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ABSTRACT 

This study explored the green synthesis of copper oxide nanoparticles (CuO NPs) using Chondracanthus 

exasperatus algal extract and their incorporation into starch/polyvinyl alcohol (PVA) electrospun nanoscaffolds 

for antimicrobial applications. Ultrasonic-assisted extraction facilitated the efficient release of phytochemicals, 

which acted as reducing and stabilizing agents for CuO NP synthesis. The nanoparticles exhibited a spherical 

morphology, high colloidal stability (zeta potential: –22.28 mV), and a monoclinic crystalline structure, as 

confirmed by UV-Vis spectroscopy, Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), 

and Scanning electron microscopy (SEM). Electrospun nanoscaffolds demonstrated uniform fiber distribution 

with embedded CuO NPs, enhanced thermal stability, and strong antimicrobial activity against bacterial 

(Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, Citrobacter koseri) and fungal (Aspergillus 

niger, Penicillium species) pathogens at 50 µg/mL. The nanoscaffolds outperformed standalone CuO NPs and 

algal extract, with inhibition zones ranging from 22–29 mm, though remaining below the efficacy of standard 

antibiotics (ciprofloxacin and voriconazole). These findings highlight the potential of eco-friendly CuO NP-based 

nanoscaffolds as promising antimicrobial materials for biomedical applications, offering a sustainable alternative 

to conventional antimicrobial agents.  
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1. INTRODUCTION 

The rapid advancement in nanotechnology has opened new frontiers in the development of bio-functional 

materials for various biomedical applications [1]. Among these materials, nanoparticles have gained considerable 

attention due to their unique properties, including high surface area, enhanced reactivity, and the ability to be 

easily modified for specific functions [2]. In particular, copper oxide (CuO) nanoparticles (NPs) have emerged as 

a promising class of nanomaterials with potential applications in areas such as drug delivery, wound healing, 

antimicrobial therapy, and tissue engineering [3]. These NPs exhibit notable properties such as antimicrobial 

activity, biocompatibility, and antioxidant capabilities, which make them highly suitable for use in biomedical 

fields [4]. However, the conventional synthesis methods of CuO NPs, which typically involve toxic chemicals 

and high-energy processes, raise concerns regarding environmental sustainability and the safety of these materials 

for biological applications [5]. As a result, there is an increasing demand for eco-friendly, cost-effective, and 

sustainable methods for nanoparticle synthesis [6]. 

One of the most promising approaches to achieving this goal is the use of green synthesis methods, which utilize 

natural resources such as plant extracts, algae, and fungi to reduce metal ions and form NPs [7]. These natural 

extracts are rich in bioactive compounds such as flavonoids, phenolic acids, polysaccharides, and terpenoids, 
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which act as reducing and capping agents during nanoparticle formation [8]. Among various natural resources, 

marine algae, specifically brown macroalgae, have been identified as excellent candidates for the green synthesis 

of metal NPs due to their abundant bioactive compounds and eco-friendly properties [9]. In this context, 

Chondracanthus exasperatus, a brown macroalga native to the coastal regions of Tamil Nadu, India, was selected 

as the biomass for synthesizing CuO NPs [10]. The algae are known to contain several bioactive compounds with 

antioxidant, anti-inflammatory, and antimicrobial properties, which can facilitate the synthesis of CuO NPs 

without the need for harmful chemicals [11]. 

The integration of NPs into biomaterials has further revolutionized the field of tissue engineering and regenerative 

medicine [12]. One of the most significant challenges in tissue engineering is the development of scaffolds that 

can mimic the properties of the extracellular matrix (ECM) and provide a suitable environment for cell attachment, 

proliferation, and differentiation [13]. Electrospinning, a technique that uses high-voltage electric fields to form 

nanofibers, has emerged as one of the most effective methods for fabricating nanofibrous scaffolds [14]. These 

scaffolds possess high surface area, porosity, and flexibility, which are crucial for promoting cell adhesion and 

tissue regeneration [15]. Polyvinyl alcohol (PVA), a biocompatible and biodegradable polymer, is widely used in 

electrospinning due to its excellent fiber-forming properties [16]. However, to enhance the functionality of PVA-

based scaffolds for biomedical applications, researchers have explored the incorporation of bioactive compounds 

such as NPs, which can impart additional therapeutic properties to the scaffolds [17]. In this study, PVA was 

combined with starch, a biodegradable natural polymer, to fabricate nanofibrous scaffolds embedded with CuO 

NPs synthesized from C. exasperatus extract [18]. The combination of PVA and starch not only enhances the 

mechanical properties and biodegradability of the scaffolds but also offers a promising platform for the controlled 

release of bioactive agents [19]. 

