPs were added
and stirred at 50°C for 2.5 hours to ensure uniform dispersion. This homogeneous viscous solution was loaded
into a 10 mL syringe fitted with a stainless-steel needle (inner diameter: 0.84 mm). Electrospinning was conducted
using a HOLMARC HO-NFES-040 machine under the following settings: applied voltage of 11.5 kV, tip-to-
collector distance of 12.3 cm, and a flow rate of 0.4 mL/h. The process lasted for 6 to 8 hours at room temperature.
The resulting nanofiber mats were collected and stored in desiccators to preserve their structure [50-53].

2.6 Physicochemical characterization

2.6.1 UV-visible spectroscopy

UV-Vis spectral analyses were carried out for the algal extract, synthesized CuO NPs, and CuO-loaded nanofiber
scaffolds using a VIS SPEC V-730 spectrophotometer. Spectra were recorded between 200—-800 nm, using
deionized water as the baseline. Absorption bands observed between 270-300 nm confirmed the surface plasmon
resonance of CuO NPs, indicating successful formation [54, 55].

2.6.2 FTIR spectroscopy

Functional group characterization was conducted via FTIR using a PerkinElmer Spectrum Two instrument in
ATR mode. Spectral data were collected in the range of 4000-400 cm™ at 4 cm™ resolution over 64 scans. Bands
related to hydroxyl (O-H), carbonyl (C=0), amide, and Cu—O vibrations were indicative of the successful
embedding of nanoparticles within the polymer matrix [56, 57].

2.6.3 XRD analysis

XRD analysis was performed using a Bruker D8 Advance diffractometer with CuKa radiation (A = 1.5406 A),
operated at 40 kV and 40 mA. Scans were performed across 26 angles from 5° to 90°, with a step increment of
0.029649°. Distinct diffraction peaks corresponding to monoclinic CuO structures verified the crystalline nature
of the NPs, while altered peak positions in the composite scaffolds suggested successful nanoparticle
incorporation [58].

2.6.4 SEM analysis

Surface morphology and particle dispersion within nanofibers were visualized using a JEOL JSM-IT800 NANO
SEM. Prior to imaging, samples were sputter-coated with a thin layer of gold. SEM images revealed continuous
nanofibers with minimal bead formation and a uniform distribution of CuO NPs across the scaffold [59].

2.6.5 TGA

Thermal behavior of the samples was assessed using a PerkinElmer TGA 8000 system. Around 5 mg of sample
was heated from ambient temperature to 550°C at a rate of 15°C/min under a nitrogen stream. The thermograms
exhibited stages of mass loss linked to moisture release, polymer degradation, and composite breakdown. Notably,
CuO-incorporated scaffolds showed higher thermal stability than pure polymer matrices [60].

2.6.6 DLS and Zeta potential

Particle size distribution and zeta potential of CuO NPs were measured using a Malvern Zetasizer Ultra. DLS
provided insights into hydrodynamic diameter and PDI, whereas zeta potential indicated colloidal stability.
Nanoparticles demonstrating zeta values beyond +30 mV were considered electrostatically stable, supporting their
use in biomedical applications [61]. All datasets and results are publicly accessible through the Mendeley Data
repository.

2.7 Wound healing (scratch) assay

The migratory response of HaCaT human keratinocytes was assessed using a scratch assay following treatment
with algal extract, CuO NPs (NPs), and starch/PVA scaffolds loaded with CuO NPs. Cells were plated in 12-well
culture plates at a density of 2 x 10° cells per well, maintained in DMEM supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. Upon achieving confluency, a linear scratch was introduced in each
well using a sterile pipette tip (200 uL). After washing with PBS to eliminate detached cells, test compounds were
administered at varying concentrations (6.25, 12.5, 25, 50, and 100 pg/mL) in serum-free DMEM, while control
wells remained untreated. Cell migration was monitored at 0, 24, and 48-hour intervals using an inverted phase-
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contrast microscope. The extent of wound closure was quantified via ImagelJ software, enabling a comparative
assessment of treatment effectiveness [62].

