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ABSTRACT 

This study presents the development of novel bioengineered nanoscaffolds featuring copper oxide nanoparticles 

(CuO NPs) synthesized from algal extracts, specifically Sargassum ilicifolium, for advanced wound healing 

applications. Marine macroalgae were meticulously processed to yield bioactive-rich extracts, which facilitated 

the eco-friendly synthesis of CuO NPs with enhanced stability and biocompatibility. The resulting nanoparticles 

were embedded into starch/polyvinyl alcohol (PVA) electrospun nanofibrous mats, creating composite scaffolds 

with optimized physicochemical and mechanical properties. Comprehensive characterization—including UV-Vis 

spectroscopy, FTIR, XRD, SEM, TGA, and zeta potential analysis—confirmed successful nanoparticle 

integration and scaffold architecture. In vitro wound healing assays utilizing HaCaT keratinocytes demonstrated 

significantly improved cell migration and wound closure rates for the CuO-loaded scaffolds compared to control 

treatments, highlighting their potential as bioactive medical dressings. The synergistic combination of marine 

algal phytochemicals and biogenic CuO NPs in polymeric scaffolds offers a promising, sustainable strategy for 

accelerating tissue repair and regeneration. This research paves the way for clinically relevant, eco-intelligent 

wound care solutions based on marine biomaterials and green nanotechnology. 
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1. INTRODUCTION 

Wound healing remains a critical challenge in healthcare due to the complex and dynamic biological processes 

involved in tissue repair [1]. Chronic wounds, often resulting from diabetes, infections, or prolonged inflammation, 

impose a significant burden on patients and healthcare systems worldwide [2]. Conventional wound dressings 

primarily offer passive protection and moisture retention, but recent advances emphasize the need for 

multifunctional wound care materials that not only act as physical barriers but also actively promote healing 

through antimicrobial activity, biocompatibility, and enhanced cellular regeneration [3]. In this context, 

nanotechnology-based biomaterials, particularly electrospun nanofibrous scaffolds, have emerged as promising 

candidates due to their structural similarity to the extracellular matrix (ECM), high surface area, and capacity to 

incorporate bioactive agents [4]. 

Among various polymers employed in scaffold fabrication, starch and polyvinyl alcohol (PVA) have garnered 

considerable attention due to their biocompatibility, biodegradability, and hydrophilicity [5]. Starch, a natural 

polysaccharide derived from plants, is inexpensive, renewable, and provides a favorable microenvironment for 

cell adhesion and proliferation [6]. PVA complements starch by improving mechanical strength, flexibility, and 

electrospinnability, enabling the fabrication of continuous nanofibers with tunable morphology [7]. The 

combination of starch and PVA in electrospun scaffolds thus offers an attractive platform for wound dressing 

applications [8]. However, to enhance the therapeutic potential of these scaffolds, the incorporation of bioactive 

nanoparticles capable of antimicrobial and antioxidant effects is essential [9]. 

Copper oxide nanoparticles (CuO NPs)  have recently gained attention in biomedical research due to their potent 

antimicrobial properties against a wide spectrum of pathogens, including bacteria, fungi, and viruses [10]. 

Additionally, CuO NPs exhibit pro-angiogenic and anti-inflammatory effects that can accelerate wound healing 
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by promoting re-epithelialization and reducing oxidative stress [11]. The traditional chemical synthesis methods 

of CuO NPs often involve toxic reagents and harsh conditions that limit their biocompatibility and environmental 

sustainability [10]. Consequently, green synthesis approaches employing biological resources such as plant 

extracts, fungi, and algae have been increasingly adopted [12]. These eco-friendly methods utilize the natural 

reducing and stabilizing agents found in biological extracts to fabricate nanoparticles under mild conditions, 

producing biocompatible and functionally enhanced nanomaterials [13]. 