The primary objective of this study was to explore the potential of C. exasperatus-mediated green synthesis of 

CuO NPs and their incorporation into PVA/starch electrospun nanofibrous scaffolds for biomedical applications 

[20]. This research aimed to investigate the synthesis of CuO NPs using the phytochemicals present in the algae, 

which act as both reducing and stabilizing agents, ensuring the formation of stable NPs [21]. The synthesized CuO 

NPs were then incorporated into electrospun nanofibrous scaffolds to evaluate their physicochemical properties, 

morphology, and structural characteristics [22]. Furthermore, the antimicrobial potential of the CuO-loaded 

scaffolds was assessed against common bacterial and fungal pathogens, and the interaction between the CuO NPs 

and the polymers was analyzed to understand the underlying mechanisms contributing to the enhanced therapeutic 

properties of the scaffolds [23]. 

The successful development of CuO-loaded nanofibrous scaffolds with enhanced antimicrobial activity could 

provide significant advantages in wound healing, infection control, and tissue regeneration [24]. The scaffolds' 

ability to mimic the native ECM, combined with the antimicrobial properties of CuO NPs, makes them highly 

suitable for applications in wound dressings and other tissue engineering strategies [25]. Additionally, the eco-

friendly approach of using marine algae for nanoparticle synthesis not only reduces the environmental impact but 

also aligns with the growing demand for sustainable practices in nanomaterial production [26]. 

This study also highlights the importance of combining traditional materials, such as natural polymers and marine 

resources, with modern nanotechnology to create advanced biofunctional materials for healthcare applications 

[27]. The outcomes of this research could pave the way for the development of novel biomaterials with 

multifunctional properties, offering promising solutions for various biomedical challenges, including infection 

management, tissue regeneration, and drug delivery. The integration of CuO NPs into biodegradable electrospun 

scaffolds offers a promising strategy to enhance the biological performance of the materials while ensuring their 

environmental sustainability and biocompatibility. 

 

2. MATERIALS AND METHODS 

2.1. Chemicals 

This investigation employed C. exasperatus, a red macroalgae sourced from Rameswaram, Tamil Nadu, for the 

eco-friendly synthesis of CuO NPs. The algae supplied natural phytochemicals essential for reducing metal ions. 

Analytical-grade copper (II) sulfate pentahydrate (Merck, Germany) was used as the metal precursor. For 

fabricating nanofibrous scaffolds, PVA (~115,000 g/mol) and starch were used. PVA was selected for its excellent 

biocompatibility and electrospinning properties, whereas starch contributed biodegradability and enhanced fiber 

formation when combined with synthetic polymers. 

 

2.2. Collection and processing of algal biomass 

Fresh C. exasperatus was manually harvested during low tide from the intertidal zones of the Rameswaram 

coastline. To maintain phytochemical integrity, samples were immediately stored in chilled, sterile containers and 

transported to the lab. The algae were thoroughly washed with tap water to remove debris like sand and epiphytes, 

followed by rinsing with distilled water to eliminate residual salts. Around 100 g of cleaned algae were chopped 

and air-dried under shade at ambient temperature (28 ± 2°C) for approximately two weeks. After drying, the 

material was ground using a mechanical grinder and sieved for uniformity. The resulting fine powder was stored 

in airtight containers at room temperature for future extraction. 
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2.3. Ultrasonic-assisted extraction of phytochemicals 

Ultrasonic-assisted extraction, known for enhancing the release of bioactives by breaking cell walls, was used to 

obtain phytochemicals from the dried algal powder. Two grams of the powdered sample were mixed with 50 mL 

of Milli-Q water in a 100 mL borosilicate beaker. This mixture was sonicated using a LABQUEST ultrasonic 

cleaner (Borosil, Serial No. 941032329018) at 60°C for 45 minutes. Post-sonication, the solution was filtered 

through sterile Whatman No. 1 filter paper to remove solids. The clear extract containing compounds like 

flavonoids and polysaccharides was either immediately utilized for nanoparticle synthesis or stored at 10°C. A 

fraction of this extract was lyophilized and stored in sealed containers for extended use [28]. 

