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ABSTRACT 

This work presents a sustainable strategy for designing bioactive nanofibrous materials aimed at improving skin 

regeneration. Copper oxide nanoparticles were generated through an ultrasound-assisted process utilizing biomolecules 

derived from the marine alga Turbinaria ornata, eliminating the need for hazardous chemical reagents. These 

nanostructures were subsequently embedded within electrospun fibers composed of starch and polyvinyl alcohol to 

construct a hybrid scaffold with enhanced functional properties. Comprehensive physicochemical evaluation 

demonstrated the successful formation of CuO nanoparticles and their uniform incorporation within the fibrous matrix. 

Spectroscopic and diffraction analyses confirmed the structural integrity of both the nanoparticles and the polymer 

network, while microscopic observations revealed a continuous, porous architecture favorable for biological interactions. 

Thermal studies further indicated improved stability of the composite system following nanoparticle incorporation. The 

biological performance of the developed material was assessed using a keratinocyte-based scratch model. A marked 

improvement in cellular migration was observed in a concentration-dependent manner, with the composite scaffold 

exhibiting superior regenerative performance compared to individual components. At higher concentrations, the system 

facilitated near-complete wound closure, highlighting its effectiveness in promoting tissue repair. Overall, the findings 

demonstrate that integrating marine-derived bioactive agents with metal oxide nanostructures within an electrospun 

platform offers a promising route for developing advanced wound dressing materials with enhanced therapeutic 

functionality. 

 

KEYWORDS: Turbinaria ornata, Ultrasound extraction, Green synthesis, CuO nanoparticles, Polymeric nanoscaffolds, 

Wound healing. 

 

INTRODUCTION 

The repair of injured skin is a highly coordinated and dynamic biological process that involves a series of overlapping 

phases, including hemostasis, inflammation, proliferation, and tissue remodeling [1]. This process can be significantly 

disrupted by various internal and external factors such as microbial invasion, excessive oxidative stress, and impaired 

cellular signaling. In particular, chronic wounds commonly associated with conditions such as diabetes, vascular 

insufficiency, and aging pose a serious clinical challenge due to their prolonged healing duration and increased risk of 

infection [2]. These wounds often fail to progress through the normal stages of healing, resulting in persistent inflammation 

and delayed tissue regeneration. Although conventional wound dressings, such as gauze and cotton-based materials, 

provide basic protection, they are generally passive in nature and lack the ability to actively support biological repair 

mechanisms or regulate the wound microenvironment [3, 4]. 

In response to these limitations, recent research has increasingly focused on the development of advanced biomaterials 

that can more effectively promote tissue regeneration. A key strategy in this area involves designing materials that 

replicate the architecture and function of the natural extracellular matrix (ECM), which plays a critical role in guiding cell 

behavior [5]. Electrospinning has emerged as a powerful technique for fabricating nanofibrous scaffolds that closely 

resemble the fibrous structure of the ECM [6]. These materials are characterized by high surface area, interconnected 

porosity, and tunable properties, all of which contribute to enhanced cell adhesion, proliferation, and nutrient transport 

[7]. Among the various polymers used for electrospinning, polyvinyl alcohol (PVA) is particularly attractive due to its 
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excellent mechanical strength, water solubility, and ease of processing [8]. However, PVA alone does not possess 

sufficient biological activity, which limits its effectiveness in regenerative applications [9]. 

To address this limitation, natural polymers are often incorporated into synthetic systems to improve their biological 

performance [10]. Starch, a naturally abundant polysaccharide, offers several advantages including biocompatibility, 

biodegradability, and structural similarity to native biological tissues [11]. When combined with PVA, starch can enhance 

the overall functionality of the scaffold by improving its hydrophilicity and promoting cell material interactions [12]. In 

addition to polymer blending, the incorporation of nanoscale components has gained considerable attention as a means of 

introducing new functionalities into biomaterials. Metal oxide nanoparticles, particularly copper oxide (CuO), have been 

extensively studied for their unique physicochemical and biological properties [13]. These nanoparticles exhibit strong 

antimicrobial activity, catalytic behavior, and the ability to influence cellular processes such as angiogenesis and collagen 

synthesis, all of which are essential for effective wound healing [14]. 

