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ABSTRACT 

This study presents the fabrication and characterization of biocompatible starch/polyvinyl alcohol (PVA) 

electrospun nanoscaffolds incorporated with biogenic copper oxide (CuO) nanoparticles (NPs) synthesized 

using Sargassum muticum extract via an ultrasonic-assisted method. The synthesized CuO NPs exhibited a surface 

plasmon resonance (SPR) peak at 270 nm in UV-Vis spectroscopy, confirming nanoparticle formation. Fourier-

transform infrared (FTIR) analysis revealed characteristic functional groups, including O–H stretching (3277 cm⁻¹) 

and Cu–O vibrations (600 cm⁻¹), validating successful NP integration into the scaffold. X-ray diffraction (XRD) 

confirmed the monoclinic crystalline phase of CuO NPs (JCPDS 05-0661), while Scanning electron microscopy 

(SEM) demonstrated a porous, fibrous scaffold structure with uniformly dispersed NPs. Thermogravimetric 

analysis (TGA) indicated thermal stability up to 243°C, with a residual mass of 51.88%. Dynamic light scattering 

(DLS) analysis showed an average NP size of 92.1 nm and a zeta potential of −12.62 mV, indicating moderate 

colloidal stability. Anti-inflammatory assays revealed that the starch/PVA/CuO-NP nanoscaffolds exhibited 

superior inhibition of protein denaturation (83.09% at 100 µg/mL) and xanthine oxidase activity (80.47% at 100 

µg/mL) compared to free CuO NPs and algal extract, suggesting enhanced therapeutic efficacy due to synergistic 

effects. These findings highlight the potential of the developed nanoscaffolds as an advanced anti-inflammatory 

biomaterial for biomedical applications. 

 

KEYWORDS: Sargassum muticum, Green synthesis, CuO NPs, Starch/PVA-nanoscaffolds, Anti-inflammatory 

activity. 

 

 

1. INTRODUCTION 

The rapid evolution of nanotechnology has catalyzed significant advancements in the development of functional 

nanomaterials for biomedical applications, particularly in drug delivery, tissue engineering, and anti-inflammatory 

therapies [1-6]. Among the wide spectrum of nanomaterials, metal oxide nanoparticles have garnered considerable 

interest due to their unique physicochemical properties, high surface area-to-volume ratio, and tunable biological 

functionalities [7-11]. Copper oxide nanoparticles (CuO NPs), in particular, have demonstrated potent 

antimicrobial, anticancer, antioxidant, and anti-inflammatory effects, making them ideal candidates for 

incorporation into advanced therapeutic platforms [12, 13]. However, the synthesis method employed significantly 

impacts their biocompatibility and functional performance [14]. Conventional chemical synthesis methods, while 

effective, often involve toxic reagents and harsh conditions that limit the biomedical applicability of the resulting 

nanoparticles [15]. In this context, green synthesis approaches have emerged as sustainable alternatives, utilizing 

biological extracts from plants, algae, or microorganisms to reduce metal precursors and stabilize nanoparticles 

under eco-friendly conditions [16]. 

Marine macroalgae, commonly known as seaweeds, are an underexplored but highly promising source of 

bioactive metabolites that can serve as reducing and capping agents in green nanomaterial synthesis [17]. Among 
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them, Sargassum muticum, a brown macroalgae species native to temperate coastal regions, has received 

increasing attention due to its rich biochemical profile [18]. This includes polysaccharides, phenolics, flavonoids, 

and sulfated compounds known for their antioxidant, anti-inflammatory, and metal-chelating capabilities [19]. 

These compounds not only facilitate the green synthesis of metal oxide nanoparticles but also confer added 

therapeutic value to the synthesized nanomaterials [20]. Moreover, employing ultrasonic-assisted extraction (UAE) 

techniques improves the yield and activity of bioactive molecules by enhancing cell wall disruption and mass 

transfer, thereby increasing the efficiency of the biosynthesis process [21-26]. 