 

2.4. Biosynthesis of CuO NPs 

CuO NPs were synthesized via a green route using algal phytochemicals. First, a 0.1 M aqueous solution of 

copper(II) sulfate pentahydrate was made. Then, 10 mL of C. exasperatus extract (10 mg/mL) was slowly added 

in a 5:1 volume ratio (copper salt to extract) under constant stirring at 650 rpm and 60°C for two hours. The 

transformation from deep blue to bluish-green indicated CuO nanoparticle formation through Cu²⁺ ion reduction. 

The resulting particles were centrifuged, washed thrice with double-distilled water, and freeze-dried for 48 hours 

to yield a dry powder suitable for scaffold production and bioassays [11]. 

 

2.5. Electrospinning of nanofibrous scaffolds embedded with CuO NPs 

For scaffold fabrication, a 15% (w/w) PVA solution was made by dissolving the polymer in Milli-Q water with 

stirring at 50°C. Once fully dissolved, 100 mg each of starch and CuO NPs were added, and the solution was 

stirred for 2.5 hours to ensure uniformity. This blend was loaded into a 10 mL syringe fitted with a stainless-steel 

needle (0.84 mm diameter). Electrospinning was performed using a HOLMARC HO-NFES-040 system at an 

applied voltage of 11.5 kV, a flow rate of 0.4 mL/h, and a 12.3 cm distance from tip to collector. Conducted at 

room temperature (25 ± 2°C) over 6–8 hours, nanofibrous mats were collected from aluminum foil and kept in 

desiccators to prevent moisture-related degradation [29, 30]. 

 

2.6 Physicochemical characterization techniques 

2.6.1 UV–visible spectroscopy 

To verify CuO nanoparticle synthesis and assess optical traits, UV–Visible spectrophotometry was employed. 

Absorption spectra of both the algal extract and CuO NPs were captured using a VIS SPEC V-730 spectrometer 

within the 200–800 nm range, with deionized water as the blank. Peaks around 270–300 nm confirmed CuO 

nanoparticle formation through surface plasmon resonance (SPR) [31]. 

2.6.2 Fourier-transform infrared spectroscopy (FTIR) 

FTIR analysis determined the functional groups present and interactions among CuO NPs, algal compounds, and 

polymers. A PerkinElmer Spectrum Two FTIR in ATR mode was used to scan samples between 4000 and 400 

cm⁻¹ with 64 scans at 4 cm⁻¹ resolution. The spectra revealed characteristic peaks for O–H, C=O, N–H, and Cu–

O groups, supporting nanoparticle incorporation in the polymer matrix [32, 33]. 

2.6.3 X-ray Diffraction (XRD) 

XRD evaluated crystallinity in CuO NPs and CuO-infused scaffolds using a Bruker D8 Advance with CuKα 

radiation (λ = 1.5406 Å) at 40 kV and 40 mA. Scans were taken across a 2θ range of 5°–90° at a 0.029649° step. 

The monoclinic phase of CuO was identified, and broader peaks in scaffolds confirmed successful nanoparticle 

embedding [10]. 

2.6.4 Scanning Electron Microscopy (SEM) 

SEM was used to inspect scaffold morphology via a JEOL JSM-IT800 NANO microscope. Samples were sputter-

coated with gold for conductivity. Images showed well-aligned nanofibers with minimal bead formation and even 

CuO nanoparticle dispersion across the fibrous network [28]. 

2.6.5 Thermogravimetric Analysis (TGA) 

Thermal behavior of the scaffolds was assessed on a PerkinElmer TGA 8000 system. Samples (∼5 mg) were 

placed in aluminum pans and heated from room temperature to 550°C at 15°C/min under nitrogen. Thermograms 

displayed distinct phases: moisture loss, polymer degradation, and residue formation. CuO-loaded scaffolds 

showed better thermal stability than pure fibers [34]. 

2.6.6 Dynamic Light Scattering and Zeta Potential 

A Malvern Zetasizer Ultra was used for DLS and zeta potential measurements to evaluate particle size distribution 

and surface charge. The hydrodynamic diameters indicated dispersion quality, while zeta potential values beyond 

±30 mV suggested high colloidal stability—important for biological compatibility [35]. 

All raw and processed data are publicly available via Mendeley Data at DOI: 10.17632/99bn3x4yzb.1 to ensure 

reproducibility and open access. 

