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ABSTRACT 

This study developed an eco-friendly approach for synthesizing copper oxide nanoparticles (CuO NPs) 

using Padina tetrastromatica brown algae extract and incorporated them into starch/polyvinyl alcohol (PVA) 

electrospun nanoscaffolds for antimicrobial applications. The green-synthesized CuO NPs exhibited a 

characteristic surface plasmon resonance peak at 273 nm (UV-Vis), while Fourier-transform infrared spectroscopy 

(FTIR) confirmed Cu-O bonding (602.84 cm⁻¹, 433.39 cm⁻¹) and scaffold functional groups (e.g., O-H, C-O-C). 

X-ray diffraction (XRD) revealed monoclinic tenorite phase CuO NPs (JCPDS 05-0661) embedded in semi-

crystalline scaffolds (17.1% crystallinity). Scanning electron microscopy (SEM) showed uniform, porous 

nanofibers (diameter ~108 nm) with well-dispersed NPs, and Thermogravimetric analysis (TGA) indicated 

thermal stability up to 300°C. The nanoscaffolds demonstrated superior antimicrobial activity against Gram-

negative (Escherichia coli: 31±0.32 mm; Klebsiella pneumoniae: 28±0.13 mm), Gram-positive (Staphylococcus 

aureus: 26±0.26 mm), and fungal pathogens (Aspergillus niger: 24±0.28 mm), outperforming individual 

components (extract, CuO NPs) and nearing standard drug efficacy (ciprofloxacin, voriconazole). The synergistic 

effects of CuO NPs and the polymer matrix highlight the scaffold’s potential as a biodegradable, broad-spectrum 

antimicrobial material for wound dressings and tissue engineering. This study underscores the viability of algal-

mediated green synthesis in developing sustainable biomedical nanocomposites. 

 

KEYWORDS: Padina tetrastromatica, Green synthesis, CuO NPs, Starch/PVA nanoscaffolds, Antimicrobial 

activity. 

 

1. INTRODUCTION 

The rapid emergence of multidrug-resistant (MDR) pathogens has escalated the global demand for novel 

antimicrobial agents and advanced biomaterials, prompting a paradigm shift towards nanotechnology-based 

solutions in the biomedical sector [1]. Among various nanomaterials, metal oxide nanoparticles have gained 

considerable attention due to their unique physicochemical properties, high surface-area-to-volume ratio, and 

broad-spectrum antimicrobial activities [2]. Copper oxide nanoparticles (CuO NPs), in particular, have emerged 

as promising antimicrobial agents owing to their redox potential, catalytic efficiency, and affordability [3]. CuO 

NPs possess inherent biological activity and can effectively inhibit bacterial and fungal pathogens by generating 

reactive oxygen species (ROS), disrupting microbial membranes, and interfering with cellular metabolism [4]. 

However, conventional synthesis methods for CuO NPs often involve toxic chemicals and energy-intensive 

procedures, raising concerns regarding environmental sustainability and biomedical safety [5]. 

To address these challenges, green synthesis approaches utilizing plant and algal extracts have gained momentum 

as eco-friendly, cost-effective, and biocompatible alternatives for nanoparticle fabrication [5]. Marine macroalgae, 

especially brown seaweeds such as Padina tetrastromatica, represent a valuable and underutilized resource in 

green nanotechnology [6]. These seaweeds are rich in bioactive compounds, including polysaccharides, 

polyphenols, terpenoids, flavonoids, and proteins, which can act as natural reducing and stabilizing agents during 

nanoparticle formation [7]. The utilization of P. tetrastromatica extract in the green synthesis of CuO NPs not 

only eliminates the need for hazardous reagents but also imparts biofunctional properties to the resulting 

nanoparticles, enhancing their biological efficacy [8]. Despite the documented medicinal value of P. 

tetrastromatica, its application in nanomaterial synthesis and antimicrobial therapy remains largely unexplored, 

thereby warranting further investigation [9]. 