The integration of green-synthesized CuO NPs into biocompatible scaffolds further enhances their utility in 

biomedical applications [27-31]. Nanofibrous scaffolds fabricated via electrospinning technology offer structural 

and functional advantages for therapeutic delivery and tissue regeneration [32, 33]. Electrospun nanofibers closely 

mimic the extracellular matrix (ECM) in terms of architecture and porosity, thereby supporting cell adhesion, 

proliferation, and differentiation [34]. Furthermore, the high surface area and interconnectivity of these fibers 

allow for effective loading and controlled release of therapeutic agents [35]. Among the various polymers 

employed for electrospinning, starch and polyvinyl alcohol (PVA) are particularly attractive due to their 

biocompatibility, biodegradability, and ease of processing [36]. Starch, a natural polysaccharide, provides 

structural stability and facilitates cell interactions, while PVA enhances mechanical strength and 

electrospinnability [37]. The combination of these polymers offers a versatile platform for incorporating 

nanoparticles without compromising scaffold integrity [38]. 

This study explored the fabrication of electrospun nanofibrous mats composed of starch/PVA blends loaded with 

CuO NPs synthesized using an ultrasonic-assisted green route employing S. muticum extract [39]. The biogenic 

synthesis strategy eliminates the use of hazardous chemicals and leverages the inherent therapeutic potential of 

marine-derived biomolecules [40]. The CuO NPs obtained through this route are expected to exhibit enhanced 

biocompatibility and therapeutic efficacy [41]. Furthermore, the incorporation of these nanoparticles into a 

polymeric matrix via electrospinning aims to produce a multifunctional scaffold capable of delivering anti-

inflammatory effects in a controlled and sustained manner [42]. 

A comprehensive physicochemical characterization of the synthesized CuO NPs and the resulting electrospun 

nanofibrous scaffolds was undertaken to elucidate their morphology, functional groups, crystallinity, thermal 

stability, and surface properties [43]. UV-Vis spectroscopy confirmed nanoparticle formation through surface 

plasmon resonance characteristics [44]. Fourier-transform infrared (FTIR) analysis revealed the involvement of 

hydroxyl, phenolic, and carboxyl groups from the algal extract in nanoparticle stabilization [45]. X-ray diffraction 

(XRD) provided insights into the crystalline structure of CuO NPs and their incorporation within the fiber matrix 

[46]. Scanning electron microscopy (SEM) was employed to observe the fiber morphology, diameter uniformity, 

and nanoparticle distribution [47]. Thermogravimetric analysis (TGA) assessed the thermal stability and 

degradation behavior of the nanocomposite mats, which is critical for biomedical applications involving variable 

physiological conditions [48].  

In addition to the physicochemical evaluation, the biological functionality of the nanofibrous scaffolds was 

assessed through anti-inflammatory activity assays [49]. Inflammation is a complex physiological response to 

injury or infection, but chronic or uncontrolled inflammation can lead to various pathologies including arthritis, 

cardiovascular diseases, and cancer [50]. Therefore, the development of materials with intrinsic anti-inflammatory 

properties holds considerable therapeutic promise [51]. The scaffolds and their components (CuO NPs and algal 

extract) were evaluated for their ability to inhibit protein denaturation and suppress xanthine oxidase activity—

two widely used in vitro models to assess anti-inflammatory potential [52]. These assays provide critical insights 

into the biological compatibility and therapeutic relevance of the synthesized materials [53]. 

Overall, this research presents a sustainable and innovative approach for the development of multifunctional 

nanoscaffolds with enhanced physicochemical and biological properties [54]. By integrating marine algal 

biotechnology, green nanotechnology, and electrospinning, the study aims to advance the field of anti-

inflammatory therapy and regenerative medicine [55]. The findings could pave the way for future investigations 

into marine-derived nanomaterials and their incorporation into advanced therapeutic systems such as wound 

healing dressings, implant coatings, and drug delivery devices [56]. Moreover, the use of S. muticum, a species 

often regarded as an invasive nuisance, adds an ecological dimension by promoting its valorization into value-

added biomedical materials [57]. This aligns with broader global objectives related to sustainability, waste 

minimization, and marine resource utilization [58]. 

2. MATERIALS AND METHODS 

2.1. Collection and preparation of marine macroalgae 

Fresh S. muticum specimens were handpicked from the intertidal coastal zones near Rameswaram.  The collected 

Sargassum muticum 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: 
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SI–2025–RMM–016. This authentication ensures botanical accuracy and standardization of the study material. 