2.8 Statistical analysis

Data analysis was conducted using SPSS (v25.0) and GraphPad Prism (v9.0). Experiments were performed in
triplicate, with results presented as mean + standard deviation. Intergroup comparisons were made using one-way
ANOVA, followed by Tukey’s or Dunnett’s post-hoc tests as appropriate. Statistical significance was set at *p* <
0.05. Normality was verified using the Shapiro-Wilk test, with logarithmic transformation applied to non-normal
datasets. Pearson’s correlation coefficient was computed to examine variable relationships. All analyses were
conducted within a 95% confidence interval to ensure robust interpretation [63].

3. RESULTS

3.1. UV-visible spectroscopy

The UV—Visible spectral analysis (Figure 1) elucidated the optical properties of both the G. corticata extract and
the biosynthesized CuO NPs. The aqueous extract displayed a broad absorption spectrum ranging from 200 nm
to 800 nm, with a notable peak at 302 nm and an absorbance value of 1.268. This broad absorption is characteristic
of phytochemicals such as polyphenols and flavonoids, which play a crucial role in reducing and stabilizing metal
ions during nanoparticle formation. In contrast, the CuO NPs exhibited a distinct surface plasmon resonance (SPR)
peak centered at 291 nm, indicative of nanoparticle formation due to the collective oscillation of conduction
electrons. Additionally, the CuO NPs showed significant absorbance near 800 nm (1.200), which gradually
decreased towards shorter wavelengths, aligning with the typical behavior of metal oxide nanoparticles. The
absence of sharp features in the extract and the presence of a clear SPR peak in the nanoparticle sample confirm
the successful biosynthesis of CuO NPs mediated by the G. corticata extract, serving as a natural reducing and
capping agent.
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Fig. 1. UV—Visible spectral profiles of algal extract and CuO NPs.

3.2. FTIR spectroscopy analysis

FTIR spectroscopy (Figure 2) was employed to identify the functional groups present in the CuO NPs and the
nanoscaffold composite. The spectrum of CuO NPs revealed prominent absorption bands corresponding to O—H
stretching vibrations and Cu—O bonds, confirming the formation of metal-oxygen linkages. The nanoscaffold
spectrum exhibited ten characteristic peaks, including a broad O—H stretch at 3303.50 cm™, a carbonyl C=0
stretch at 1709.35 cm™, and aliphatic C—H stretching at 2924.80 cm™. Additional peaks at 1427.14, 1329.09,
1141.87, 1088.65, 919.75, 843.06, and 601.37 cm™* were indicative of polymeric constituents such as amides and
polysaccharides. These spectral features demonstrate the successful incorporation of CuO NPs into the polymer
matrix, with interactions likely facilitated by metal coordination and hydrogen bonding. The presence of bioactive
groups derived from G. corticata suggests its role in stabilizing the nanoparticles at the interface.

Genetics and Molecular Research 25 (16s): 2026 4



Scaftfolcdss|

Transmittance (%

[ cuo Nes]

4000 3HOO 3000 2500 Z000 1500 1000 S00 o
Wavenumber (cm 1)

Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.

3.3. XRD analysis

XRD analysis (Figure 3) was conducted to determine the crystalline nature of the synthesized CuO NPs and the
nanoscaffold composite. The CuO NPs displayed 37 diffraction peaks within the 20 range of 12.852° to 57.284°,
with intense reflections at 19.134°, 24.369°, and 15.797°, corresponding to monoclinic CuO as per JCPDS card
48-1548. These reflections correspond to d-spacing values of 4.63468 A, 3.64963 A, and 5.60549 A, confirming
the crystalline purity of the nanoparticles. The nanoscaffold exhibited 13 diffraction peaks, notably at 29.445° and
21.346°, indicative of a semi-crystalline architecture composed of approximately 20.2% crystalline and 79.8%
amorphous phases. Broadened peaks, such as the one at 43.067° with a full width at half maximum (FWHM) of
1.025°, suggested small crystallite sizes and effective dispersion of CuO NPs within the polymer. Minor peak
shifts, like from 35.999° to 36.034°, implied strong interfacial bonding likely mediated by phytochemicals from
the G. corticata extract, enhancing nanoparticle—polymer interactions.
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.

