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ABSTRACT

This study presents the development of a sustainable antimicrobial nanofibrous system by incorporating biosynthesized
CuO NPs (copper oxide nanoparticles) into electrospun polymeric matrices. Aqueous extracts of the brown marine alga
Sargassum ilicifolium were utilized for ultrasonic-assisted extraction, enabling an environmentally friendly nanoparticle
synthesis process. The resulting CuO NPs exhibited nanoscale dimensions (~108 nm), monoclinic crystallinity, and
moderate dispersion stability (—18.3 mV), as confirmed through UV—Vis, FTIR, XRD, SEM, TGA, and DLS analyses.
These nanoparticles were homogeneously embedded within starch/PVA solutions and electrospun to produce uniform,
bead-free fibers with a porous architecture. Antimicrobial performance was evaluated against pathogenic microorganisms.
The nanoscaffolds (50 pg/mL) demonstrated superior inhibitory activity compared to both the algal extract and standalone
nanoparticles, with maximum zones observed for E. coli (31£0.16 mm) and Penicillium sp. (27+0.23 mm). The fabricated
polymeric nanoscaffolds promoting effective microbial contact and sustained ion release, highlighting their potential as
eco-friendly antimicrobial biomaterials.

KEYWORDS: Sargassum ilicifolium, biosynthesis, CuO nanostructures, Electrospun fibers, Starch-PVA composites,
Antimicrobial performance.

1. INTRODUCTION

The increasing prevalence of microbial infections, coupled with the rapid emergence of antibiotic-resistant pathogens,
represents a critical challenge to modern healthcare systems [1]. Conventional antimicrobial agents are becoming
progressively less effective, particularly against multidrug-resistant bacteria and opportunistic fungi [2,3]. In this regard,
nanotechnology has emerged as a transformative approach, offering innovative solutions through the development of
nanostructured antimicrobial systems [4]. Metal oxide nanomaterials have been widely investigated for antimicrobial
applications due to their strong biological activity and stable physicochemical nature [5]. Among them, copper oxide
nanoparticles (CuO NPs) have attracted particular attention because of their effectiveness against a wide range of
microorganisms, including both bacteria and fungi. Their antimicrobial action is attributed to several simultaneous
processes, such as the generation of reactive oxygen species, disruption of microbial cell membranes, and the release of
copper ions. Together, these mechanisms enhance microbial killing efficiency while also reducing the likelihood of
resistance development [6].

Although these nanomaterials offer significant benefits, traditional nanoparticle fabrication techniques frequently rely on
hazardous reagents and high-energy conditions, which pose risks to both environmental sustainability and human health.
In response to these challenges, eco-friendly synthesis strategies based on biological systems have emerged as a viable
alternative, gaining increasing attention in recent years [7]. Biological extracts obtained from terrestrial plants and marine
sources are rich in diverse phytochemicals that can facilitate nanoparticle formation by functioning as both reducing and
capping agents. Among these, marine macroalgae especially brown species such as Sargassum ilicifolium are particularly
valuable due to their abundance of phenolics, polysaccharides, and various secondary metabolites, which make them
excellent candidates for sustainable nanoparticle synthesis [8]. Additionally, these marine-derived compounds may further
enhance the biological activity of the synthesized nanoparticles [9].

Parallel to nanoparticle development, the design of functional biomaterials capable of delivering antimicrobial agents in
a controlled and efficient manner has become increasingly important [10]. Electrospinning-based nanofibrous scaffolds
have attracted considerable interest owing to their resemblance to the native extracellular matrix, along with their large
surface-to-volume ratio, adjustable pore structure, and capacity for controlled delivery of therapeutic agents. Among the
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materials used, natural polymers such as starch are especially appealing for scaffold development due to their inherent
biodegradability, excellent biocompatibility, and wide availability. However, their inherent limitations, including poor
mechanical strength and high hydrophilicity, can be effectively overcome by blending with synthetic polymers such as
polyvinyl alcohol (PVA), resulting in improved mechanical stability and processability [11].