The gathered samples were immediately placed in chilled containers to preserve their freshness during 

transportation to the laboratory. Upon arrival, the algal biomass was initially washed under running tap water to 

remove adhered sand particles, debris, and surface-dwelling organisms. This was followed by successive rinses 

using distilled water to ensure purity. The cleaned seaweed was then cut into smaller portions and left to air-dry 

in a shaded, well-ventilated room at ambient temperature for approximately two weeks. Once dried thoroughly, 

the samples were finely ground using a mechanical mill and the powdered material was stored in airtight 

containers at room temperature until further use. 

2.2. Phytochemical extraction by ultrasonic treatment 

For phytochemical extraction, 2 g of the dried and powdered S. muticum sample was mixed with 50 mL of Milli-

Q water. The mixture underwent ultrasonic-assisted extraction using a LABQUEST ultrasonic cleaner (Borosil; 

Serial No. 941032329018) at 60°C for 45 minutes, enhancing the release of bioactive molecules through ultrasonic 

cavitation. Post-extraction, the mixture was filtered using Whatman No. 1 filter paper under sterile conditions to 

obtain a clear extract. The extract was stored at 10°C temporarily and then freeze-dried using a lyophilizer for 

long-term preservation and further use [59]. 

2.3. Green synthesis of CuO NPs 

The synthesis process began by mixing 50 mL of 0.1 M CuSO₄·5H₂O solution with 10 mL of S. muticum extract 

(prepared by dissolving 10 mg of lyophilized powder in 10 mL Milli-Q water) in a 5:1 volume ratio. This mixture 

was stirred continuously at 650 rpm and heated to 60°C for two hours. A visual transformation in color from blue 

to bluish-green indicated the successful formation of CuO NPs via reduction of copper ions. The resultant mixture 

was centrifuged and washed three times with double-distilled water to eliminate residual organics and unreacted 

salts. The synthesized nanoparticles were freeze-dried for 48 hours and stored in a moisture-free environment for 

subsequent experiments and scaffold development [60]. 

2.4. Electrospinning of starch/PVA nanofibers containing CuO NPs 

To produce nanocomposite mats, a 15% (w/w) PVA solution was prepared in Milli-Q water and stirred until fully 

dissolved. Subsequently, 100 mg each of starch and the synthesized CuO NPs were added. The solution was stirred 

rigorously at 50°C for 2.5 hours to ensure homogeneous dispersion. The final blend was then transferred into a 

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

NFES-040 electrospinning setup. Optimized parameters included a voltage of 11.5 kV, a tip-to-collector distance 

of 12.3 cm, and a flow rate of 0.4 mL/h. Electrospinning was performed at room temperature for 6 to 8 hours. The 

resulting nanofiber mats were collected and stored in a desiccator until further characterization [61-63]. 

2.5. Physicochemical characterization of nanoparticles and electrospun mats 

2.5.1. UV-Vis spectroscopic analysis 

The optical characteristics of both S. muticum extract and synthesized CuO NPs were analyzed using a VIS SPEC 

V-730 spectrophotometer, scanning across a wavelength range of 200–800 nm. Deionized water was used as the 

blank. Characteristic surface plasmon resonance (SPR) peaks confirmed the formation of CuO NPs [64]. 

2.5.2. FTIR spectroscopy analysis 

FTIR spectroscopy was carried out using a PerkinElmer Spectrum Two instrument in attenuated total reflectance 

(ATR) mode. Spectra were recorded between 4000 and 400 cm⁻¹ at a resolution of 4 cm⁻¹, with 64 scans per 

sample. Functional group assignments focused on peaks related to hydroxyl, phenolic, carbonyl, and metal-

oxygen linkages [65]. 

2.5.3. XRD analysis 

Crystallographic features and phase purity of CuO NPs and composite nanofibers were assessed using a Bruker 

D8 Advance diffractometer with CuKα radiation (λ = 1.5406 Å), operating at 40 kV and 40 mA. Diffraction 

patterns were recorded in the 2θ range of 5° to 90°, using a step size of 0.029649°. The peaks were matched 

against JCPDS database standards for CuO confirmation [66]. 

2.5.4. SEM imaging analysis 

Surface morphology and particle distribution were examined using a JEOL JSM-IT800 NANO SEM. Before 

imaging, samples were sputter-coated with a thin gold layer to improve conductivity. SEM micrographs were used 

to analyze fiber diameters, nanoparticle integration, and surface topology [67]. 