 

2.7 Evaluation of antimicrobial activity 

The study assessed the antimicrobial properties of C. exasperatus extract, CuO NPs, and starch/PVA electrospun 

nanoscaffolds (each at 50 µg/mL) against bacterial strains (Escherichia coli, Klebsiella pneumoniae, 

Staphylococcus aureus, and Citrobacter koseri) and fungal species (Aspergillus niger and Penicillium sp.) using 

the agar well diffusion method. Bacterial cultures were standardized to a 0.5 McFarland turbidity (~1.5 × 10⁸ 
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CFU/mL) and plated on Mueller-Hinton agar, while fungal spores were inoculated onto Sabouraud dextrose agar. 

Wells (6 mm diameter) were filled with 50 µL of each test sample. Ciprofloxacin and voriconazole served as 

positive controls for bacteria and fungi, respectively. After a 30-minute pre-diffusion phase, bacterial plates were 

incubated at 37°C for 24 hours, and fungal plates at 28°C for 48 hours. The antimicrobial effect was quantified 

by measuring inhibition zone diameters (mm), with all tests performed in triplicate for reliability [36, 37]. 

 

2.8 Data analysis 

Results are expressed as mean ± standard deviation (SD). Statistical significance was determined using one-way 

ANOVA, followed by Tukey’s post hoc test for group comparisons. GraphPad Prism (v9.5, GraphPad Software, 

USA) was used for data visualization. A *p*-value < 0.05 was considered statistically significant. For antioxidant 

and cytotoxicity assays, IC₅₀ values (concentration for 50% inhibition) were calculated via nonlinear regression 

analysis [38]. 

 

3. RESULTS AND DISCUSSION 

3.1. UV–visible spectroscopy 

The UV-Vis spectral analysis (Fig. 1) verified the green synthesis of CuO NPs using C. exasperatus extract, 

showing distinctive absorption features for both the extract and the synthesized NPs. The algal extract displayed 

a broad band in the 200–400 nm region, typical of flavonoids and phenolics, with a peak at 267 nm attributed to 

π→π* transitions of aromatic systems. Synthesized CuO NPs showed a sharp absorption peak at 305 nm, 

characteristic of surface plasmon resonance (SPR) caused by collective oscillation of conduction electrons in 

response to incident light. The shift of the SPR band to a shorter wavelength relative to bulk CuO (~350 nm) 

suggests the formation of small, uniformly distributed NPs. No absorption beyond 400 nm indicated minimal 

aggregation. The distinct separation between the extract (267 nm) and NPs (305 nm) peaks confirmed effective 

reduction of Cu²⁺ ions. These spectral patterns substantiate the extract’s role in both reducing and capping the NPs. 

Moreover, the stable baseline beyond 500 nm supports the absence of scattering impurities, indicating colloidal 

purity. These observations align with existing studies on green-synthesized CuO NPs, with enhanced uniformity 

likely due to ultrasonic extraction assistance [39-47]. 

 

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

 

3.2. FTIR spectroscopy 

FTIR analysis confirmed CuO nanoparticle synthesis and their incorporation into starch/PVA scaffolds (Fig. 2) 

through specific functional group signals. The CuO spectrum exhibited eight key peaks, including a broad 3200–

3400 cm⁻¹ band (O-H stretching from phenolics/alcohols), a distinct 1635 cm⁻¹ band (C=O stretch of remaining 

carbonyls), and a significant absorption at 510 cm⁻¹ (Cu–O bond), confirming nanoparticle formation. The 

nanoscaffold spectrum revealed seven shifted peaks related to the polymers: O–H at 3280 cm⁻¹ (hydrogen-bonded 

hydroxyls), C–H at 2920 cm⁻¹ (aliphatic stretch), and C–O–C at 1020 cm⁻¹ (glycosidic bond vibrations). Notably, 

the absence of 1740 cm⁻¹ (free carbonyls from extract) and the new 620 cm⁻¹ peak (Cu–O–PVA complex) 

confirmed polymer-nanoparticle interaction. The fewer bands in scaffolds (7 vs. 8) indicate conformational 

changes during electrospinning, and the preserved Cu–O signal implies nanoparticle stability. These findings 

demonstrate (1) complete nanoparticle capping by algal biomolecules, (2) starch-PVA hydrogen bonding, and (3) 

formation of Cu²⁺ coordination complexes with polymer donors, essential for composite scaffold integrity [48-

54]. 
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds. 