Integrating biogenically synthesized nanoparticles into electrospun polymeric matrices offers a promising strategy for
developing multifunctional antimicrobial systems [12]. Such hybrid materials can combine the potent antimicrobial
activity of nanoparticles with the structural advantages of nanofibrous scaffolds, leading to enhanced surface interactions
with microbial cells and controlled release of active components [13]. This synergistic approach has significant potential
in biomedical applications, including wound dressings, tissue engineering, and protective coatings.

In this context, the present study aims to develop eco-friendly electrospun nanoscaffolds composed of starch/PVA
incorporated with Sargassum ilicifolium-mediated CuO nanoparticles, and to evaluate their physicochemical
characteristics and antimicrobial efficacy against clinically relevant bacterial and fungal pathogens.

2. Experimental Section

2.1. Collection and preparation of marine macroalgae

Fresh samples of the brown marine macroalga Sargassum ilicifolium were collected from the intertidal coastal region of
Rameswaram, India. To preserve their bioactive components, the collected material was promptly transported to the
laboratory under cooled conditions. The samples were then thoroughly cleaned to remove sand, debris, and associated
organisms. The dried material was subsequently converted into a fine powder and stored in airtight containers at ambient
conditions for further use in extraction.

2.2. Ultrasound-enhanced extraction of secondary metabolites

To obtain bioactive compounds from the algal material, an ultrasound-assisted extraction approach was adopted to
enhance extraction efficiency. Briefly, 2 g of dried algal powder was mixed with 50 mL of purified water to form a uniform
suspension. The mixture was then subjected to sonication at 60 °C for 45 minutes. The ultrasonic treatment facilitated the
breakdown of cell structures, allowing the release of intracellular compounds such as phenolics, flavonoids, and
polysaccharides into the solvent. After extraction, the mixture was allowed to cool and then filtered to remove solid
residues, resulting in a clear extract. The filtrate was stored at low temperature for short-term use and later converted into
a dry powder through freeze-drying. This stable extract was preserved under suitable conditions [14].

2.3. Green synthesis of CuO NPs

Copper oxide nanoparticles were synthesized through an eco-friendly approach using algal-derived biomolecules as
reducing agents, thereby avoiding the use of harmful chemicals. In brief, an aqueous copper salt solution was prepared
and mixed with Sargassum ilicifolium extract in an appropriate ratio to initiate the reaction. The mixture was maintained
under controlled temperature and continuous stirring to facilitate the reduction of copper ions. During the process, a
noticeable color change from blue to greenish-blue was observed, indicating the formation of copper oxide nanoparticles.
This transformation is attributed to the interaction between copper ions and bioactive compounds present in the algal
extract, which also help stabilize the formed nanoparticles. After completion of the reaction, the nanoparticles were
separated, purified through repeated washing to remove impurities, and then dried to obtain a stable powder. The final
product was stored under suitable conditions and later used for further analysis and fabrication of nanofibrous scaffolds
[15].

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

Nanofibrous scaffolds incorporating copper oxide nanoparticles were prepared using an electrospinning approach to
obtain a porous and uniform fibrous structure. A solution of polyvinyl alcohol was first prepared in water until a clear and
homogeneous mixture was formed. Starch and the synthesized CuO nanoparticles were then added and mixed thoroughly
to ensure uniform distribution within the polymer matrix. The resulting solution was processed to generate continuous
nanofibers under optimized conditions, leading to the formation of smooth and defect-free fibrous mats. The process was
carried out under ambient conditions for several hours to allow sufficient fiber deposition. After fabrication, the
nanofibrous mats were carefully collected and stored in a dry environment to prevent moisture absorption and to preserve
their structural integrity for subsequent analyses [16-18].

2.5. Physicochemical characterization

The optical characteristics of the algal extract and the synthesized copper oxide nanoparticles were analyzed by recording
absorption spectra within the range of 200—800 nm. Deionized water was used as a reference during measurements. The
appearance of distinct absorption features in the nanoparticle sample confirmed the successful formation of copper oxide,
while also indicating interactions between metal ions and bioactive constituents present in the extract [19].

The chemical composition and functional groups associated with both the nanoparticles and the composite scaffolds were
examined using infrared spectroscopy. Spectral data collected over a broad wavenumber range enabled the identification
of key functional groups, including hydroxyl, carbonyl, phenolic, and metal—oxygen bonds. These observations confirmed
the formation of nanoparticles and their interaction with the polymeric matrix [20].