Marine macroalgae, particularly brown seaweeds like Sargassum ilicifolium, are rich sources of bioactive 

compounds including polyphenols, flavonoids, polysaccharides, and proteins [14]. These compounds possess 

antioxidant, anti-inflammatory, and antimicrobial activities, making S. species valuable for biomedical 

applications [15]. Moreover, the phytochemicals in S. extracts act as effective reducing and capping agents in the 

green synthesis of metallic nanoparticles, facilitating controlled particle size and morphology [16]. The use of 

ultrasonic-assisted extraction further improves the yield and efficacy of bioactive compounds by disrupting cell 

walls and enhancing solvent penetration, thereby optimizing the nanoparticle synthesis process [17]. 

The integration of biogenically synthesized CuO NPs into starch/PVA electrospun nanofibers creates a 

multifunctional wound dressing that can simultaneously provide structural support, sustained release of 

therapeutic agents, and protection against microbial invasion [18]. Electrospinning technology allows for the 

fabrication of nanoscaffolds with high porosity and interconnected pores, mimicking the native ECM and 

supporting cell migration and proliferation [19]. Such composite scaffolds can modulate the wound 

microenvironment, accelerating healing through synergistic effects of the polymer matrix and embedded 

nanoparticles [20]. 

Despite the promising attributes of marine algae-mediated green synthesis of nanoparticles and starch/PVA 

nanofibers individually, few studies have explored their combined potential in wound healing applications [21]. 

This study focuses on the development and characterization of multifunctional nanofibrous mats composed of 

starch and PVA integrated with CuO NPs synthesized via an ultrasonic-assisted green method using S. ilicifolium 

extract [18]. The physicochemical properties, morphological features, and thermal stability of the composite 

scaffolds are systematically evaluated to confirm nanoparticle incorporation and scaffold integrity [22]. 

Furthermore, the in vitro wound healing potential is assessed using a scratch assay on HaCaT keratinocyte cells 

to examine the scaffolds’ ability to enhance cellular migration—a key event in tissue repair [23]. 

This research addresses the urgent need for innovative wound dressings that combine biocompatibility, bioactivity, 

and environmentally friendly synthesis methods. The use of S. ilicifolium not only provides a sustainable source 

for nanoparticle production but also adds intrinsic bioactivity to the system [24]. The starch/PVA nanofibrous 

scaffolds offer a conducive matrix for delivering CuO NPs effectively to the wound site, aiming to reduce infection 

risk while promoting faster wound closure [18]. The findings are expected to contribute valuable insights into the 

design of next-generation wound care materials that leverage marine bioresources and green nanotechnology. 

 

2. MATERIALS AND METHODS 

2.1. Collection and preparation of marine macroalgae 

Brown macroalgae S. ilicifolium were manually gathered from the intertidal shores near Rameswaram, India. To 

preserve their bioactive constituents, the freshly collected specimens were placed in ice-cooled containers and 

promptly transported to the laboratory. On arrival, samples were rinsed under flowing tap water to eliminate 

surface sand, debris, and epiphytes, followed by repeated washes with distilled water for complete purification. 

Cleaned algal material was chopped into smaller fragments and air-dried under shaded conditions at ambient 

temperature for approximately two weeks. The dried biomass was finely ground using a mechanical mill to obtain 

a homogeneous powder, which was then stored in airtight containers at room temperature until extraction. 

 

2.2. Ultrasonic-assisted extraction of bioactive compounds 

To extract bioactive constituents, 2 grams of the powdered S. ilicifolium were mixed with 50 mL of Milli-Q water. 

The mixture underwent sonication using a LABQUEST ultrasonic cleaner (Borosil; Serial No. 941032329018) at 

60°C for 45 minutes to enhance cell wall disruption and intracellular release. After sonication, the mixture was 

passed through sterile Whatman No. 1 filter paper to remove particulate matter, resulting in a clear extract. This 

filtrate was stored at 10°C for immediate use and subjected to lyophilization to obtain a dry extract powder for 

subsequent nanoparticle synthesis [25, 26]. 