An important advancement in nanoparticle synthesis is the shift toward environmentally sustainable methods. Traditional 

chemical synthesis routes often involve hazardous reagents and generate toxic byproducts, raising concerns regarding 

environmental safety and biocompatibility [15]. In contrast, green synthesis approaches utilize natural biological systems 

as both reducing and stabilizing agents, enabling the formation of nanoparticles under mild and eco-friendly conditions. 

Marine macroalgae, in particular, are rich in bioactive compounds such as polyphenols, flavonoids, and polysaccharides, 

which can facilitate nanoparticle formation while simultaneously imparting biological functionality [16]. Turbinaria 

ornata, a brown seaweed widely distributed in coastal regions, has attracted attention due to its antioxidant, antimicrobial, 

and anti-inflammatory properties, making it a promising candidate for biomedical applications [17]. 

Integrating green-synthesized nanoparticles with electrospun polymeric scaffolds represents a promising strategy for 

developing multifunctional wound dressing materials. Such hybrid systems combine the structural advantages of 

nanofibrous matrices with the therapeutic properties of bioactive nanoparticles, resulting in materials that can actively 

participate in the healing process [18, 19]. In this study, a novel composite scaffold was developed by incorporating CuO 

nanoparticles synthesized from T. ornata extract into a starch/PVA electrospun matrix. The work aims to systematically 

evaluate the structural, physicochemical, and biological properties of the resulting material. Furthermore, its ability to 

enhance cellular migration and promote wound closure is assessed using an in vitro model, providing insight into its 

potential as an advanced platform for wound healing applications. 

 

2. Materials and methods 

2.1. Collection and preparation of marine biomass 

Specimens of the brown macroalga Turbinaria ornata were collected from coastal waters near Rameswaram, Tamil Nadu, 

India. The harvested material was thoroughly cleaned to remove extraneous matter through sequential rinsing with tap 

water followed by distilled water to eliminate residual salts and impurities. The cleaned biomass was cut into smaller 

segments and dried under ambient conditions until complete dehydration was achieved. The dried samples were 

subsequently ground into a fine powder and stored in airtight containers for further experimental use. 

 

2.2. Ultrasonic-assisted extraction 

To obtain bioactive compounds, the dried algal powder was first introduced into purified water to create an aqueous 

extraction system, ensuring adequate contact between the solvent and plant matrix. The mixture was then exposed to 

ultrasonic energy under controlled temperature conditions (60°C) for a duration of 45 minutes. This acoustic treatment 

facilitates the disruption of cell walls through cavitation effects, thereby promoting the efficient release of intracellular 

metabolites into the surrounding medium. After completion of the extraction process, the suspension was allowed to settle 

briefly and subsequently clarified by passing it through a filtration medium to separate residual solid particles from the 

liquid phase. The collected extract, containing dissolved bioactive constituents, was preserved at a low temperature (10°C) 

to maintain its chemical stability for immediate experimental use. For long-term storage and further applications requiring 

a solid form, a portion of the liquid extract was subjected to lyophilization. This process removes water under reduced 

pressure and low temperature, yielding a dry, stable powder while preserving the integrity of thermolabile compounds. 

The resulting extract was then stored under appropriate conditions until further utilization [20, 21]. 

 

2.3. Green synthesis of CuO nanoparticles 

Copper oxide nanostructures were generated using a green synthesis strategy in which bioactive molecules derived from 

the algal extract acted as both reducing and stabilizing agents. For this purpose, an aqueous copper salt solution was 

prepared and subsequently mixed with the previously obtained algal extract in a defined proportion to initiate the reaction. 

The presence of phytochemicals within the extract enables the transformation of copper ions into nanoscale copper oxide 

through a biologically driven reduction process. The reaction system was maintained under controlled thermal conditions 

at 60°C while being continuously agitated to ensure uniform mixing and consistent nucleation throughout the solution. 