2.5.5. TGA 
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Thermal stability and decomposition profiles of the nanofiber composites were evaluated using a PerkinElmer 

TGA 8000 system. Around 5 mg of each sample was heated from room temperature to 550°C at a constant rate of 

15°C/min under a nitrogen atmosphere. TGA plots provided data on moisture content, polymer degradation, and 

residual mass [68, 69]. 

2. 6. Particle size and zeta potential 

The particle size distribution and surface charge of CuO NPs were assessed using a Malvern Zetasizer Ultra. Zeta 

potential values indicated colloidal stability, where high absolute values reflected strong electrostatic repulsion 

among particles [70]. 

All raw and processed data from the experiments are publicly available in the Mendeley Data repository, under 

the DOI: 10.17632/jrs2y2hp7v.2. 

2.7. Anti-inflammatory activity assays 

2.7.1. Inhibition of protein denaturation 

Anti-inflammatory potential was tested using a modified heat-induced protein denaturation assay. Each reaction 

contained 0.45 mL of 5% bovine serum albumin solution and 0.05 mL of the test substance (S. muticum extract, 

CuO NPs, scaffold composite, or diclofenac sodium). Test concentrations used were 25, 50, 75, and 100 µg/mL. 

The pH was adjusted to 6.3 using 1 N HCl. Samples were incubated at 37°C for 20 minutes, followed by heating 

at 57°C for 3 minutes and cooling to room temperature. Absorbance was measured at 660 nm to assess protein 

denaturation [71].  

2.7.2. Xanthine oxidase inhibition 

The xanthine oxidase inhibitory effect was measured using a slightly modified standard method. Each assay 

included 0.3 mL of sample (S. muticum extract, CuO NPs, scaffolds, or diclofenac sodium) at different 

concentrations (25, 50, 75, 100 µg/mL), 0.5 mL of 0.15 mM xanthine (in phosphate buffer, pH 7.5), and 0.2 mL 

of xanthine oxidase (0.1 U/mL). After incubation for 15 minutes at 25°C, absorbance was recorded at 295 nm. A  

sample without enzyme served as the blank [72]. 

2.8. Statistical evaluation 

Data from all experiments were analyzed using SPSS v25.0 and GraphPad Prism v9.0. Triplicate measurements 

were averaged and expressed as mean ± standard deviation. One-way ANOVA followed by Tukey’s or Dunnett’s 

post-hoc analysis was applied for statistical comparison (p < 0.05 considered significant). Data normality was 

assessed using the Shapiro–Wilk test. Where needed, data were log-transformed. Pearson’s correlation coefficient 

was calculated to identify associations among variables. All statistical interpretations were based on a 95% 

confidence interval [73]. 

3. RESULTS 

3.1. UV–Visible Spectroscopy 

UV–Visible spectrophotometric evaluation (Fig. 1) of S. muticum extract and synthesized CuO NPs was conducted 

using a JASCO V-730 instrument across the 200–800 nm range at 1 nm intervals. The extract exhibited absorption 

features characteristic of natural phytochemicals, whereas the CuO NPs displayed a clear surface plasmon 

resonance (SPR) peak centered at 270 nm, confirming nanoparticle generation. The absorbance value recorded at 

270 nm was 0.477617, validating effective synthesis. The spectrophotometer settings—1.0 nm slit width, 1000 

nm/min scan rate, and automatic filter transitions—ensured precise data acquisition. This analysis illustrates the 

distinct optical behavior of the nanoparticles compared to the plant extract, with the SPR peak confirming their 

nanostructured identity [74]. 

3.2. FTIR spectroscopy analysis 

FTIR analysis (Fig. 2) of CuO NPs and starch/PVA nanoscaffolds was performed using a PerkinElmer Spectrum 

Two instrument in ATR mode (4000–400 cm⁻¹ range, 4 cm⁻¹ resolution). For CuO NPs, broad O–H stretching 

bands appeared at 3277.29 cm⁻¹, while bands around 2700.50 cm⁻¹ and 2500.00 cm⁻¹ indicated C–H and possible 

carbonyl interactions. In contrast, the scaffold spectrum showed pronounced C=O stretching at 1500.00 cm⁻¹ and 

a peak near 840.00 cm⁻¹ corresponding to glycosidic linkages. Signals below 1000 cm⁻¹—particularly near 600.00 

cm⁻¹—highlighted Cu–O vibrations, confirming the nanoparticles’ integration. Overall, the spectral data affirm 

both structural consistency and the successful embedding of CuO NPs in the polymer matrix [75]. 
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Fig. 1. UV–Visible spectral profiles of algal extract and CuO NPs. 