 

2.3. Green synthesis of CuO NPs 

CuO NPs were biosynthesized using the reducing agents in the algal extract of S. ilicifolium. Aqueous copper 

sulfate pentahydrate (0.1 M, 50 mL) was reacted with 10 mL of algal extract (prepared by dissolving 10 mg 

lyophilized extract in Milli-Q water). The 5:1 solution was magnetically stirred at 650 rpm and maintained at 

60°C for 2 hours. A color transition from blue to bluish-green signified CuO NP formation. The reaction mixture 

was centrifuged, and the pellet was washed three times with double-distilled water to eliminate residual reactants 

and organic matter. The nanoparticles were then freeze-dried for 48 hours and preserved in a desiccator for later 

use in scaffold synthesis [27]. 
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2.4. Fabrication of CuO-embedded starch/PVA nanofibrous mats via electrospinning 

Electrospun mats were prepared by first dissolving PVA (15% w/w) in Milli-Q water under continuous stirring. 

Once fully dissolved, 100 mg of starch and 100 mg of biosynthesized CuO NPs were incorporated into the solution. 

The mixture was stirred at 50°C for 2.5 hours to ensure uniform dispersion. This homogenous blend was loaded 

into a syringe fitted with a stainless-steel needle (internal diameter: 0.84 mm) and mounted on a HOLMARC HO-

NFES-040 electrospinning device. Parameters were optimized to 11.5 kV voltage, 12.3 cm distance, and 0.4 mL/h 

flow rate. Electrospinning continued at ambient temperature for 6–8 hours. The resulting nanofiber mats were 

gently peeled off and stored in a dry environment for subsequent analysis [28-30]. 

 

2.5. Physicochemical characterization of nanoparticles and nanofibrous scaffolds 

2.5.1. UV-visible spectroscopy 

Optical attributes and surface plasmon resonance (SPR) of both the CuO NPs and algal extract were assessed 

using a VIS SPEC V-730 UV-Vis spectrophotometer. Absorption spectra ranging from 200 to 800 nm were 

recorded using deionized water as blank. Peaks characteristic of CuO NP synthesis were evaluated and reported 

[31]. 

2.5.2. Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectroscopy was conducted in ATR mode with a PerkinElmer Spectrum Two instrument to detect 

functional groups in both nanoparticles and scaffold matrices. Spectra were collected between 4000–400 cm⁻¹ 

with a resolution of 4 cm⁻¹, averaging 64 scans per sample. Key peaks corresponding to phenolic, hydroxyl, 

carbonyl, and metal-oxygen functional groups were interpreted [32]. 

2.5.3. X-Ray Diffraction (XRD) 

The crystalline structure and purity of CuO NPs and scaffolds were examined via a Bruker D8 Advance XRD 

system using CuKα radiation (λ = 1.5406 Å), operating at 40 kV and 40 mA. Scans were carried out from 5° to 

90° (2θ) with a 0.029649° step size. XRD peaks were compared with standard JCPDS reference data for phase 

confirmation [33]. 

2.5.4. Scanning Electron Microscopy (SEM) 

Surface morphology and nanoparticle dispersion were visualized using a JEOL JSM-IT800 NANO SEM. Prior to 

imaging, specimens were sputter-coated with gold to enhance conductivity. Micrographs were analyzed for fiber 

arrangement, porosity, and nanoparticle distribution across the scaffolds [34]. 

2.5.5. Thermogravimetric Analysis (TGA) 

Thermal degradation and compositional stability of the nanoscaffolds were investigated using a PerkinElmer TGA 

8000 analyzer. Approximately 5 mg of each sample was heated from room temperature to 550°C at a 15°C/min 

ramp rate under nitrogen atmosphere. Thermal events such as moisture loss and polymer breakdown were 

recorded in thermograms [35]. 

2.5.6. Zeta potential and particle size 

Zeta potential and hydrodynamic size distribution of CuO NPs were assessed using the Malvern Zetasizer Ultra. 

Stability of the colloidal nanoparticles was inferred from zeta potential values, with higher absolute values 

signifying enhanced electrostatic repulsion and dispersion stability [36].  

All analytical data can be accessed on Mendeley Data using DOI: 10.17632/4kdtskdtmc.3. 