In recent years, the integration of nanoparticles into biodegradable polymeric matrices has gained significant 

interest in tissue engineering, wound healing, and antimicrobial applications  [10]. Natural biopolymers such as 
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starch and synthetic biocompatible polymers like polyvinyl alcohol (PVA) offer excellent film-forming 

capabilities, hydrophilicity, and biodegradability, making them ideal candidates for scaffold fabrication [11]. 

Electrospinning has emerged as a powerful technique for producing nanofibrous scaffolds that mimic the 

extracellular matrix (ECM), promoting cell attachment, proliferation, and tissue regeneration [12]. The 

incorporation of metal oxide nanoparticles into electrospun nanofibers not only enhances the mechanical and 

thermal properties of the scaffolds but also endows them with potent antimicrobial functionality, crucial for 

preventing infections in wound sites and implanted biomaterials [13]. 

Despite these advantages, limited research has focused on developing nanofibrous composites that synergistically 

combine green-synthesized CuO NPs with starch/PVA matrices [14]. Such hybrid systems hold immense potential 

in biomedical applications, especially in fabricating antimicrobial wound dressings, drug delivery systems, and 

tissue engineering scaffolds0020[15]. Furthermore, comprehensive characterization of the physicochemical, 

thermal, structural, and biological properties of these nanocomposites is essential to ensure their functionality, 

safety, and effectiveness [16]. Key techniques such as UV–visible spectroscopy, Fourier-transform infrared 

spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM), thermogravimetric analysis 

(TGA), and zeta potential analysis provide crucial insights into nanoparticle formation, scaffold morphology, 

stability, and interaction mechanisms [17]. 

The current study aims to address the critical need for environmentally benign and biologically potent 

nanomaterials by synthesizing CuO NPs using P. tetrastromatica extract through a green synthesis approach and 

incorporating them into starch/PVA-based electrospun nanofibrous scaffolds. This study encompasses a 

systematic investigation of the synthesized nanoparticles and composite scaffolds using advanced characterization 

techniques to evaluate their structural integrity, thermal stability, particle size distribution, and colloidal properties 

[18]. Moreover, the antimicrobial efficacy of the individual components (algal extract and CuO NPs) and the final 

nanofibrous scaffold was assessed against a panel of clinically relevant bacterial and fungal pathogens to establish 

their potential as broad-spectrum antimicrobial agents [19]. 

In this context, the novelty of the present research lies in its multidisciplinary approach, combining marine 

biotechnology, green nanotechnology, polymer science, and microbiology to develop a functional biomaterial 

platform [20]. Unlike conventional CuO NP synthesis methods, the use of P. tetrastromatica offers a sustainable 

and biologically enriched route to nanoparticle fabrication [3]. The integration of these nanoparticles into 

starch/PVA electrospun scaffolds not only enhances their antimicrobial potential but also aligns with the growing 

demand for biodegradable and biocompatible materials in clinical settings [21]. Importantly, this work adds new 

insights into the structure–function relationship of green-synthesized metal oxide nanoparticles embedded in 

polymeric networks and their synergistic role in microbial inhibition. 

The objective of this study is to (i) synthesize CuO NPs using P. tetrastromatica extract through a green chemistry 

route, (ii) incorporate the nanoparticles into electrospun starch/PVA nanofibrous scaffolds, (iii) perform a detailed 

physicochemical characterization of the developed nanomaterials, and (iv) evaluate their antimicrobial activity 

against a range of Gram-positive, Gram-negative, and fungal pathogens. The outcomes of this research are 

anticipated to contribute to the development of next-generation antimicrobial scaffolds that are environmentally 

sustainable, biologically active, and clinically relevant for diverse biomedical applications. 

 

2. MATERIALS AND METHODS 

2.1. Materials 

The green synthesis of CuO NPs was carried out using P. tetrastromatica seaweed, collected from the coastal 

region of Rameswaram, Tamil Nadu, India. Copper(II) sulfate pentahydrate (CuSO₄·5H₂O, Sigma-Aldrich) 

served as the metallic precursor. For electrospinning, PVA (molecular weight ~115,000) acted as the base polymer, 

supplemented with commercial starch to improve scaffold properties. All reagents, including ethanol and Milli-Q 

water (Merck, Sigma-Aldrich), were of analytical grade. A HOLMARC HO-NFES-040 electrospinning unit 

equipped with a syringe pump was used for nanofiber fabrication. 