Sustained stirring promotes homogeneous growth of nanostructures and prevents localized aggregation during the 

formation stage. Over the course of the reaction period, a distinct shift in solution color from blue to a bluish-green hue 

served as a visual indicator of nanoparticle generation, reflecting changes in the electronic structure associated with 

nanoscale copper oxide formation. Following completion of the synthesis, the reaction mixture was subjected to high-

speed centrifugation to isolate the formed nanostructures from the surrounding liquid medium. The collected particles 

were then purified through multiple washing cycles using double-distilled water in order to eliminate any unreacted 

precursors and residual organic components. Finally, the purified material was subjected to freeze-drying for an extended 
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period, yielding a dry nanoparticulate powder with improved stability and suitability for subsequent characterization and 

application [22]. 

 

2.4. Fabrication of CuO-loaded starch/PVA nanoscaffolds 

A polymeric base solution was first formulated by dissolving fully hydrolyzed polyvinyl alcohol in water under controlled 

heating conditions, accompanied by continuous stirring to ensure complete solubilization and uniform consistency. Once 

a clear and stable solution was obtained, starch and the previously synthesized copper oxide nanostructures were 

introduced into the system. The mixture was maintained at an elevated temperature of 50°C and subjected to prolonged 

stirring to facilitate uniform distribution of both the natural polymer and the inorganic nanomaterial within the polymer 

matrix. This step is essential to achieve a well-dispersed composite solution, which directly influences the structural 

integrity of the final fibers. The prepared blend was subsequently loaded into a syringe equipped with a fine-gauge metallic 

needle and processed through an electrospinning setup to generate nanofibrous structures. A high-voltage electric field 

was applied to induce the formation of a continuous polymer jet, which underwent stretching and solvent evaporation 

during its travel toward the collector. Key operational parameters, including the applied voltage, flow rate of the polymer 

solution, and the distance between the needle tip and collector, were carefully regulated to obtain uniform fibers with 

minimal defects. The electrospinning process was allowed to proceed for several hours under ambient environmental 

conditions, leading to the gradual deposition of interconnected nanofibers on the collector surface. The resulting material 

formed a porous, nonwoven mat with nanoscale fiber dimensions, suitable for applications requiring high surface area and 

structural mimicry of biological tissues [23-25]. 

 

2.5. Physicochemical characterization 

The optical response of the prepared samples was analyzed using UV–visible spectroscopic techniques to monitor changes 

associated with nanoparticle formation and composite development. Measurements were performed across a broad 

spectral window spanning 200 to 800 nm in order to capture characteristic absorption features of both organic constituents 

and inorganic nanostructures. Prior to analysis, deionized water was used as a baseline reference to ensure accurate 

normalization of the recorded spectra. The resulting absorption profiles were subsequently interpreted to identify shifts in 

electronic transitions and spectral signatures indicative of successful nanoparticle generation and their interaction within 

the composite system [26].  

Infrared spectroscopic analysis was carried out using an attenuated total reflectance (ATR) configuration to investigate 

the chemical functionalities present in the samples. The measurements were conducted across a broad wavenumber 

interval extending from 4000 to 400 cm⁻¹, allowing comprehensive detection of both high- and low-frequency vibrational 

modes. For each sample, multiple scans were accumulated to enhance signal quality and reproducibility, with the 

instrument operating at a spectral resolution sufficient to clearly resolve characteristic absorption bands. The acquired 

spectra were systematically interpreted to assign vibrational signatures corresponding to specific chemical groups, thereby 

enabling confirmation of the material composition and the presence of interactions between organic constituents and 

inorganic nanostructures within the system [27].  

The structural organization and phase characteristics of both the copper oxide nanostructures and the corresponding 

composite scaffolds were examined through X-ray diffraction analysis. Measurements were carried out using a Bruker D8 

Advance diffractometer equipped with CuKα radiation (λ = 1.5406 Å), operating under conditions of 40 kV and 40 mA. 