 

2.6. Wound healing (scratch) assay 

The in vitro scratch assay was used to determine the migration ability of HaCaT keratinocytes following exposure 

to test compounds: algal extract, CuO NPs, and starch/PVA/CuO-NP nanoscaffolds. Cells were plated in 12-well 

plates (2 × 10⁵ cells/well) in DMEM supplemented with 10% FBS and 1% penicillin-streptomycin, and incubated 

at 37°C in 5% CO₂ to confluence. A sterile 200 µL tip was used to create a scratch simulating a wound. Wells 

were rinsed with PBS to remove debris and treated with various test samples at 6.25, 12.5, 25, 50, and 100 µg/mL 

in serum-free DMEM. Controls received no treatment. Cell migration and wound closure were monitored at 0, 24, 

and 48 hours using a phase-contrast inverted microscope. The percentage wound closure was quantified via 

ImageJ software to compare therapeutic efficiency across treatments [37]. 

 

2.7. Statistical analysis 

All experiments were conducted in triplicate, and results were statistically evaluated using SPSS version 25.0 and 

GraphPad Prism version 9.0. Data are expressed as means ± standard deviations. One-way ANOVA was applied 

to identify significant intergroup differences, followed by post-hoc tests (Tukey’s or Dunnett’s). Statistical 

significance was accepted at p < 0.05. Pearson’s correlation was used to examine relationships between parameters. 

Normality was assessed using the Shapiro–Wilk test, and non-normal datasets were log-transformed prior to 

further analysis. All conclusions were drawn at a 95% confidence level [38]. 

 

3. RESULTS 

3.1. UV–visible spectroscopy 

The optical properties (Fig. 1) of both the S. ilicifolium extract and the biosynthesized CuO NPs were analyzed 

using a JASCO V-730 UV-Visible spectrophotometer. The wavelength scan ranged from 200 to 800 nm with a 1 

nm interval, employing continuous scanning mode and a 1.0 nm bandwidth. The seaweed extract exhibited distinct 
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absorption peaks characteristic of its phytochemical profile. In contrast, the CuO NPs demonstrated pronounced 

SPR bands, which confirmed the formation of metal oxide nanoparticles. Deionized water was used as the 

reference blank for baseline correction, ensuring accurate spectral data. The comparative analysis of these spectra 

confirms the successful biogenic synthesis of CuO NPs and highlights the extract’s bioactive components. 

 

 
Fig. 1. UV–Visible spectral profiles of algal extract and CuO NPs. 

 

3.2. FTIR analysis 

FTIR spectroscopy (Fig. 2) was conducted to investigate the chemical functionalities of the CuO NPs and the 

starch/PVA electrospun scaffolds. Spectra were collected in ATR mode using a PerkinElmer Spectrum IR system 

over the range 4000–400 cm⁻¹ with 4 cm⁻¹ resolution, averaging 64 scans per sample. The CuO NPs presented 

characteristic absorption peaks at 3128.62, 2001.38, 1651.25, 1205.19, 866.65, and 599.74 cm⁻¹, indicative of Cu–

O bonds and other surface groups. The starch/PVA scaffolds revealed distinct bands at 3297.43 cm⁻¹ (O–H 

stretching), 1710.65 cm⁻¹ (C=O carbonyl), 919.77 cm⁻¹ (C–O–C polysaccharide linkage), and 842.91 cm⁻¹ (C–H 

bending), confirming the polymeric and carbohydrate components. Observed shifts and broadening of peaks 

suggest effective interaction between the CuO NPs and the polymer matrix via hydrogen bonding and coordination 

with phenolic, hydroxyl, and carbonyl groups. 

 

 
Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds. 
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds. 

 

3.3. XRD analysis 

XRD patterns (Fig. 3) for the CuO NPs and starch/PVA nanofibrous scaffolds were recorded using a Bruker D8 

Advance diffractometer with CuKα radiation (λ = 1.5406 Å) operated at 40 kV and 40 mA. The CuO NPs 

exhibited sharp diffraction peaks at 2θ values of 16.258°, 22.278°, 26.286°, 28.070°, 29.112°, 32.792°, 37.236°, 

44.982°, 48.168°, 51.879°, and 53.557°, corresponding well with the monoclinic CuO crystalline phase according 

to JCPDS card 80-1917. The crystallite sizes were estimated via the Scherrer equation. The starch/PVA 

nanoscaffolds displayed broad diffraction peaks centered around 21.676°, 29.202°, 30.751°, 35.842°, 39.237°, 

43.073°, 47.427°, 48.386°, and 57.535°, indicative of a semi-crystalline nature with d-spacing between 4.09671 

Å and 1.60059 Å. Narrow peak widths in the CuO NPs (FWHM 0.198°–0.861°) suggest high crystallinity, while 

the broader peaks of the scaffold (FWHM 0.100°–0.658°) imply reduced crystallinity due to polymer presence. 