 

2.2. Marine macroalgae collection 

Fresh P. tetrastromatica was obtained from the coastal region of Rameswaram. The collected Padina 

tetrastromatica was taxonomically identified and authenticated by Dr V. Veeragurunathan, CSIR-CSMCRI-

Marine Algal Research Station, Mandapam Camp 623519, Tamil Nadu, India. A voucher specimen was prepared 

and deposited at the Herbarium of the CSIR-CSMCRI-Marine Algal Research Station, under the accession 

number: SI–2025–RMM–015. This authentication ensures botanical accuracy and standardization of the study 

material. The specimens were initially cleaned with tap water to eliminate visible contaminants and then rinsed 

thoroughly with distilled water. Around 100 g of the algae were chopped, air-dried at ambient temperature for two 

weeks, and finally ground into a fine powder using a mechanical grinder for subsequent experimental use. 

 

2.3. Ultrasonic-assisted extraction of bioactive compounds 

To extract bioactive constituents, 2 g of the dried and powdered P. tetrastromatica was dispersed in 50 mL of 

Milli-Q water. This mixture underwent ultrasonic-assisted extraction using a LABQUEST ultrasonic cleaner 

(Borosil; Serial No. 941032329018) maintained at 60°C for 45 minutes. The sonication enhanced cell wall 

disruption, promoting the release of intracellular compounds into the aqueous solution. Post-extraction, the 
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solution was allowed to cool and filtered through sterile Whatman No. 1 filter paper. The clear extract was either 

used immediately or freeze-dried for long-term storage in airtight containers under sterile conditions [22, 23]. 

 

2.4. Green synthesis of CuO NPs 

To synthesize CuO NPs, 10 mL of P. extract (prepared by dissolving 10 mg of freeze-dried powder in 10 mL of 

Milli-Q water) was mixed with 50 mL of 0.1 M copper sulfate pentahydrate solution, keeping a 5:1 ratio. The 

mixture was stirred magnetically at 650 rpm and maintained at 60°C for 2 hours. A visible change in color from 

blue to bluish-green indicated nanoparticle formation through Cu²⁺ ion reduction. The solution was centrifuged, 

and the resulting precipitate was rinsed three times with double-distilled water. The purified nanoparticles were 

then freeze-dried for 48 hours and stored in a desiccator for further use [24]. 

 

2.5. Electrospinning of CuO-embedded starch/PVA nanofibrous scaffolds 

Electrospun nanofibrous scaffolds containing CuO NPs were fabricated by dissolving 15% (w/w) PVA in Milli-

Q water under continuous stirring until fully dissolved. To this, 100 mg of starch and 100 mg of CuO NPs were 

added and stirred vigorously at 50°C for 2.5 hours. The homogeneous mixture was loaded into a syringe fitted 

with a 0.84 mm internal diameter needle and placed on a HOLMARC HO-NFES-040 electrospinning unit. 

Parameters were set at 11.5 kV voltage, 12.3 cm needle-to-collector distance, and 0.4 mL/h flow rate. 

Electrospinning continued for 6–8 hours, resulting in uniform nanofibrous mats, which were carefully collected 

and stored in a desiccator [25-27]. 

 

2.6. Physicochemical characterization of nanoparticles and scaffolds 

2.6.1. UV-visible spectroscopy 

The optical characteristics of CuO NPs and algal extract were analyzed using a VIS SPEC V-730 

spectrophotometer over a wavelength range of 200 to 800 nm, using deionized water as a blank. Distinct peaks, 

indicative of surface plasmon resonance (SPR), confirmed nanoparticle formation. [28] 

2.6.2. FTIR spectroscopy analysis 

FTIR analysis (ATR mode) using a PerkinElmer Spectrum Two instrument identified functional groups in CuO 

NPs and CuO-integrated scaffolds. Scans were taken between 4000 and 400 cm⁻¹ at 4 cm⁻¹ resolution, with 64 

scans per sample. Peaks representing hydroxyl, phenolic, carboxylic, and metal-oxygen groups were observed 

[29]. 