Diffraction data were acquired across a wide angular range (2θ = 5°–90°) to ensure comprehensive detection of crystalline 

reflections. The resulting diffraction profiles were utilized to evaluate the degree of crystallinity, identify characteristic 

lattice planes, and verify the successful formation of copper oxide phases as well as their incorporation within the 

polymeric matrix [28].  

The surface architecture of the electrospun fibrous matrices, along with the spatial arrangement of embedded 

nanoparticles, was investigated using scanning electron microscopy. Prior to imaging, each specimen was coated with a 

fine conductive layer of gold to minimize charging effects and enhance image clarity. This preparation step enabled high-

resolution visualization of fiber morphology, including surface texture, continuity, and the distribution pattern of 

nanoscale inclusions within the scaffold network [29].  

The thermal behavior and degradation profile of the fabricated composite scaffolds were assessed through 

thermogravimetric analysis. A small quantity of each sample (approximately 5 mg) was subjected to a controlled heating 

program, beginning at ambient temperature and progressing up to 550°C at a constant rate of 15°C per minute. The analysis 

was conducted under an inert nitrogen environment to prevent oxidative interference during thermal decomposition. The 

resulting mass loss patterns were carefully examined to determine the stability of the material, identify distinct degradation 

stages, and evaluate the influence of incorporated nanostructures on the thermal resistance of the polymer matrix [30].  

The size characteristics and dispersion behavior of the synthesized copper oxide nanostructures were investigated using 

dynamic light scattering in conjunction with surface charge analysis. Measurements were performed with a Malvern 

Zetasizer Ultra to obtain the hydrodynamic diameter distribution of the particles in suspension. In parallel, zeta potential 

values were recorded to assess the electrostatic stability of the colloidal system. Together, these analyses provide insight 

into particle aggregation tendencies and suspension stability, which are critical parameters influencing the performance 

of nanostructures in biological and material applications [31]. All related data are publicly accessible on the Mendeley 

Data repository (DOI: 10.17632/tgxw2g4stx.1). 

 

2.6. In Vitro wound healing assay 
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The regenerative performance of the developed materials was investigated using an in vitro wound healing model based 

on HaCaT keratinocyte cells. Cells were initially cultured in 12-well plates at a density of 2 × 10⁵ cells per well using 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum and 1% penicillin–

streptomycin. The cultures were maintained under standard conditions until a continuous and confluent monolayer was 

established. To simulate a wound environment, a linear gap was introduced across the cell layer using a sterile pipette tip, 

thereby creating a reproducible cell-free region. Following scratch formation, non-adherent and detached cells were gently 

removed by rinsing with phosphate-buffered saline (PBS). The remaining adherent cells were then exposed to different 

treatment conditions, including algal extract, copper oxide nanostructures, and nanofibrous scaffold formulations at 

concentrations ranging from 6.25 to 100 µg/mL, all prepared in serum-free medium. Cells maintained without any 

treatment served as the control group. The progression of wound closure was monitored at specific time intervals (0, 24, 

and 48 hours) using phase-contrast microscopy to capture changes in the cell-free region. Quantitative analysis of cell 

migration was performed using ImageJ software by measuring the reduction in wound area over time. This approach 

enabled a comparative assessment of the ability of each treatment to promote cellular movement and facilitate wound 

closure [32]. 

 

2.7. Statistical analysis 

All experimental procedures were conducted in three independent replicates to ensure reproducibility, and the obtained 

data are expressed as mean values accompanied by standard deviation. Statistical evaluations were performed using SPSS 

software (version 25.0) in combination with GraphPad Prism (version 9.0) for data analysis and visualization. 

Comparative analysis among different experimental groups was carried out using one-way analysis of variance (ANOVA), 

followed by appropriate post hoc multiple comparison tests, including Tukey’s and Dunnett’s methods, to identify 

statistically meaningful differences. A threshold value of p < 0.05 was adopted to determine statistical significance. To 

further explore potential relationships between variables, Pearson correlation analysis was applied. Additionally, the 

distribution characteristics of the datasets were assessed using the Shapiro–Wilk normality test to ensure the validity of 

parametric statistical approaches [33]. 