These results confirm the purity of the CuO phase and its successful integration into the starch/PVA matrix within 

a scanning range of 5° to 90°. 

 

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

 



Genetics and Molecular Research 25 (16s): 2026      6 

3.4. SEM analysis 

Surface morphology (Fig. 4) of the synthesized CuO NPs and electrospun starch/PVA scaffolds was examined 

through SEM using a JEOL JSM-IT800 NANO microscope. Prior to imaging, samples were sputter-coated with 

a thin layer of gold to enhance conductivity. SEM images of the CuO NPs revealed clusters composed of spherical 

to irregularly shaped particles with rough textures, characteristic of crystalline metal oxides. The starch/PVA 

nanoscaffolds exhibited a uniform, porous fibrous network with consistent fiber diameters and smooth surfaces. 

Minimal bead defects were observed, indicating effective polymer blending and optimized electrospinning 

conditions. These morphological insights support the potential application of these materials in biomedical fields 

such as wound healing and catalysis. 

 

3.5. TGA 

Thermal stability (Fig. 5) of the electrospun starch/PVA scaffolds was assessed by TGA using a PerkinElmer 

TGA 8000 instrument. Approximately 3.110 mg of sample was heated from 30°C to 550°C at a heating rate of 

15°C/min under nitrogen flow. Initial weight loss started around 232.27°C, corresponding to moisture evaporation 

and early polymer degradation. The peak degradation rate was observed at 327.56°C, with major decomposition 

completing near 374.23°C. The total mass loss was calculated to be 38.301%. These thermal events indicate that 

the scaffolds possess significant thermal resistance and predictable degradation profiles suitable for biomedical 

use. 

 
Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds. 

 

3.6. Zeta potential and particle size analysis 

Dynamic light scattering (DLS) and zeta potential measurements were conducted on the CuO NPs using a Malvern 

Zetasizer Ultra at 25°C. The hydrodynamic diameter (Z-average) was determined to be 137 nm (Fig. 6), while the 

polydispersity index (PDI) was 0.7317, indicating a moderately broad size distribution. The zeta potential showed 

a mean value of −18.3 mV, with secondary peaks at −29.14 mV and −14.58 mV (Fig. 7), reflecting moderate 

electrostatic repulsion and colloidal stability. The measured suspension conductivity was 0.05074 mS/cm, and the 

quality factor of 5.22 validated the measurement’s reliability. These findings demonstrate moderate nanoparticle 

dispersion stability and size heterogeneity, which are beneficial for their proposed biomedical and catalytic 

applications. 

 
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  

After 48 hours of treatment, the wound healing assay (Fig. 8) demonstrated significant differences in cell 

migration among the test samples—algal extract, CuO NPs, and starch/PVA/CuO-NPs nanoscaffolds—across 

varying concentrations (6.25–100 µg/mL). At the lowest concentration (6.25 µg/mL), the algal extract exhibited 

a wound closure rate of 32.17%, while CuO NPs and nanoscaffolds showed higher closure rates of 40.17% and 

47.17%, respectively. This trend persisted at 12.5 µg/mL, where the algal extract achieved 39.17% closure, 

compared to 46.17% for CuO NPs and 62.17% for nanoscaffolds, indicating a concentration-dependent 

enhancement in migratory activity. 

 

 
Fig. 8. Wound healing activity analysis of algal extract, CuO-NPs and starch/PVA/CuO-NPs 

nanoscaffolds 

 

At intermediate concentrations (25–50 µg/mL), the nanoscaffolds consistently outperformed the other treatments. 