3.4. SEM analysis

SEM analysis (Figure 4) was utilized to examine the morphology of CuO NPs embedded within electrospun
starch/PV A nanoscaffolds. Micrographs revealed a continuous network of fibers with smooth surfaces, measuring
between 90 and 150 nm in diameter. The absence of beads or defects indicated successful electrospinning.
Spherical CuO NPs, smaller than 100 nm, were homogeneously distributed across the fiber surfaces and embedded
within the scaffold without aggregation. This uniform dispersion confirms effective mixing of nanoparticles with
the polymer solution prior to electrospinning. The preserved fibrous morphology confirms compatibility between
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CuO NPs and the starch/PVA matrix. The bioactive compounds in G. corticata extract likely contributed to
nanoparticle stabilization and prevented agglomeration through natural capping effects.
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Fig. 4. SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds.

3.5. TGA

TGA (Figure 5) was performed to assess the thermal stability of the nanoscaffold. The analysis involved heating
the sample from 30°C to 550°C at a rate of 15°C/min. The resulting thermogram revealed two principal
degradation phases: the first initiating at 265.25°C and peaking at 355.41°C, attributed to the decomposition of
organic residues and polymer components; the second phase starting at 425.38°C with a maximum degradation
temperature of 448.38°C, associated with the breakdown of more thermally stable constituents. The total mass
loss was 33.372%, illustrating the scaffold’s thermal decomposition profile. The relatively high onset of
degradation suggests enhanced thermal stability, likely due to CuO NP reinforcement and potential cross-linking
within the polymer. Furthermore, secondary metabolites from G. corticata may contribute to improved thermal
properties by interacting protectively with polymer chains.
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Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds.
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3.6. DLS and Zeta Potential Analysis

DLS and zeta potential measurements were conducted to characterize the colloidal behavior of the biosynthesized
CuO NPs. The nanoparticles exhibited a bimodal size distribution with an average hydrodynamic diameter (Z-
average) of 68.6 nm (Figure 6) and a polydispersity index (PDI) of 0.584, indicating moderate size heterogeneity.
The zeta potential was recorded at -14.11 mV, with distribution peaks at -25.21 mV and -5.514 mV (Figure 7),
reflecting a moderately negative surface charge which confers partial colloidal stability. This negative charge is
attributed to the biomolecules from the G. corticata extract adsorbed on the nanoparticle surface. Conductivity
was measured at 0.05175 mS/cm, and the wall zeta potential registered -12.73 mV. While the observed values
suggest reasonable dispersion stability, further surface modification may be necessary to optimize long-term
stability, especially for biomedical applications that demand consistent nanoparticle behavior.
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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
34.59%, while CuO NPs and nanoscaffolds showed higher closure rates of 42.59% and 49.59%, respectively. As
the concentration increased to 12.5 pg/mL, the algal extract promoted 41.59% wound closure, whereas CuO NPs
and nanoscaffolds further enhanced migration, achieving 48.59% and 64.59% closure, respectively.
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Fig. 8. Wound healing activity of algal extract, CuO NPs and starch/PVA/CuO-NPs nanoscaffolds

At 25 pg/mL, the algal extract facilitated 52.59% wound closure, while CuO NPs and nanoscaffolds demonstrated
more pronounced effects, with closure rates of 64.59% and 75.59%, respectively. The trend continued at higher
concentrations: at 50 ug/mL, the algal extract reached 62.59% closure, compared to 66.59% for CuO NPs and
81.59% for nanoscaffolds. The highest concentration (100 pg/mL) revealed the most striking results, with the
algal extract achieving 71.59% wound closure, CuO NPs reaching 85.59%, and nanoscaffolds exhibiting the
highest efficacy at 97.59%.