2.6.3. XRD analysis 

Crystallographic studies were done using a Bruker D8 Advance XRD with CuKα radiation (λ = 1.5406 Å), at 40 

kV and 40 mA. Scans ranged from 2θ = 5° to 90° at a 0.029649° step size. The resulting patterns were matched 

with JCPDS files to validate CuO phases [30]. 

2.6.4. SEM analysis 

Morphological assessments were carried out via SEM (JEOL JSM-IT800 NANO) after gold sputter-coating. SEM 

images revealed fiber morphology, nanoparticle dispersion, and scaffold porosity [31]. 

2.6.5. TGA 

Thermal stability of the nanoscaffolds was examined using a PerkinElmer TGA 8000. Samples (~5 mg) were 

heated from room temperature to 550°C at a 15°C/min ramp under nitrogen. Thermograms depicted degradation 

stages and residual weight [32]. 

2.6.6. Zeta potential and particle size distribution 

The Malvern Zetasizer Ultra assessed nanoparticle size and zeta potential. High absolute zeta potential values 

indicated enhanced colloidal stability and dispersion in aqueous solutions [29]. 

All data and corresponding spectra are publicly accessible in the Mendeley Data repository under DOI: 

10.17632/vf8822rd8j.1. 

 

2.7. Antimicrobial activity analysis 

The antimicrobial potential of P. tetrastromatica extract, CuO NPs, and starch/PVA electrospun nanoscaffolds 

(50 µg/mL concentration for each) was investigated against selected pathogenic strains using the standard agar 

well diffusion method. The study encompassed both bacterial (Gram-negative: Escherichia coli, Klebsiella 

pneumoniae, Citrobacter koseri; Gram-positive: Staphylococcus aureus) and fungal (Aspergillus niger, 

Penicillium sp.) test organisms. For bacterial assays, standardized inocula (0.5 McFarland standard, equivalent to 

~1.5 × 10⁸ CFU/mL) were uniformly spread on Mueller-Hinton agar surfaces, while fungal suspensions were 

plated on Sabouraud dextrose agar. Test solutions (50 µL) were introduced into 6 mm diameter wells, with 

ciprofloxacin and voriconazole serving as positive controls for bacterial and fungal strains respectively. Following 

a 30-minute pre-incubation diffusion phase, bacterial cultures were maintained at 37°C for 24 hours and fungal 

cultures at 28°C for 48 hours. The antimicrobial efficacy was assessed by measuring the diameter of growth 

inhibition zones (in millimeters) surrounding each well. To ensure methodological reliability, all experiments 

were conducted with triplicate samples under identical conditions [33]. 
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2.8. Statistical analysis 

The quantitative data collected during experiments were processed using SPSS (version 25.0) and GraphPad Prism 

(version 9.0). Mean values ± standard deviation (SD) were calculated from three independent replicates. To 

evaluate differences between groups, one-way ANOVA was applied, followed by Tukey’s or Dunnett’s post hoc 

tests for specific comparisons where necessary. A p-value below 0.05 was considered statistically significant. 

Data normality was confirmed using the Shapiro–Wilk test before ANOVA. Additionally, Pearson’s correlation 

analysis was conducted to examine associations between variables. All statistical assessments were performed 

with a 95% confidence level [34]. 

 

3. RESULTS 

3.1. UV–visible spectroscopy 

The UV-Visible spectral analysis (Fig. 1) of P. tetrastromatica extract and synthesized CuO NPs was carried out 

using a JASCO V-730 spectrophotometer within a 200–800 nm wavelength range. The data acquisition interval 

was set at 1 nm with a bandwidth of 1.0 nm, using deionized water as the reference blank.  