For instance, at 25 µg/mL, the nanoscaffolds induced 73.17% wound closure, surpassing the algal extract (50.17%) 

and CuO NPs (62.17%). Similarly, at 50 µg/mL, the nanoscaffolds reached 79.17% closure, while the algal extract 

and CuO NPs achieved 60.17% and 64.17%, respectively. The highest concentration (100 µg/mL) further 

highlighted the superior efficacy of nanoscaffolds, with 95.17% wound closure, compared to 69.17% for the algal 

extract and 83.17% for CuO NPs. 

These results suggest that the starch/PVA/CuO-NPs nanoscaffolds significantly enhance HaCaT cell migration, 

likely due to their composite structure, which may provide a favorable microenvironment for cell proliferation 
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and movement. CuO NPs also exhibited notable activity, though less pronounced than the nanoscaffolds, while 

the algal extract showed moderate wound healing potential. The data underscore the potential of nanoscaffolds as 

a promising therapeutic agent for accelerating wound repair. 

 

4. DISCUSSION 

The UV–Visible spectroscopic analysis provided vital insights into the optical characteristics of both the S. 

ilicifolium extract and the biosynthesized CuO NPs. The distinctive absorption peaks observed in the seaweed 

extract correspond to its rich phytochemical composition, which includes various bioactive molecules such as 

polyphenols and flavonoids known for their reducing and stabilizing abilities. The CuO NPs demonstrated a 

pronounced SPR band, which is characteristic of metal oxide nanoparticles and confirms their successful synthesis. 

The use of deionized water as a blank and baseline correction ensured the precision of the measurements. These 

spectral data highlight not only the formation of CuO NPs but also the important role of biomolecules in the algal 

extract that facilitate the green synthesis route. This eco-friendly approach potentially avoids harmful chemicals 

and supports sustainable nanomaterial production [39-44]. 

FTIR analysis further elucidated the chemical interactions underlying the nanocomposite formation. The CuO 

NPs exhibited absorption peaks attributed to Cu–O bonds and associated surface functional groups, confirming 

the metal oxide framework. In parallel, the starch/PVA scaffolds revealed characteristic polymeric bands, 

including broad O–H stretches from hydroxyl groups, carbonyl C=O stretches, and polysaccharide linkages, 

indicating the presence of both starch and PVA components. The observed peak shifts and broadenings in the 

nanocomposite spectra imply strong interfacial interactions between the CuO NPs and the polymer matrix. Such 

interactions likely involve hydrogen bonding and coordination with hydroxyl, carbonyl, and phenolic groups 

originating from both the biomolecules of the extract and the polymers. This molecular level integration is crucial 

for enhancing the mechanical integrity and functional properties of the nanoscaffolds, ensuring uniform dispersion 

and stable embedding of CuO NPs within the fibrous network [45-51]. 

XRD patterns provided further confirmation of the structural attributes of the synthesized materials. The CuO NPs 

displayed sharp, well-defined peaks corresponding to the monoclinic crystalline phase, consistent with standard 

reference data. This high crystallinity is essential for many functional applications, including antimicrobial 

activity and catalytic efficiency, where ordered lattice structures often enhance performance. Conversely, the 

starch/PVA scaffolds exhibited broader diffraction peaks indicative of their semi-crystalline nature. The polymers’ 

amorphous regions contribute to this broadening, reflecting the flexible and partially ordered arrangement of 

molecular chains. Importantly, the presence of CuO NPs did not disrupt the scaffold’s structure but was 

successfully incorporated, as evidenced by the coexistence of characteristic peaks from both components. The 

semi-crystalline nature of the scaffolds ensures adequate mechanical flexibility, which is beneficial for wound 

dressing applications requiring conformability to wound contours [52-59]. 

Morphological examination using SEM revealed detailed surface characteristics essential for understanding the 

physical behavior of the materials. The CuO NPs formed aggregates with rough surfaces and variable shapes 

ranging from spherical to irregular, features typical of biogenically synthesized metal oxides. Such morphology 

can enhance surface area, contributing positively to antimicrobial and catalytic activities by providing more 

reactive sites. The starch/PVA nanoscaffolds, in contrast, exhibited a uniform, interconnected fibrous architecture 

with smooth, bead-free fibers. This morphology indicates optimized electrospinning parameters and effective 

polymer blending, critical factors for achieving high porosity and surface area conducive to cell attachment and 

nutrient diffusion in biomedical scaffolds. The porous fibrous network also facilitates moisture management, an 

essential aspect for efficient wound healing [60-64]. 