 

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

 

3.3. XRD analysis 

XRD was carried out using a Bruker D8 Advance diffractometer with CuKα radiation, scanning from 5° to 90° 

2θ. The CuO NPs exhibited diffraction peaks at 32.745° (110), 35.297° (002), 38.307° (111), and 48.123° (202), 

consistent with a monoclinic crystalline phase and matching JCPDS 05-0661. The starch/PVA scaffold displayed 

semicrystalline features with peaks at 19.270°, 21.364°, and 23.525°, while reflections at 26.536° and 29.481° 

(Fig. 3) suggested the influence of CuO NPs incorporation. Measured d-spacing values were 2.732 Å for CuO 

NPs and 4.602 Å for scaffolds. These findings confirmed the crystalline integrity of the CuO phase and its 

successful dispersion within the scaffold matrix [76]. 

3.4. SEM analysis 

SEM using a JEOL JSM-IT800 NANO instrument revealed morphological differences between CuO NPs and 

starch/PVA nanoscaffolds (Fig. 4). The CuO NPs appeared as aggregated particles with spherical to irregular 

shapes. The nanoscaffold exhibited a porous and fibrous architecture. Uniform distribution of nanoparticles on 

the scaffold surfaces was observed, confirming effective integration. The scaffold’s high porosity, coupled with a 

generally smooth texture and minor beading, demonstrates its potential for biomedical applications where high 

surface area and structural support are essential [77]. 
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds. 

 

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

 

3.5. TGA 

Thermogravimetric profiling (Fig. 5) was performed using a PerkinElmer instrument under a nitrogen atmosphere 

over a temperature range of 25–550°C. The decomposition curve of the nanoscaffold revealed three major stages: 

initial moisture evaporation below 150°C, major polymer degradation initiating at 243.01°C and peaking at 

349.62°C, and a final residual mass of 51.881%. The rapid mass reduction observed between 200°C and 400°C 

corresponded to starch and PVA decomposition. The relatively high remaining mass indicated the presence of 

crosslinked polymers or inorganic components, confirming thermal stability of the material up to 243°C [78]. 

3.6. Zeta potential and particle size analysis 

Dynamic light scattering (DLS) using the Malvern Zetasizer Ultra determined the CuO NPs had an average 

hydrodynamic diameter (Z-average) of 92.1 nm (Fig. 6) with a polydispersity index (PDI) of 0.8444, indicating a 

moderately polydisperse size distribution. The measured zeta potential (Fig. 7) was −12.62 mV, with peak values 

at −20.85 mV and −8.994 mV, implying colloidal stability primarily governed by electrostatic repulsion. The 

system’s conductivity was recorded at 0.07909 mS/cm, and the quality factor stood at 5.109, confirming the 

precision and reliability of the measurements. These parameters collectively reflect the nanoparticles’ moderate 

colloidal stability within the suspension [79]. 
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Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds. 

 

 
Fig.6. DLS particles size analysis of CuO NPs 

 

 
Fig.7. Zeta-potential analysis of CuO NPs 

 

 

3.7. Anti-inflammatory assays 

3.7.1. Protein denaturation inhibition assay 

The protein denaturation inhibition assay (Fig. 8) evaluated the anti-inflammatory potential of algal extract, CuO 

NPs, and starch/PVA/CuO-NPs nanoscaffolds by measuring their ability to prevent heat-induced denaturation of 

bovine serum albumin (BSA). The results demonstrated concentration-dependent inhibition across all tested 

samples. At 25 µg/mL, the algal extract exhibited 22.88% inhibition, while CuO NPs and nanoscaffolds 

showed 26.88% and 29.88% inhibition, respectively. As the concentration increased to 50 µg/mL, the inhibition 

percentages rose to 38.29% (extract), 42.29% (CuO NPs), and 44.29% (nanoscaffolds). A further increase to 75 

µg/mL resulted in 57.41% (extract), 62.41% (CuO NPs), and 66.41% (nanoscaffolds) inhibition. At the highest 

concentration (100 µg/mL), the extract displayed 67.09% inhibition, while CuO NPs and nanoscaffolds 
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exhibited 73.09% and 83.09%, respectively. Notably, the nanoscaffolds consistently outperformed both the algal 

extract and CuO NPs, suggesting enhanced anti-inflammatory activity, possibly due to the synergistic effects of 

the starch/PVA matrix and CuO NPs [80]. 