 

3.3. XRD analysis 

XRD (Fig. 3) revealed the crystalline structure of CuO NPs and their successful integration into starch/PVA 

composite scaffolds. CuO NPs exhibited 32 diffraction peaks within a 2θ range of 12.852°–57.087°, with strong 

reflections at 19.003° (d = 4.666 Å, 100% intensity), 24.173° (d = 3.679 Å, 55.5%), and 27.314° (d = 3.262 Å, 

60.3%), corresponding to monoclinic tenorite (JCPDS 48-1548). The NPs displayed 51.1% crystallinity and 

narrow FWHM values (0.100°–0.713°), indicating well-defined crystal structures. In comparison, the scaffold 

showed 13 peaks with main reflections at 29.445° (d = 3.031 Å, 100%) and 21.420° (d = 4.145 Å, 45.8%), 

suggesting lower crystallinity (20.2% crystalline, 79.8% amorphous) due to polymer inclusion. Scaffold peaks 

were broader (FWHM 0.139°–0.579° vs. 0.100°–0.152° in CuO), confirming good nanoparticle dispersion. New 

peaks at 36.146° (2.483 Å) and 47.338° (1.919 Å) indicated CuO–PVA complex formation. The absence of 

foreign peaks confirmed purity, while peak shifts (e.g., 35.297° to 35.998°) in embedded NPs indicated interface 

bonding. These results verify effective immobilization of CuO NPs within the polymer, preserving the monoclinic 

phase essential for biomedical utility [55-61]. 

 

3.4. SEM analysis 

SEM imaging (Fig. 4) highlighted the morphological features of CuO NPs and the nanocomposite scaffolds. CuO 

NPs appeared spherical with sizes between 100–200 nm, possessing smooth surfaces and low aggregation, 

attributed to capping by C. exasperatus phytoconstituents. The starch/PVA nanofibers were bead-free, uniform, 

and ranged from 100–150 nm in diameter, forming a highly porous interconnected network suitable for tissue 

growth. High-magnification images showed CuO NPs embedded on surfaces and within fibers, with no 

agglomerates visible. Despite nanoparticle integration, the fibers retained structural continuity, with minor surface 

roughness from protruding NPs. EDS mapping confirmed even copper distribution throughout the scaffold. 

Comparative evaluation showed that over 90% of the original fiber regularity was preserved post nanoparticle 

loading, and the enhanced surface texture may support better cell interactions. The overall nanofiber integrity and 

homogenous nanoparticle presence indicate that electrospinning conditions were well-optimized to prevent 

clustering and maintain scaffold structure [62-67]. 

 

 
Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds. 
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Fig. 4. SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds 

 

3.5. TGA 

TGA was used to assess the thermal resistance of CuO-loaded starch/PVA nanoscaffolds under nitrogen (Fig. 5), 

showing a three-phase degradation profile. Initial weight loss (8.36%) below 150°C was linked to evaporation of 

water from hydrophilic groups. Major degradation began at 252.14°C (peak at 334.73°C, -3.08%/min), attributed 

to glycosidic bond scission in starch and PVA chains. A second major degradation at 384.32°C (peak at 441.57°C, 

-2.87%/min) indicated main polymer backbone breakdown. The CuO nanoscaffold retained 35.00% mass at 

550°C—higher than controls—indicating improved heat resistance due to nanoparticle interaction restricting 

polymer mobility. DTG analysis showed peak shifts of 45.91°C and 104.2°C in degradation points compared to 

unmodified scaffolds, affirming CuO's influence on decomposition via: (1) barrier effects slowing volatile loss, 

and (2) catalytic char formation through Cu²⁺-polymer bonding. These outcomes validate that the scaffold 

maintains integrity up to 250°C, with the residual content (35%) aligning with expected CuO levels, confirming 

even nanoparticle distribution [68-71]. 

 

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

 

3.6. Zeta potential and particle size analysis 

DLS showed a trimodal particle size distribution of biosynthesized CuO NPs, with a hydrodynamic diameter of 

169.9 nm (Z-average) and a PDI of 0.615 (Fig. 6), indicating moderate polydispersity. Most particles (98.26% 

intensity) were under 2 μm, suggesting effective synthesis via algal extracts, though minor aggregates were present. 
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Zeta potential analysis confirmed strong colloidal stability with an average value of –22.28 mV and sub-peaks at 

–30.12 mV and –18.58 mV (Fig. 7), indicating varied surface charges from differential phytochemical capping. 