Crystallographic properties of the synthesized nanoparticles and the composite scaffolds were assessed through diffraction
analysis. The recorded diffraction patterns were compared with standard reference data to confirm the crystalline phase
and structural purity of the materials [21].
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The surface morphology and structural organization of the nanoparticles and electrospun fibers were evaluated through
microscopic imaging. The images provided information on particle shape, fiber uniformity, surface characteristics, and
the distribution of nanoparticles within the scaffold framework [22].

Thermal behavior of the fabricated scaffolds was investigated by monitoring weight changes under controlled heating
conditions. The resulting thermal profiles revealed information regarding moisture loss, decomposition stages, and overall
stability of the material [23].

Particle size distribution and dispersion stability of the nanoparticles were analyzed using light scattering techniques.
Measurements of hydrodynamic diameter and surface charge provided insight into particle size variability and colloidal
stability, where higher surface charge values indicated improved resistance to aggregation in suspension [24]. All
experimental datasets generated during this study are publicly accessible via the Mendeley Data repository (DOI:
10.17632/vf8822rdgj.1.)

2.6. Evaluation of antimicrobial activity

The antimicrobial potential of the algal extract, biosynthesized copper oxide nanoparticles, and CuO-incorporated
starch/PV A nanofibrous scaffolds was evaluated against selected pathogenic microorganisms using a standard diffusion
method. All samples were examined at a concentration of 50 pg/mL. The test panel included Gram-negative bacteria
(Escherichia coli, Klebsiella pneumoniae, and Citrobacter koseri), a Gram-positive bacterium (Staphylococcus aureus),
and fungal strains (Aspergillus niger and Penicillium sp.), representing commonly encountered pathogens. For bacterial
evaluation, cultures were adjusted to a standardized cell density equivalent to 0.5 McFarland and evenly spread across
nutrient agar surfaces. Fungal strains were cultured on appropriate agar media under similar conditions. Wells of uniform
size were created in the agar, and equal volumes of each sample were introduced into the designated wells. Standard
antimicrobial agents were included as reference controls for comparison in both bacterial and fungal studies. After
allowing sufficient time for diffusion of the test materials into the agar, the plates were incubated under suitable
temperature conditions specific to each microorganism. Following incubation, antimicrobial activity was determined by
measuring the clear zones surrounding each well, expressed in millimeters. All experiments were repeated three times
under consistent conditions to ensure accuracy and reproducibility of the results [25,26].

2.7. Statistical analysis

The obtained data were analyzed statistically and are expressed as mean + standard deviation based on three independent
trials. Differences between groups were assessed using appropriate variance analysis, followed by post hoc comparisons
when necessary. A value of p < 0.05 was considered to indicate statistical significance [27].

3. RESULTS

3.1. UV-visible spectroscopy

The optical properties of the Sargassum ilicifolium extract and the synthesized copper oxide nanoparticles were analyzed
by recording their absorption spectra across a broad wavelength range (Fig. 1). The algal extract showed distinct
absorption patterns, which can be linked to the presence of naturally occurring bioactive compounds. In comparison, the
nanoparticle sample exhibited characteristic absorption features that indicate the successful formation of copper oxide at
the nanoscale. Clear differences between the extract and nanoparticle spectra confirm the conversion of copper ions into
nanoparticles. While the extract maintained its typical phytochemical absorption profile, the nanoparticles displayed new
optical characteristics associated with their formation, highlighting the role of algal constituents in the synthesis process.
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Fig. 1. UV-visible absorption spectra illustrating the optical characteristics of Sargassum ilicifolium extract and
the synthesized copper oxide nanoparticles.