These results indicate that all three treatments enhanced wound healing in a concentration-dependent manner.
However, the starch/PVA/CuO-NPs nanoscaffolds consistently outperformed both the algal extract and CuO NPs
alone, suggesting superior cell migration-promoting properties. The improved performance of the nanoscaffolds
may be attributed to their composite structure, which likely provides a more favorable microenvironment for cell
proliferation and migration. The findings highlight the potential of these nanoscaffolds as a promising therapeutic
option for accelerating wound healing.

4. DISCUSSION

The research presents a comprehensive investigation into the development and evaluation of starch/PVA-based
electrospun nanoscaffolds incorporated with green-synthesized CuO NPs, derived from G. corticata extract. This
multi-faceted study integrates physicochemical characterization and biological assessment, particularly focusing
on wound healing efficacy, to explore the potential of these bioengineered nanomaterials for biomedical
applications.

The initial UV—Visible spectroscopy analysis provided critical insights into the optical behavior and successful
biosynthesis of CuO NPs. The distinct absorption peak at 291 nm observed in the CuO NPs, corresponding to
surface plasmon resonance (SPR), confirmed the presence of metallic nanoparticles, while the broad spectrum of
the G. corticata extract highlighted the presence of phytoconstituents such as polyphenols and flavonoids. These
phytochemicals not only facilitated the reduction of copper ions but also acted as stabilizing agents, preventing
aggregation and enhancing nanoparticle formation. The substantial absorbance at 800 nm further suggested the
characteristic absorption profile of metal oxide NPs. Thus, the UV—Vis data substantiated the effective use of
algal extract as a bio-reducing and capping agent, supporting the green synthesis approach [64].

FTIR spectroscopy was employed to identify the functional groups responsible for the stabilization and integration
of CuO NPs within the polymeric matrix. The CuO NP spectra displayed peaks associated with hydroxyl (O—H)
and metal-oxygen (Cu—O) bonds, reinforcing the formation of metal oxide structures. Meanwhile, the FTIR
spectrum of the nanoscaffold showed prominent peaks corresponding to O—H, C=0, and C—H functional groups,
alongside signals indicative of amides and polysaccharides. The coexistence of these groups demonstrated the
successful incorporation of CuO NPs into the starch/PVA scaffold. The hydrogen bonding and potential
coordination between the CuO NPs and polymeric chains facilitated the stable embedding of nanoparticles, a
crucial feature for sustained release and functionality in wound healing applications [65, 66].

The crystalline characteristics of the synthesized nanoparticles and nanocomposites were elucidated using XRD
analysis. The CuO NPs exhibited intense and sharp peaks matching the monoclinic crystalline structure of copper
oxide, with diffraction angles aligning with standard JCPDS data. These peaks confirmed the high crystallinity
and purity of the biosynthesized nanoparticles. The nanoscaffold composite, on the other hand, exhibited a semi-
crystalline nature with broadened peaks, suggesting small crystallite sizes and effective dispersion of CuO NPs
within the polymer network. Slight shifts in peak positions indicated strong interfacial interactions, likely due to
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the presence of bioactive compounds from the algal extract. This crystalline-amorphous hybrid structure is
advantageous in biomedical scaffolds, as it supports mechanical flexibility while enabling controlled bioactive
delivery [67].