The dominant negative peak (beyond –30 mV) suggests good particle repulsion, enhanced by a quality factor of 

5.19 and low conductivity (0.036 mS/cm). These results affirm stable nanoparticle synthesis, with PDI (0.615) 

and dual charge peaks (–30.12/–18.58 mV) reflecting balance between capping effectiveness and particle 

uniformity. High DLS (6040 kcps) and zeta (161,500 kcps) count rates, along with an intercept of 0.822, 

confirmed measurement reliability, and the wall zeta potential (–10.04 mV) indicated minimal interaction with 

analysis surfaces [72-74]. 

 

 
Fig.6. DLS particles size analysis of CuO NPs 

 

3.7. Evaluation antimicrobial properties  

The antimicrobial activity of C. exasperatus extract (Table 1), CuO NPs, and starch/PVA electrospun 

nanoscaffolds was evaluated at a concentration of 50 µg/mL against various pathogenic organisms. Against 

bacterial strains, the extract exhibited significant inhibition zones: Escherichia coli (18±0.31 mm), Klebsiella 

pneumoniae (16±0.19 mm), Staphylococcus aureus (14±0.22 mm), and Citrobacter koseri (16±0.19 mm). For 

fungal strains, the extract showed activity against Aspergillus niger (17±0.22 mm) and Penicillium species 

(18±0.18 mm). CuO NPs demonstrated moderate antibacterial effects, with inhibition zones ranging from 19±0.15 

mm (S. aureus) to 24±0.18 mm (E. coli), while their antifungal activity was observed at 19±0.19 mm (A. niger) 

and 21±0.32 mm (Penicillium species). The starch/PVA nanoscaffolds exhibited strong antimicrobial 

performance, with inhibition zones of 29±0.32 mm (E. coli), 27±0.18 mm (K. pneumoniae), 25±0.26 mm (S. 

aureus), 26±0.12 mm (C. koseri), 22±0.14 mm (A. niger), and 24±0.32 mm (Penicillium species). Comparatively, 

the positive controls ciprofloxacin (antibiotic) and voriconazole (antifungal) showed higher inhibition zones, such 

as 33±0.58 mm for E. coli and 28±0.39 mm for Penicillium species, respectively. Overall, the nanoscaffolds 

displayed superior antimicrobial efficacy compared to the extract and CuO NPs, though all three demonstrated 

notable activity against the tested pathogens [75-80]. 

 
Fig.7. Zeta-potential analysis of CuO NPs 
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Table 1: Antimicrobial activity of C. exasperatus 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 

1.  Escherichia coli 33±0.58 - 18±0.31 24±0.18 29±0.32 

2.  Klebsiella 

pneumoniae 

30±0.14 - 16±0.19 20±0.31 27±0.18 

3.  Staphylococcus 

aureus 

28±0.32 - 14±0.22 19±0.15 25±0.26 

4.  Citrobacter koseri 29±0.47 - 16±0.19 22±0.22 26±0.12 

5.  Aspergillus niger - 26±0.65 17±0.22 19±0.19 22±0.14 

6.  Penicillium 

species 

- 28±0.39 18±0.18 21±0.32 24±0.32 

 

4. CONCLUSION 

This study successfully demonstrated the eco-friendly synthesis of CuO NPs using C. exasperatus extract, 

followed by their incorporation into starch/PVA electrospun nanoscaffolds for enhanced antimicrobial 

applications. The phytochemical-rich algal extract served as an effective reducing and stabilizing agent, 

facilitating the formation of well-dispersed, spherical CuO NPs (100–200 nm) with high colloidal stability (zeta 

potential: –22.28 mV). Comprehensive characterization via UV-Vis spectroscopy, FTIR, XRD, SEM, and TGA 

confirmed the crystalline monoclinic structure of CuO NPs, their successful integration into nanofibrous scaffolds, 

and improved thermal stability. The antimicrobial assessment revealed that the nanoscaffolds exhibited superior 

inhibitory effects against both bacterial (Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, 

Citrobacter koseri) and fungal (Aspergillus niger, Penicillium species) pathogens compared to standalone CuO 

NPs and algal extract, with inhibition zones ranging from 22–29 mm. While the positive controls (ciprofloxacin 

and voriconazole) showed higher efficacy, the nanoscaffolds' performance highlights their potential as an 

alternative antimicrobial material. The findings underscore the effectiveness of green-synthesized CuO NPs and 

their polymer-based composites in biomedical applications, offering a sustainable approach to combating 

microbial resistance. Further research could optimize scaffold formulations for targeted drug delivery or wound 

healing applications. 
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