3.2. FTIR spectroscopy analysis

The chemical composition of the synthesized copper oxide nanoparticles and the CuO-loaded starch/PVA nanofibrous
scaffolds was examined through infrared spectral analysis (Fig. 2). The nanoparticles displayed several distinct absorption
bands, which are associated with metal-oxygen bonding along with surface functional groups derived from the biological
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synthesis process. These features confirm the successful formation of copper oxide at the nanoscale. For the electrospun
starch/PV A scaffolds, characteristic absorption peaks corresponding to hydroxyl, carbonyl, ether, and hydrocarbon groups
were observed, indicating the presence of both polymeric and polysaccharide components within the fibrous matrix. In
addition, minor shifts and broadening of specific absorption bands were noted in the composite scaffolds, suggesting
interactions between the nanoparticles and functional groups present in the polymer network. These changes provide clear
evidence for the effective incorporation and stabilization of CuO nanoparticles within the electrospun structure.
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Fig. 2. FTIR spectral analysis of biosynthesized CuO nanoparticles and CuO-integrated starch/PVA electrospun
nanoscaffolds, highlighting functional group interactions and nanoparticle incorporation.

3.3. XRD analysis

The crystalline nature of the synthesized copper oxide nanoparticles and the CuO-loaded starch/PVA nanofibrous
scaffolds was evaluated using diffraction analysis (Fig. 3). The nanoparticles showed sharp and well-defined diffraction
peaks, indicating a highly ordered crystalline structure consistent with copper oxide. The narrow peak profiles suggest
good crystallinity, and the calculated crystallite size confirmed that the particles were within the nanoscale range. In
contrast, the diffraction pattern of the polymer-based scaffolds displayed broader peaks, reflecting their semi-crystalline
nature. This reduction in crystallinity is attributed to the incorporation of nanoparticles into the polymer matrix, which
disrupts the regular arrangement of polymer chains. Importantly, no additional peaks related to impurities were detected,

confirming the purity of the synthesized nanoparticles and their successful integration into the scaffold system without
the formation of unwanted secondary phases.
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Fig. 3. X-ray diffraction profiles of biosynthesized CuO nanoparticles and CuO-incorporated starch/PVA

nanofibrous scaffolds, demonstrating crystalline characteristics and successful nanoparticle integration.

rt " "
10 20 30

3.4. SEM analysis

The surface morphology of the synthesized copper oxide nanoparticles and the electrospun starch/PVA nanofibrous
scaffolds was analyzed using microscopic imaging (Fig. 4). The nanoparticles appeared as well-defined particles with a
combination of shapes, mainly spherical along with some irregular forms. Their slightly rough surface texture suggests a
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crystalline nature. In comparison, the electrospun scaffolds exhibited a highly porous and interconnected fibrous network.
The fibers were evenly distributed, showed uniform thickness, and were largely free of bead formation, indicating efficient
processing and uniform mixing of the components. The smooth appearance of the fibers further reflects proper integration
of the nanoparticles within the polymer matrix. Overall, these observations confirm the successful formation of continuous
nanofibrous structures with high porosity and surface area, which are beneficial for applications such as drug delivery,
tissue regeneration, and other biomedical uses.
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Fig. 4. Scanning electron microscopy images depicting the morphology of biosynthesized CuO nanoparticles and
CuO-integrated starch/PVA electrospun nanoscaffolds, highlighting particle shape and fibrous architecture.

3.5. TGA

The thermal behavior of the starch/PVA nanofibrous scaffolds was evaluated by monitoring changes in weight as the
temperature increased (Fig. 5). The material began to show signs of degradation at around 232°C, marking the initial stage
of weight loss. A major decomposition phase occurred near 327°C, indicating significant breakdown of the polymer
structure. The degradation process was largely completed by approximately 374°C, resulting in an overall weight loss of
about 38%. At lower temperatures, a gradual reduction in mass was observed, which can be attributed to the evaporation
of moisture and other volatile components. This was followed by a more rapid decrease in weight at higher temperatures,
corresponding to the decomposition of the organic polymer network. These results indicate that the developed
nanoscaffolds exhibit moderate thermal stability with a clear degradation pattern, suggesting their suitability for
biomedical applications where controlled thermal behavior is required.
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Fig. S. Thermogravimetric analysis illustrating the thermal stability and decomposition profile of CuO-loaded
starch/PVA electrospun nanoscaffolds.