 

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

 

The CuO NPs presented a pronounced absorbance peak at 273 nm with an absorbance reading of 0.547 (Fig. 1), 

indicative of surface plasmon resonance (SPR), confirming nanoparticle formation. Conversely, the algal extract 

did not show a distinct absorbance peak, indicating differing optical characteristics between the extract and 

nanoparticles. A scanning speed of 1000 nm/min was used, and baseline corrections were applied to enhance 

measurement accuracy. These spectral observations affirm the suitability of UV–Vis spectroscopy for verifying 

nanoparticle synthesis and assessing the optical signatures of biological and nanoparticulate samples. 

 

3.2. FTIR spectroscopy analysis 

FTIR spectra (Fig. 2) of CuO NPs and starch/PVA-based nanofibrous scaffolds were recorded using a 

PerkinElmer Spectrum IR system across 4000–400 cm⁻¹. The CuO NPs showed distinct vibrational bands (Fig. 2) 

at 602.84 cm⁻¹ and 433.39 cm⁻¹, characteristic of Cu-O stretching, verifying the presence of metal-oxygen linkages. 

Other absorption bands at 3136.73 cm⁻¹ (O-H stretch) and 1654.94 cm⁻¹ (C=O stretch) suggested traces of organic 

moieties. For the starch/PVA scaffolds, key bands appeared at 3297.44 cm⁻¹ and 3258.67 cm⁻¹ (O-H stretching), 

1424.21 cm⁻¹ (C-H bending), and 1108.87 cm⁻¹ (C-O-C stretching), indicating polysaccharide and PVA 

functionalities. Peaks below 1000 cm⁻¹, such as 940.79 cm⁻¹ and 601.52 cm⁻¹, pointed to interactions between the 

polymers and CuO NPs. Overall, the spectral features confirmed the coexistence of organic functional groups and 

metal-oxygen bonds, establishing successful embedding of CuO into the nanofibrous matrix. 
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds. 

 

 
Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds. 

 

3.3. XRD analysis 

XRD studies (Fig. 3) of CuO NPs and starch/PVA electrospun nanoscaffolds were performed using a Bruker D8 

Advance diffractometer equipped with CuKα radiation (λ = 1.5406 Å). The CuO NPs exhibited well-defined 

diffraction peaks at 2θ values (Fig. 3) including 13.310°, 15.601°, 16.321°, 17.433°, 18.938°, and others up to 

56.302°, with d-spacings from 6.64656 Å to 1.63269 Å. The most prominent peak at 18.938° (d = 4.68228 Å, 

100% intensity) indicated the monoclinic tenorite phase (JCPDS 05-0661). The starch/PVA nanoscaffold 

displayed semi-crystalline patterns with intense peaks at 21.307° (d = 4.16681 Å, 39.0%) and 29.349° (d = 3.04070 

Å, 100%), along with minor peaks at 30.973°, 35.695°, and 39.384°, representing polymer crystallinity. The broad, 

lower-intensity peaks suggested an amorphous structure (82.9%) embedded with crystalline regions (17.1%), 
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while the distinct CuO peaks validated its high crystallinity. No impurity peaks were detected, confirming phase 

purity and effective incorporation of CuO into the polymer scaffold. 

 

3.4. SEM analysis 

SEM imaging (Fig. 4) of the CuO NPs and starch/PVA nanoscaffolds was conducted using a JEOL JSM-IT800 

NANO microscope after gold sputter-coating to enhance conductivity. The CuO NPs appeared as spherical to 

slightly irregular shapes with consistent size distribution. The starch/PVA electrospun scaffolds exhibited a porous, 

continuous fibrous morphology with uniform fiber diameters, indicating successful electrospinning. The fibers 

were predominantly bead-free with smooth surfaces, and CuO NPs were visibly embedded and evenly distributed 

in the scaffold matrix. The open, porous three-dimensional structure facilitates cell migration and nutrient flow, 

supporting tissue engineering use. High-resolution images confirmed well-dispersed nanoparticles without 

noticeable clumping, implying strong compatibility between the polymers and CuO NPs. The observed structural 

attributes highlight the scaffold’s potential as a biomaterial platform with desirable morphology and homogeneous 

nanoparticle incorporation. 