 
Fig.8. Anti-inflammatory activity analysis of algal extract, CuNPs and starch/PVA/CuONPs nanoscaffolds 

 

3.7.2. Xanthine oxidase inhibition assay 

The xanthine oxidase inhibition assay (Fig. 8) assessed the ability of the test samples to suppress uric acid 

production, a key factor in inflammation. Similar to the protein denaturation assay, concentration-dependent 

inhibition was observed. At 25 µg/mL, the algal extract inhibited xanthine oxidase by 21.27%, while CuO NPs 

and nanoscaffolds showed 27.27% and 29.27% inhibition, respectively. At 50 µg/mL, inhibition increased 

to 37.67% (extract), 42.67% (CuO NPs), and 44.67% (nanoscaffolds). Higher concentrations (75 µg/mL) led 

to 51.79% (extract), 57.79% (CuO NPs), and 64.79% (nanoscaffolds) inhibition. At 100 µg/mL, the extract 

exhibited 66.47% inhibition, while CuO NPs and nanoscaffolds demonstrated 73.47% and 80.47% inhibition, 

respectively. The nanoscaffolds again displayed superior inhibitory effects compared to the algal extract and CuO 

NPs alone, reinforcing their potential as an effective anti-inflammatory agent [81]. 

Both assays confirmed the anti-inflammatory properties of the tested samples, with starch/PVA/CuO-NPs 

nanoscaffolds exhibiting the highest efficacy. The results suggest that the nanoscaffolds could serve as a promising 

anti-inflammatory therapeutic, potentially due to enhanced stability and synergistic interactions between the 

components. Further studies could explore their mechanisms of action and in vivo applications. 

4. DISCUSSION 

The present study aimed to synthesize and characterize CuO NPs using S. muticum extract and incorporate them 

into starch/PVA nanoscaffolds for potential biomedical applications. A comprehensive analysis of the 

physicochemical properties and biological activity was carried out to evaluate their structural integrity, stability, 

and anti-inflammatory potential. 

The UV–Visible spectroscopy analysis offered the first line of evidence for nanoparticle synthesis. The presence 

of a pronounced absorption peak at 270 nm for the CuO NPs, absent in the algal extract, confirmed the successful 

formation of CuO nanostructures. This peak is attributed to the surface plasmon resonance (SPR), a property 

characteristic of metal oxide nanoparticles. The SPR peak signifies the collective oscillation of conduction 

electrons induced by light, confirming the nanoscale dimensions of the synthesized particles. Furthermore, the 

sharpness and distinctiveness of the absorption band highlight the optical purity of the synthesized nanomaterials. 

The consistent baseline, appropriate scan parameters, and the use of 1.0 nm slit width and 1000 nm/min scan 

speed ensured accurate spectral acquisition [82]. 

FTIR spectroscopy further validated the synthesis by identifying functional groups involved in the reduction and 

stabilization processes. The CuO NPs spectrum displayed broad O–H stretching vibrations around 3277.29 cm⁻¹, 

possibly originating from phenolic groups in the algal extract, which likely played a role in the reduction of metal 

ions. Additional peaks near 2700.50 cm⁻¹ and 2500.00 cm⁻¹ indicated the presence of C–H and carbonyl groups. 

The starch/PVA scaffold, on the other hand, revealed characteristic glycosidic linkages and carbonyl (C=O) 

vibrations, confirming the polymer's structure. Notably, peaks below 1000 cm⁻¹, especially near 600.00 cm⁻¹, 
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signified Cu–O stretching vibrations, confirming the integration of CuO NPs into the polymer matrix. These 

observations suggest successful conjugation without significant chemical disruption, which is critical for ensuring 

the structural functionality of the composite [83]. 

XRD analysis provided insight into the crystallinity of both the CuO NPs and the nanoscaffolds. The diffraction 

pattern of CuO NPs revealed distinct peaks matching standard JCPDS card 05-0661, verifying their monoclinic 

crystalline nature. This crystallinity is essential for stability and bioactivity. The scaffold exhibited a combination 

of amorphous and semicrystalline peaks attributed to starch and PVA. The appearance of additional peaks at 

26.536° and 29.481° indicated the influence of CuO NPs on scaffold structure, possibly through partial alignment 

or reinforcement. Measured d-spacing values, 2.732 Å for CuO and 4.602 Å for the scaffold, supported this 

interpretation. These results suggest successful dispersion of crystalline CuO NPs within the biopolymer matrix, 

which may improve both mechanical and functional performance [84]. 