 

3. RESULTS 

3.1. UV-visible spectroscopy 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Optical absorption behavior of Turbinaria ornata extract compared with biosynthesized copper oxide 

nanostructures. 

 

UV–visible spectral analysis (Figure 1) revealed distinct optical signatures for the T. ornata extract and the synthesized 

CuO nanoparticles. The algal extract displayed a broad absorption profile within the 200-400 nm region, with a prominent 

peak centered around 346 nm and a maximum absorbance of approximately 1.943. This broad spectral feature indicates 

the presence of various phytochemicals, including chlorophyll derivatives, flavonoids, and phenolic compounds. In 

contrast, the CuO nanoparticles exhibited a sharp and intense absorption band near 200 nm, which is characteristic of 

surface plasmon resonance associated with nanoscale metal oxides. The clear spectral shift between the extract and 

nanoparticle samples confirms the successful formation of CuO nanostructures. Furthermore, these observations suggest 

that bioactive molecules present in the algal extract play a dual role as both reducing and stabilizing agents during 

nanoparticle synthesis. The observed optical properties also indicate potential applications of the nanocomposite scaffolds 

in UV shielding and photocatalytic systems [34-37]. 

 

3.2. FTIR analysis 

FTIR spectra (Figure 2) provided insight into the chemical composition of both CuO nanoparticles and the fabricated 

nanofibrous scaffolds. The nanoparticles exhibited a distinct absorption peak at 601 cm⁻¹, corresponding to Cu–O 

stretching vibrations, along with additional bands at 863 cm⁻¹ and 1061 cm⁻¹ attributed to metal–oxygen and C–O 

functional groups. A broad absorption band around 3122 cm⁻¹ was associated with hydroxyl groups, likely originating 

from adsorbed moisture or organic compounds derived from the algal extract. The composite nanofibers showed 

characteristic peaks at 3284 cm⁻¹ (O–H/N–H stretching), 2921 cm⁻¹ (C–H stretching), and 1710 cm⁻¹ (carbonyl groups), 

confirming the presence of starch and PVA within the scaffold. Additional peaks at 1328 cm⁻¹ and 1087 cm⁻¹ correspond 

to amine and glycosidic linkages. The simultaneous presence of Cu–O and polymer-related bands demonstrates successful 

nanoparticle incorporation without significant alteration of the polymeric structure [38-42]. 
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Figure 2. Infrared spectral features highlighting chemical functionalities of CuO nanostructures and their 

presence within the composite fiber system. 

 

3.3. XRD analysis 

The X-ray diffraction results (Figure 3) verified the crystalline nature of the prepared CuO nanoparticles as well as their 

successful incorporation into the nanofibrous scaffold system. The diffraction profile displayed several characteristic 

peaks within the 2θ interval of 5° to 90°, with notable reflections observed at 24.435°, 32.876°, and 38.504°. These peaks 

correspond to the standard monoclinic crystal structure of CuO, in agreement with JCPDS reference card No. 48-1548. In 

contrast, the nanofibrous scaffolds displayed broader and less intense diffraction peaks at 21.420°, 29.372°, and 57.572°, 

indicating reduced crystallinity due to the presence of the amorphous polymer matrix. The calculated crystallinity index 

of the composite was 17.4%. Peak broadening and slight shifts suggest effective dispersion of nanoparticles within the 

fibers and partial amorphization induced by polymer–nanoparticle interactions [43-46]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Diffraction profiles illustrating phase characteristics of CuO nanostructures and their distribution 

within the fibrous matrix. 

 

3.4. SEM analysis 

 
 

 

 

 

 

 

 

 



Genetics and Molecular Research 25 (13s): 2026                     6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Electron micrographs showing fiber architecture and nanoparticle dispersion in the electrospun 

composite. 