 

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

 

3.5. TGA 

Thermal degradation (Fig. 5) of starch/PVA nanoscaffolds was evaluated using a PerkinElmer TGA analyzer. A 

sample of 2.294 mg was subjected to heating from 30°C to 550°C at 15°C/min under a nitrogen environment (Fig. 

4). A significant weight loss event was recorded beginning at 298.21°C, peaking at 356.55°C, and concluding at 

395.85°C, corresponding to the breakdown of organic polymers (starch and PVA). The associated negative weight 

loss of -41.912% marked the decomposition of functional groups and scission of the polymer backbone. An initial 

minor loss below 150°C indicated moisture evaporation. The data did not include residual weight beyond 550°C, 

hence no inference could be drawn regarding ash or inorganic content. These thermal characteristics confirm 

scaffold stability up to approximately 300°C, with rapid degradation beyond, which is typical for biopolymer 

composites. The thermogram provides essential information on the temperature thresholds for processing and 

biomedical utilization of the developed nanoscaffolds. 
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Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds. 

 

3.6. Zeta potential and particle size analysis 

Dynamic light scattering (DLS) measurements for CuO NPs were performed using a Malvern Zetasizer to 

determine their hydrodynamic size and colloidal behavior. The size distribution analysis revealed a Z-average 

diameter of 108 nm (Fig. 6). Zeta potential testing showed an average surface charge of -22.13 mV, with two 

observable populations at -30.51 mV and -16.71 mV (Fig. 7), indicative of moderate electrostatic repulsion. The 

negative surface charge suggests surface-bound functional groups facilitating interparticle repulsion; however, 

values below ±30 mV imply a propensity for partial aggregation. Supporting data included a conductivity of 

0.03211 mS/cm and a quality factor of 6.242, with derived count rates of 1570 kcps (sample) and 2163 kcps 

(reference). These values suggest that CuO NPs maintain a moderately stable colloidal form at 25°C, with particle 

size variations due to primary particles and minor aggregates. This physicochemical characterization is crucial for 

understanding the dispersion and interaction behavior of nanoparticles in biological systems. 

 

 
Fig.6. DLS particles size analysis of CuO NPs 

 

 
Fig.7. Zeta-potential analysis of CuO NPs 
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3.7. Antimicrobial evaluation 

The antimicrobial evaluation of P. tetrastromatica extract, CuO NPs, and starch/PVA electrospun nanoscaffolds 

(50 µg/mL) demonstrated varying efficacy against bacterial and fungal pathogens (Table 1). The algal extract 

exhibited moderate antibacterial activity, with inhibition zones of 21±0.14 mm for Escherichia coli, 20±0.22 mm 

for Klebsiella pneumoniae, 20±0.38 mm for Staphylococcus aureus, and 21±0.11 mm for Citrobacter koseri, 

while showing 18±0.14 mm and 20±0.26 mm against Aspergillus niger and Penicillium sp., respectively. CuO 

NPs displayed stronger effects, particularly against bacteria (28±0.18 mm for E. coli, 25±0.17 mm for K. 

pneumoniae, 24±0.30 mm for S. aureus, and 25±0.13 mm for C. koseri) and fungi (22±0.12 mm for A. niger, 

24±0.16 mm for Penicillium sp.). The nanoscaffolds outperformed both, achieving 31±0.32 mm (E. coli), 28±0.13 

mm (K. pneumoniae), 26±0.26 mm (S. aureus), 27±0.12 mm (C. koseri), 24±0.28 mm (A. niger), and 26±0.12 

mm (Penicillium sp.), nearing the efficacy of controls (ciprofloxacin: 28–33 mm; voriconazole: 26–28 mm). 

These results highlight the nanoscaffolds' superior antimicrobial potential, likely due to synergistic effects of CuO 

NPs and polymer matrix, while the extract and NPs alone showed intermediate activity. All tests were conducted 

in triplicate, ensuring reproducibility. 

 

Table 1: Antimicrobial activity of P. tetrastromatica extract, CuO NPs, and starch/PVA electrospun 

nanoscaffolds at concentration of 50 µg/mL against various pathogenic organisms. 

S. 