3.6. Zeta potential and particle size analysis
The particle size distribution and dispersion behavior of the synthesized copper oxide nanoparticles were analyzed using
light scattering techniques (Fig. 6). The results showed an average particle size of approximately 108 nm. A relatively
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high polydispersity index (0.7317) indicates that the particles are not uniform in size and exhibit moderate variability. The
surface charge of the nanoparticles was also examined to understand their stability in suspension (Fig. 7). The particles
exhibited a negative charge with an average value of —18.3 mV, along with additional distributions at more negative and
less negative values. This indicates the presence of electrostatic repulsion between particles, which helps in maintaining
dispersion and reducing aggregation. Overall, the nanoparticles demonstrated moderate stability in solution along with a
broad size range, which could influence their effectiveness in applications such as drug delivery, sensing systems, and
catalytic processes.
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Fig.6. Dynamic light scattering profile showing the hydrodynamic particle size distribution of biosynthesized
CuO nanoparticles.
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Fig.7. Zeta potential profile of biosynthesized CuO nanoparticles, indicating surface charge characteristics and
colloidal stability.

3.7. Antimicrobial efficacy

The antimicrobial assessment revealed distinct differences in inhibitory performance among the tested samples (Table 1).
For bacterial pathogens, the Sargassum ilicifolium extract exhibited moderate antibacterial activity, producing inhibition
zones of 224+0.28 mm against Escherichia coli, 22+0.23 mm against Klebsiella pneumoniae, 23+£0.19 mm against
Staphylococcus aureus, and 24+0.24 mm against Citrobacter koseri. The CuO nanoparticles demonstrated comparatively
improved activity, with inhibition zones ranging from 2540.15 mm for S. aureus to 29+0.12 mm for E. coli. Notably, the
CuO-loaded nanofibrous scaffolds showed the highest antibacterial efficacy, particularly against E. coli (31+0.16 mm)
and K. pneumoniae (28+0.26 mm), indicating enhanced performance due to nanoparticle incorporation within the polymer
matrix.

Table 1: Comparative evaluation of antimicrobial activity exhibited by Sargassum ilicifolium extract,
biosynthesized CuQO nanoparticles, and CuQO-incorporated starch/PVA electrospun nanofibrous scaffolds (50
pg/mL) against selected bacterial and fungal pathogens.

Organisms Zone of inhibition (mm)
Ciprofloxacin Voriconazole Algal CuO NPs Nano-
(Antibiotic) (Antifungal) Extract scaffolds
Escherichia coli 33+0.58 - 2240.28 2940.12 31+0.16
Klebsiella 30+0.14 - 22+0.23 26+0.32 28+0.26
pneumoniae
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Staphylococcus 28+0.32 - 23+0.19 25+0.15 26+0.14
aureus
Citrobacter 29+0.47 - 24+0.24 25+0.28 28+0.25
koseri
Aspergillus niger | - 26+0.65 21+0.28 23+0.24 25+0.16
Penicillium - 28+0.39 23+0.13 2540.32 27+0.23
species

A similar trend was observed for antifungal activity. The algal extract produced inhibition zones of 21+0.28 mm against
Aspergillus niger and 2340.13 mm against Penicillium sp., whereas CuO nanoparticles exhibited slightly improved
inhibition of 23+0.24 mm and 25+0.32 mm, respectively. In contrast, the nanoscaffolds demonstrated superior antifungal
effects, with inhibition zones of 254+0.16 mm for A. niger and 27+0.23 mm for Penicillium sp.

When compared with standard antimicrobial agents, ciprofloxacin (for bacteria) and voriconazole (for fungi) produced
higher inhibition zones, such as 33+0.58 mm against E. coli and 28+0.39 mm against Penicillium sp., thereby validating
the experimental methodology. Overall, the results clearly indicate that the nanoscaffold system exhibits enhanced and
broad-spectrum antimicrobial activity relative to the individual components, highlighting its potential as an effective
antimicrobial platform.

4. DISCUSSION

A comprehensive evaluation of the physicochemical and biological characteristics of Sargassum ilicifolium-mediated CuO
nanoparticles and their incorporation into starch/PVA electrospun scaffolds provides significant insights into their
functional performance as antimicrobial biomaterials. The collective outcomes obtained from spectroscopic, structural,
morphological, thermal, and biological analyses demonstrate a clear relationship between material composition, nanoscale
architecture, and enhanced bioactivity.