 

Morphological examination using scanning electron microscopy (Figure 4) provided detailed insight into the structural 

characteristics of the synthesized CuO nanoparticles and the electrospun fiber network. The nanoparticles were observed 

to possess mainly spherical to slightly irregular geometries, with particle sizes distributed in the range of 90-100 nm. A 

small degree of clustering was noted, which can be attributed to their elevated surface energy. The starch/PVA-based 

nanofibers exhibited a uniform and defect-free appearance, forming smooth and continuous fibers without bead formation. 

The average fiber diameters were found to lie between 150 and 300 nm, indicating effective control over the 

electrospinning process. CuO nanoparticles were uniformly distributed along the fiber surfaces, although occasional 

agglomerates were detected, possibly due to interparticle interactions and polymer matrix effects. The overall fibrous 

architecture appeared highly porous and interconnected, which is advantageous for biomedical applications such as tissue 

regeneration. These observations confirm successful nanoparticle synthesis and effective integration into the nanofibrous 

scaffold [47, 48]. 

 

3.5. Thermogravimetric analysis 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. Thermal response profile indicating stability and degradation pattern of the nanocomposite system. 

 

Thermal behavior of the CuO nanoparticle-incorporated scaffolds was evaluated using TGA (Figure 5). The analysis was 

performed by heating a 2.315 mg sample from 30°C to 550°C at a rate of 15°C/min under a nitrogen atmosphere. An 

initial weight loss of approximately 9.51% was observed, corresponding to the evaporation of moisture and volatile 

components. The primary degradation phase began around 244.81°C, with the maximum decomposition rate occurring 

near 332.83°C and completion at approximately 378.85°C. The total mass loss at 550°C was recorded as 41.70%. 

Compared to pristine polymer scaffolds, the incorporation of CuO nanoparticles delayed thermal degradation and 

improved overall thermal stability. This enhancement indicates that CuO nanoparticles act as reinforcing fillers within the 

polymer matrix [49-52]. 
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3.6. Particle size distribution and zeta potential 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Hydrodynamic size distribution of synthesized CuO nanostructures obtained from light scattering 

measurements. 

 

Particle size evaluation using dynamic light scattering indicated the presence of two distinct populations, reflecting a 

bimodal distribution pattern, with an average hydrodynamic diameter of 92.8 nm and a polydispersity index of 0.5592 

(Figure 6). This distribution suggests a moderate degree of variation in particle size. The recorded scattering intensity of 

3465 kcps indicates that the nanoparticle suspension maintained acceptable stability during measurement. Further analysis 

of surface charge through zeta potential measurements yielded a value of –5.29 mV (Figure 7), which reflects weak 

electrostatic repulsive forces and, consequently, limited stability of the colloidal system. This relatively low surface charge 

aligns with the aggregation observed in SEM images. To improve dispersion stability, surface modification or 

functionalization strategies may be required for future applications [53, 54]. 

 

 

 

 

 

 

 

 

 

 

 

Figure 7. Surface charge characteristics reflecting dispersion behavior of CuO nanostructures. 

 

3.7. In vitro wound healing assay 

The regenerative capability of the prepared samples was examined through a scratch assay using HaCaT keratinocyte cells 

(Figure 8). After an incubation period of 48 hours, notable variations in cell migration and wound closure were evident 

across all treatment groups. At the lowest tested dose (6.25 µg/mL), the algal extract produced a closure rate of 36.03%, 

while treatments with CuO nanoparticles and the composite nanoscaffolds resulted in improved healing responses of 

44.03% and 51.03%, respectively. With an increase in concentration to 12.5 µg/mL, the closure percentages rose to 

43.03% for the extract, 50.03% for CuO nanoparticles, and 66.03% for the nanoscaffolds. A similar concentration-

dependent enhancement was observed at higher doses. At 25 µg/mL, wound closure values reached 54.03%, 66.03%, and 