No 

Organisms  Zone of inhibition (mm) 

Ciprofloxacin 

(Antibiotic) 

Voriconazole 

(Antifungal) 

Algal 

Extract 

CuO NPs Nano-

scaffolds 

 Escherichia coli 33±0.58 - 21±0.14 28±0.18 31±0.32 

 Klebsiella 

pneumoniae 

30±0.14 - 20±0.22 25±0.17 28±0.13 

 Staphylococcus 

aureus 

28±0.32 - 20±0.38 24±0.30 26±0.26 

 Citrobacter koseri 29±0.47 - 21±0.11 25±0.13 27±0.12 

 Aspergillus niger - 26±0.65 18±0.14 22±0.12 24±0.28 

 Penicillium species - 28±0.39 20±0.26 24±0.16 26±0.12 

 

4. DISCUSSION 

The present study comprehensively characterized CuO NPs synthesized using P. tetrastromatica extract and their 

successful incorporation into starch/PVA -based electrospun nanofibrous scaffolds. Multiple analytical techniques 

were employed to evaluate their physicochemical properties, thermal behavior, morphology, colloidal stability, 

and antimicrobial efficacy. 

The UV–Visible spectroscopy results confirmed the formation of CuO NPs through the detection of a 

characteristic absorbance peak at 273 nm, attributed to surface plasmon resonance (SPR). This absorbance signal, 

which is absent in the algal extract alone, underscores the distinct optical behavior of the synthesized nanoparticles. 

The presence of SPR also provides indirect evidence of nanoparticle size and distribution, as it is typically 

associated with well-dispersed and stable nanomaterials. These findings demonstrate the utility of UV–Vis 

spectroscopy in preliminary nanoparticle identification and monitoring of synthesis processes [35-41]. 

FTIR spectroscopy further revealed the successful synthesis and stabilization of CuO NPs and their integration 

within the polymeric matrix. The characteristic Cu–O vibrations identified at 602.84 cm⁻¹ and 433.39 cm⁻¹ 

confirmed the formation of CuO bonds. The detection of O–H and C=O stretching vibrations indicated the 

presence of organic moieties from the algal extract, suggesting that biomolecules may have acted as reducing and 

stabilizing agents. The spectra of starch/PVA nanoscaffolds exhibited typical bands associated with 

polysaccharides and PVA, including O–H, C–H, and C–O–C stretches. Notably, additional peaks below 1000 

cm⁻¹ suggested successful interaction and embedding of CuO NPs within the scaffold matrix, validating the 

compatibility and integration of nanoparticles with the polymeric system [42-47]. 

XRD analysis provided insight into the crystalline nature of the CuO NPs and the composite scaffold. The CuO 

NPs exhibited sharp, intense peaks corresponding to a monoclinic tenorite phase, as confirmed by comparison 

with standard JCPDS data. These crystalline peaks were well preserved in the composite scaffold, indicating that 

the nanoparticle structure remained intact during scaffold fabrication. In contrast, the polymeric nanoscaffold 

displayed semi-crystalline features characterized by broad peaks, consistent with the inherent amorphous nature 

of starch and PVA. Quantitative analysis of the XRD pattern showed 17.1% crystallinity, with the remaining 82.9% 

indicating an amorphous matrix. The retention of CuO crystallinity in the scaffold, coupled with the amorphous 

polymer base, suggests a balanced structure capable of supporting both mechanical integrity and bioactivity [48-

53]. 

SEM revealed essential morphological details. The CuO NPs appeared predominantly spherical with a relatively 

uniform size distribution, supporting earlier UV–Vis and XRD results. SEM images of the electrospun scaffolds 

exhibited well-formed, bead-free, continuous fibers with uniform diameters and interconnected porous 

architecture. These morphological characteristics are highly desirable for biomedical scaffolds, as they facilitate 

nutrient transport, gas exchange, and cellular migration. Furthermore, the nanoparticles were visibly and evenly 

dispersed throughout the scaffold without aggregation, indicating strong intermolecular interactions and 
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compatibility between the polymer matrix and CuO NPs. This uniform distribution is crucial for achieving 

consistent antimicrobial activity and biological performance across the entire scaffold surface [54-62]. 