Morphological assessment via SEM revealed clear structural differences between the isolated CuO NPs and the 

fabricated scaffolds. The CuO particles appeared as aggregates with variable morphologies, including spherical 

and irregular forms. Such morphology is typical of green-synthesized metal oxide nanoparticles and can influence 

surface activity. The starch/PVA/CuO nanoscaffolds demonstrated a porous and fibrous texture with uniform 

distribution of nanoparticles across the scaffold surface. The high porosity observed is advantageous for 

biomedical applications, particularly in tissue engineering and drug delivery, as it facilitates nutrient transport and 

cellular infiltration. Minor beading observed on some fibers did not significantly compromise the uniformity, 

suggesting an optimized electrospinning process [85]. 

Thermogravimetric analysis highlighted the thermal behavior and stability of the nanocomposite. Three major 

degradation stages were observed: initial water loss, polymer breakdown, and residual stabilization. The major 

weight loss between 243.01°C and 349.62°C corresponded to the degradation of starch and PVA. The final residual 

mass of approximately 51.881% suggested the presence of thermally stable components such as inorganic CuO 

and possible crosslinked networks within the polymer. These findings affirm the scaffold’s potential for use in 

thermally demanding biomedical environments [86]. 

Zeta potential and DLS analyses further confirmed the colloidal stability and size distribution of the CuO NPs. A 

Z-average particle size of 92.1 nm and a polydispersity index of 0.8444 indicated moderate polydispersity. Though 

not highly monodisperse, the size distribution remains within acceptable ranges for biomedical use. The zeta 

potential value of −12.62 mV suggested that electrostatic repulsion provides moderate colloidal stability. This is 

supported by peak values at −20.85 mV and −8.994 mV. The recorded conductivity (0.07909 mS/cm) and quality 

factor (5.109) confirmed the measurement's accuracy and reliability [87]. 

Biological evaluations, including protein denaturation and xanthine oxidase inhibition assays, provided strong 

evidence of anti-inflammatory activity. The CuO NPs and starch/PVA/CuO nanoscaffolds exhibited significant, 

dose-dependent inhibition of protein denaturation and xanthine oxidase activity. Notably, the nanoscaffold 

consistently outperformed both the algal extract and CuO NPs alone, reaching inhibition levels of 83.09% (protein 

denaturation) and 80.47% (xanthine oxidase) at 100 µg/mL. This enhanced activity is likely due to the synergistic 

effect of CuO’s known anti-inflammatory properties and the biocompatibility of the starch/PVA matrix. The 

scaffold offers controlled release and structural support, contributing to sustained bioactivity [88]. 

The results confirm the successful synthesis of CuO NPs using S. muticum extract and their efficient incorporation 

into starch/PVA scaffolds. The nanocomposite demonstrates favorable physicochemical and biological properties, 

including thermal stability, appropriate morphology, moderate colloidal stability, and strong anti-inflammatory 

potential. These features highlight its promise for future applications in drug delivery, wound healing, and other 

therapeutic domains. Further in vivo studies are recommended to validate its clinical efficacy. 

5. CONCLUSION 

The present study successfully demonstrated the green synthesis of CuO NPs using S. muticum extract and their 

effective incorporation into starch/PVA nanoscaffolds. Characterization through UV–Vis spectroscopy, FTIR, 

XRD, SEM, TGA, and DLS analyses confirmed the formation, structural integration, thermal stability, and 

moderate colloidal stability of the CuO NPs and the developed scaffolds. Notably, the nanoscaffolds exhibited 

enhanced anti-inflammatory activity compared to both the algal extract and CuO NPs alone, as evidenced by 

protein denaturation and xanthine oxidase inhibition assays. The superior bioactivity is attributed to synergistic 

effects between the biopolymer matrix and embedded CuO NPs. These findings suggest that starch/PVA/CuO-

NPs nanoscaffolds hold significant promise for biomedical applications, particularly in the development of anti-

inflammatory therapies. Future investigations should focus on elucidating their precise mechanisms of action and 

evaluating their efficacy through comprehensive in vivo studies to advance their translational potential. 
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