TGA shed light on the thermal stability and degradation behavior of the electrospun scaffolds. The initial weight 

loss around 232°C corresponds to moisture evaporation and early-stage polymer decomposition, while the major 

degradation peak at 327°C reflects the breakdown of polymer chains and organic constituents. The relatively high 

thermal stability and predictable decomposition pattern affirm that these scaffolds can maintain structural integrity 

under physiological and sterilization conditions, a prerequisite for biomedical applications. The total mass loss 

around 38% indicates the presence of stable polymeric and inorganic components, which is desirable to sustain 

scaffold functionality over the wound healing timeline [65-71]. 

DLS and zeta potential measurements provided crucial information on nanoparticle size distribution and colloidal 

stability. The hydrodynamic diameter of approximately 137 nm suggests that the nanoparticles are within the 

optimal nanoscale range for biomedical use, facilitating cellular uptake and interaction. The moderately broad 

polydispersity index indicates some size variability, which is common in green synthesis methods due to the 

complex nature of biological extracts. The zeta potential values, centered around −18.3 mV with secondary peaks, 

indicate moderate electrostatic repulsion among particles, contributing to colloidal stability. This stability is vital 

to prevent nanoparticle aggregation, which can adversely affect bioavailability and efficacy. The measured 

conductivity and quality factor further validate the robustness of these measurements. Overall, these nanoparticle 

characteristics reinforce their potential suitability in therapeutic and catalytic roles [72-76]. 

The wound healing assay demonstrated the significant biological efficacy of the developed nanoscaffolds in 

promoting HaCaT keratinocyte migration, a key process in wound closure. Across all tested concentrations, the 

starch/PVA/CuO-NPs nanoscaffolds consistently exhibited superior wound closure rates compared to both the 

algal extract and the CuO NPs alone. This enhanced activity is likely due to the synergistic effect of the polymeric 
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scaffold providing a conducive microenvironment combined with the bioactive CuO NPs that can modulate 

cellular behavior. The dose-dependent increase in closure percentage highlights the scaffolds’ effectiveness at 

even low concentrations, which is advantageous for reducing potential cytotoxicity. The scaffold’s porous 

structure may facilitate better cell attachment and proliferation, while the sustained release of CuO NPs may 

stimulate cellular responses necessary for tissue regeneration. The algal extract, rich in phytochemicals, showed 

moderate activity, reinforcing its role in nanoparticle synthesis and contributing bioactive compounds. These 

findings collectively suggest that the multifunctional starch/PVA/CuO nanoscaffolds hold promising therapeutic 

potential as advanced wound dressings capable of accelerating healing processes [77-80]. 

 

5. CONCLUSION 

This study successfully demonstrated the green synthesis of CuO NPs using S. ilicifolium extract via an ultrasonic-

assisted method, followed by their incorporation into starch/PVA electrospun nanoscaffolds for enhanced wound 

healing. Comprehensive characterization confirmed the formation of crystalline, monoclinic CuO NPs with 

favorable colloidal stability and thermal resistance. The nanoscaffolds exhibited a uniform, porous structure, 

facilitating cell adhesion and migration. In vitro scratch assays revealed that the starch/PVA/CuO-NPs 

nanoscaffolds significantly accelerated wound closure (95.17% at 100 µg/mL) compared to standalone CuO NPs 

(83.17%) and algal extract (69.17%), highlighting their superior bioactive potential. The synergistic interaction 

between biogenic CuO NPs and the polymeric matrix enhanced cell proliferation and migration, making these 

nanoscaffolds a promising wound dressing material. This study underscores the potential of eco-friendly, 

seaweed-mediated nanoparticle synthesis combined with electrospun nanofibers for advanced wound care 

applications, offering a sustainable and effective therapeutic approach for tissue regeneration. 
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