77.03% for the extract, nanoparticles, and nanoscaffolds, respectively. Further improvement was noted at 50 µg/mL, 

where closure percentages increased to 64.03% for the extract, 68.03% for CuO nanoparticles, and 83.03% for the 

composite system. At the maximum concentration tested (100 µg/mL), the nanoscaffold formulation demonstrated almost 

complete wound closure (99.03%), markedly exceeding the performance of the algal extract (73.03%) and CuO 

nanoparticles (87.03%). These findings demonstrate that the composite nanoscaffolds markedly enhance keratinocyte 

migration and wound repair efficiency compared to individual components. The observed dose-dependent response 

highlights the importance of optimizing concentration for achieving maximum therapeutic benefit [55, 56]. 
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Figure 8. Evaluation of cellular migration under different treatments demonstrating wound closure efficiency. 

 

4. DISCUSSION 

This work confirms the effective generation of CuO nanoparticles through a sustainable, ultrasound-assisted green 

synthesis approach utilizing T. ornata extract, followed by their successful integration into electrospun starch/PVA 

nanofibrous scaffolds. Analysis by UV–visible spectroscopy revealed clear differences in the optical behavior of the algal 

extract compared to the synthesized nanoparticles, indicating the conversion of naturally derived phytochemicals into 

CuO nanoparticles. The broad absorption band of the crude algal extract between 200 and 400 nm, peaking at 346 nm, 

reflects the complex composition of marine phytochemicals such as chlorophyll derivatives, flavonoids, and phenolic 

compounds that contribute both as reducing and stabilizing agents during nanoparticle formation. In contrast, the sharp 

plasmonic absorption peak near 200 nm in the CuO NP spectrum indicates successful synthesis of nanostructured copper 

oxide, a signature often associated with the nanoscale dimensions and high surface energy of these materials. This spectral 

shift not only confirms nanoparticle formation but also suggests that these CuO nanostructures could impart functional 

properties such as ultraviolet (UV) light absorption, which is beneficial for wound dressings by potentially shielding 

wounds from harmful UV radiation [57, 58]. 

FTIR spectral analysis provided further confirmation of the successful integration of CuO NPs into the starch/PVA 

polymeric matrix. The characteristic Cu–O bond vibrations and metal-oxygen interactions in the nanoparticles were 

clearly identifiable alongside polymer-specific functional groups such as hydroxyl, amine, and glycosidic linkages. The 

presence of broad hydroxyl and carbonyl bands in the nanofiber composite confirms the retention of starch and PVA 

molecular structures. Importantly, the coexistence of these signals without significant shifts indicates that the 

incorporation process did not lead to any major chemical reactions or degradation of the polymer or the nanoparticles. 

This structural integrity is essential for maintaining the scaffold’s biocompatibility and mechanical stability, two critical 

factors in wound healing applications [59-62]. 

XRD patterns further elucidated the crystalline nature of the synthesized CuO NPs and their distribution within the 

composite scaffold. The distinct monoclinic phase of CuO nanoparticles with sharp, intense diffraction peaks aligns well 

with standard reference data, verifying high crystallinity of the biosynthesized nanoparticles. However, the broader and 

less intense peaks observed in the nanofibrous scaffolds signify a reduction in crystallinity caused by the amorphous 

polymeric matrix, which can promote better flexibility and mechanical integrity in the final material. The partial 

amorphization and uniform dispersion of nanoparticles inferred from peak broadening suggest a good level of interaction 

at the nanoscale without phase separation, which is desirable for sustained therapeutic performance and controlled release 

of bioactive agents in wound healing [63-66]. 

The morphological features observed through SEM imaging highlight the favorable characteristics of both the 

nanoparticles and the composite nanofibers. The relatively uniform spherical to irregular CuO NPs, sized between 90 and 

100 nm, are within an optimal size range known to enhance cellular interactions and antimicrobial effects. Although minor 

aggregation was noted due to high surface energy, the overall dispersion of nanoparticles within the nanofiber mat was 

satisfactory. The bead-free, smooth surface morphology and porous, interconnected network of starch/PVA fibers with 

diameters between 150 and 300 nm provide an ideal microenvironment for cell adhesion, proliferation, and nutrient 

transport, which are vital for effective tissue regeneration. The occasional nanoparticle clusters may be addressed in future 

studies by modifying electrospinning parameters or surface functionalization to achieve more homogenous distribution 

[67]. 