Morphological characterization through SEM revealed a uniform network of electrospun fibers with diameters
ranging from 90 to 150 nm. The absence of bead formation confirmed the optimization of electrospinning
parameters. Embedded CuO NPs appeared as well-dispersed spherical entities with sizes below 100 nm, indicating
successful integration into the nanofiber matrix. The homogeneous distribution and lack of agglomeration are
attributed to the stabilizing role of phytochemicals, which served as natural capping agents. This well-defined
fibrous architecture ensures efficient cellular interaction and mimics the extracellular matrix (ECM), which is
vital for tissue regeneration and wound healing [68, 69].

TGA evaluated the thermal degradation profile of the nanoscaffolds, revealing two significant weight-loss stages.
The first degradation phase, occurring between 265°C and 355°C, was associated with the breakdown of organic
matter and polymers, while the second phase, above 425°C, corresponded to the decomposition of more thermally
stable constituents. The high degradation onset temperature and moderate mass loss (33.37%) suggest that the
inclusion of CuO NPs enhanced the thermal stability of the nanocomposite. This thermal reinforcement is likely
due to the interaction between nanoparticles and polymer chains, potentially strengthened by the cross-linking
effect of secondary metabolites from G. corticata [70, 71].

DLS and zeta potential analyses offered a detailed assessment of the colloidal stability and particle size
distribution. The hydrodynamic diameter of the CuO NPs averaged 68.6 nm, with a polydispersity index (PDI) of
0.584, indicating moderate size variation. The zeta potential of -14.11 mV reflected a moderately negative surface
charge, which contributes to the repulsive forces necessary for colloidal stability. The surface charge originates
from bioorganic residues from the algal extract adsorbed onto the nanoparticle surface. While the values denote
acceptable dispersion stability, enhancements via surface modification could further improve shelf-life and
consistency in biomedical settings [72, 73].

Finally, the wound healing potential was validated using an in vifro scratch assay. All treatment groups—G.
corticata extract, CuO NPs, and starch/PVA/CuO-NP nanoscaffolds—exhibited dose-dependent wound closure
enhancement. However, the nanoscaffolds consistently demonstrated superior efficacy, with nearly complete
closure (97.59%) observed at the highest concentration (100 pg/mL). This enhanced cell migration and
proliferation suggest that the composite scaffold provides a conducive microenvironment for tissue regeneration,
surpassing the effects of individual components. The synergistic effects of structural integrity, sustained CuO
release, and bioactive compounds culminated in the scaffold’s pronounced therapeutic potential [74].

Finally, this study successfully integrates green chemistry, nanotechnology, and biomaterial engineering to
develop an effective wound healing platform. The starch/PVA/CuO-NP nanoscaffolds synthesized using G.
corticata not only demonstrated desirable physicochemical attributes but also exhibited promising biological
activity. This eco-friendly, multifunctional scaffold holds significant potential for clinical translation in advanced
wound management systems.

5. CONCLUSION

This study successfully demonstrated the ultrasonic-assisted green synthesis of CuO nanoparticles using G.
corticata extract and their incorporation into starch/PVA electrospun nanoscaffolds for enhanced wound healing.
Spectroscopic and microscopic analyses confirmed the formation of stable, crystalline CuO NPs with uniform
dispersion in nanofibers, while FTIR and XRD revealed bioactive phytochemicals contributing to nanoparticle
stabilization. The nanoscaffolds exhibited improved thermal stability and a favorable fibrous structure for cell
adhesion and migration. /n vitro wound healing assays on HaCaT cells highlighted the superior efficacy of
starch/PV A/CuO-NPs nanoscaffolds, achieving 97.59% wound closure at 100 pg/mL—significantly higher than
CuO NPs (85.59%) or algal extract alone (71.59%). The enhanced performance is attributed to the synergistic
effects of the nanofibrous matrix and bioactive CuO NPs, which promote keratinocyte migration and tissue
regeneration. These findings underscore the potential of eco-friendly, algae-mediated CuO NPs and their
nanocomposites as advanced wound dressings. Future studies should explore in vivo applications and long-term
biocompatibility to validate their clinical potential for chronic wound management.
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