TGA offered valuable data on the thermal stability of the nanofibrous scaffolds. The scaffold remained stable up 

to nearly 300°C, after which rapid degradation occurred due to the breakdown of starch and PVA chains. The 

initial weight loss below 150°C was attributed to moisture evaporation, a common phenomenon in biopolymer 

systems. The major degradation phase, observed between 298.21°C and 395.85°C, reflects polymer backbone 

decomposition. The overall thermal profile aligns with typical behavior of biopolymer composites, reaffirming 

the scaffold’s suitability for biomedical applications that do not require high thermal resistance. The TGA results 

also support the scaffold’s processing and storage under physiological or slightly elevated temperatures without 

compromising structural integrity [63-69]. 

DLS and zeta potential analysis provided insight into the colloidal behavior and surface chemistry of the 

synthesized CuO NPs. A Z-average particle diameter of 108 nm places the particles within the nanometric range 

ideal for biological interactions, including cellular uptake and antimicrobial action. The zeta potential value of -

22.13 mV indicates moderate stability in aqueous suspension, with some propensity for aggregation due to values 

falling slightly below the ±30 mV threshold generally associated with high colloidal stability. The presence of 

negative surface charge, derived from functional groups on the nanoparticle surface, contributes to electrostatic 

repulsion and inhibits rapid aggregation. These data emphasize the importance of surface chemistry in maintaining 

nanoparticle dispersion and functional behavior in biological environments [70-74]. 

The antimicrobial activity evaluation clearly demonstrated the enhanced bioefficacy of the CuO-loaded 

starch/PVA nanoscaffolds. While the P. tetrastromatica extract exhibited moderate inhibitory effects, and the 

CuO NPs showed stronger antibacterial and antifungal activity, the composite nanoscaffolds surpassed both in 

performance. The larger zones of inhibition observed for the nanoscaffolds against all tested pathogens—

Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, Citrobacter koseri, Aspergillus niger, and 

Penicillium sp.—reflect a synergistic effect between the CuO NPs and the biopolymer matrix. This enhanced 

efficacy is likely due to the improved release kinetics and localized concentration of CuO within the scaffold 

structure, combined with the inherent biocompatibility and hydrophilicity of starch/PVA. Compared with standard 

antimicrobial agents such as ciprofloxacin and voriconazole, the scaffolds showed near-comparable activity, 

positioning them as promising alternatives for antimicrobial wound dressing and tissue engineering applications 

[75-77]. 

The comprehensive characterization of CuO NPs and their successful incorporation into starch/PVA electrospun 

scaffolds establishes a multifunctional platform with favorable physicochemical properties, thermal resilience, 

and broad-spectrum antimicrobial potential. These findings support the continued development of such 

nanocomposites for biomedical use, particularly in wound healing and infection control. 

 

5. CONCLUSION 

This study successfully demonstrated the green synthesis of CuO NPs using P. tetrastromatica extract and their 

effective incorporation into starch/PVA electrospun nanoscaffolds for antimicrobial applications. The 

nanoparticles exhibited characteristic physicochemical properties, including a distinct SPR peak (273 nm), Cu-O 

vibrational bonds (FTIR), and monoclinic crystallinity (XRD). The nanoscaffolds displayed a porous, fibrous 

morphology (SEM) with uniform NPs dispersion and thermal stability up to 300°C (TGA). Antimicrobial assays 

revealed superior efficacy of the composite scaffolds, with inhibition zones of 31±0.32 mm (E. coli), 28±0.13 mm 

(K. pneumoniae), and 24±0.28 mm (A. niger), outperforming standalone algal extract or CuO NPs. The synergistic 

interaction between CuO NPs and the polymer matrix enhanced antimicrobial activity, nearing the potency of 

conventional drugs. These findings highlight the scaffold’s potential as a sustainable, broad-spectrum 

antimicrobial material for wound healing and tissue engineering. The eco-friendly synthesis approach and robust 

biological performance position this nanocomposite as a promising alternative to conventional antimicrobial 

agents, addressing both environmental and biomedical challenges. 
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