TGA revealed that embedding CuO NPs significantly improved the thermal stability of the starch/PVA nanofibers. The 

delayed onset of polymer degradation and reduced total mass loss suggest that the nanoparticles act as reinforcing agents 

within the polymer matrix. Enhanced thermal resistance is advantageous not only for storage and handling but also for 

maintaining scaffold integrity during sterilization and in situ application on wounds. This improved stability potentially 

prolongs the scaffold’s functional lifespan during the wound healing process [68]. 

DLS and zeta potential measurements provided valuable insight into nanoparticle size distribution and colloidal stability, 

which are important for their biological behavior. The moderate polydispersity and bimodal size distribution indicate a 

somewhat heterogeneous nanoparticle population, which could influence cellular uptake and antimicrobial efficacy. The 

relatively low negative zeta potential (–5.29 mV) corresponds with the observed tendency for aggregation, which might 

limit nanoparticle dispersion stability in biological environments. Addressing this limitation through surface 

functionalization or polymer coating could enhance nanoparticle bioavailability and sustained release within the wound 

milieu [69]. 

Most importantly, the wound healing scratch assay demonstrated the pronounced biological efficacy of the 

starch/PVA/CuO NP nanoscaffolds. The scaffolds consistently outperformed both the crude T. ornata extract and the CuO 
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NPs alone across all tested concentrations, significantly accelerating HaCaT keratinocyte migration and wound closure. 

This synergistic effect likely arises from the combined bioactivity of the algal-derived CuO NPs and the biocompatible, 

porous polymeric scaffold, which together create a conducive environment for cellular proliferation and migration. The 

concentration-dependent enhancement in wound closure rate highlights the critical role of dosage optimization for 

maximizing therapeutic outcomes. Near-complete wound closure at the highest concentration underscores the 

nanoscaffold’s potential as a next-generation wound dressing, capable of accelerating tissue repair while leveraging green 

synthesis and natural biomaterials [70]. 

Collectively, these findings validate the green synthesis approach as an effective strategy to produce functional CuO NPs 

and demonstrate their successful incorporation into starch/PVA electrospun scaffolds with enhanced physicochemical 

properties and superior wound healing potential. The integration of marine macroalgae-derived bioactives into a 

biocompatible polymeric matrix addresses the growing need for sustainable, effective wound care materials. Future work 

should focus on in vivo validation, long-term biocompatibility studies, and functionalization strategies to further improve 

nanoparticle dispersion and scaffold bioactivity for clinical translation. 

 

5. CONCLUSION 

This study presents an environmentally sustainable strategy for designing multifunctional nanofibrous materials by 

integrating marine-derived bioactive compounds with copper oxide nanostructures. The successful generation of CuO 

nanoparticles through a biologically mediated process and their incorporation into a starch/PVA electrospun matrix 

resulted in a composite system with improved structural and functional characteristics. Physicochemical analyses 

demonstrated that the incorporation of nanoparticles enhanced the stability and integrity of the fibrous network without 

compromising its chemical composition. The developed scaffold exhibited a highly porous architecture, which is 

advantageous for facilitating cellular interactions and supporting tissue regeneration. Biological evaluation confirmed that 

the composite system significantly promotes keratinocyte migration in a concentration-dependent manner, outperforming 

individual components. This enhanced performance can be attributed to the combined influence of the polymeric matrix 

and the embedded nanostructures, which together create a favorable microenvironment for wound repair. Overall, the 

findings highlight the potential of combining green synthesis approaches with nanofiber engineering to develop advanced 

wound healing materials. Future studies focusing on in vivo validation and long-term biocompatibility will further support 

the clinical translation of this system. 
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