The UV-Visible spectral analysis confirmed the successful formation of CuO nanoparticles, as evidenced by the
appearance of characteristic absorption bands associated with metal oxide nanostructures. These optical features arise
from electronic transitions influenced by the nanoscale dimensions of the particles and reflect the effective reduction of
copper ions mediated by phytochemicals present in the algal extract. In contrast, the extract exhibited broad absorption in
the UV region, corresponding to naturally occurring compounds such as phenolics and flavonoids, which are known to
play a dual role as reducing and stabilizing agents during nanoparticle synthesis. The distinct spectral shift between the
extract and nanoparticle system clearly indicates the transformation process and validates the green synthesis strategy
[28].

Further insight into the chemical interactions within the system was provided by FTIR analysis. The presence of
characteristic Cu—O vibrational bands confirmed the formation of copper oxide, while the detection of functional groups
such as hydroxyl, carbonyl, and ether linkages in the polymeric scaffolds highlighted the structural integrity of the
starch/PVA matrix. Notably, subtle shifts and peak broadening observed after nanoparticle incorporation suggest
intermolecular interactions between CuO nanoparticles and the polymer chains. Such interactions are critical for ensuring
uniform nanoparticle dispersion, which in turn contributes to improved mechanical stability and functional performance
of the composite scaffolds [29-31].

XRD analysis supported these findings by revealing well-defined diffraction peaks corresponding to the monoclinic phase
of CuO, confirming the crystalline nature of the synthesized nanoparticles. The relatively sharp peaks indicated high
crystallinity at the nanoscale, while the broader peaks observed in the scaffold matrix reflected its semi-crystalline
polymeric structure. Importantly, the absence of additional peaks in the composite system indicates that the incorporation
of nanoparticles did not introduce any secondary phases, thereby preserving the structural integrity of both components
[32,33].

Morphological observations obtained through SEM further reinforced the successful fabrication of the nanocomposite
system. The CuO nanoparticles exhibited defined shapes with rough surfaces, indicative of crystalline features, whereas
the electrospun scaffolds displayed a highly porous and interconnected fibrous network with uniform, bead-free
morphology. This structural organization is particularly advantageous for biomedical applications, as it enhances surface
area, facilitates cell interaction, and allows efficient diffusion of nutrients and bioactive agents. The homogeneous
distribution of nanoparticles within the fibers also suggests effective blending and optimized electrospinning conditions
[34,35].

Thermal analysis demonstrated that the fabricated scaffolds possess moderate thermal stability, with degradation occurring
in well-defined stages corresponding to moisture loss and polymer decomposition. The observed thermal behavior is
consistent with biodegradable polymer systems and indicates that the scaffolds can retain their structural integrity under
physiological conditions. This property is essential for applications where thermal resistance and material durability are
required [34,36].

The DLS and zeta potential measurements revealed that the CuO nanoparticles possess nanoscale dimensions and
moderate colloidal stability. The negative surface charge observed suggests sufficient electrostatic repulsion to minimize
particle aggregation in suspension, thereby maintaining dispersion stability. Although a certain degree of size variability
was observed, the overall characteristics remain suitable for biomedical applications, where nanoscale dimensions play a
critical role in enhancing biological interactions [37-39].

Most notably, the antimicrobial studies clearly demonstrated the superior performance of the CuO-loaded nanoscaffolds
compared to both the algal extract and standalone nanoparticles. While the extract exhibited moderate antimicrobial effects
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due to its bioactive constituents, the CuO nanoparticles showed enhanced activity, particularly against Gram-negative
bacteria, likely due to their thinner cell wall structure and increased susceptibility to nanoparticle-induced damage. The
nanoscaffolds, however, exhibited the highest level of antimicrobial efficacy across all tested strains. This enhanced
performance can be attributed to the synergistic interaction between the nanoparticles and the nanofibrous matrix, which
enables sustained release of copper ions and increased contact with microbial cells. The porous architecture of the
scaffolds further amplifies this effect by facilitating greater surface interaction and localized antimicrobial action [27,40].
In comparison with standard antimicrobial agents, the nanoscaffolds demonstrated comparable levels of inhibition,
underscoring their potential as alternative antimicrobial materials. The integration of biologically synthesized
nanoparticles into a biodegradable polymer matrix not only enhances antimicrobial efficiency but also provides a platform
for controlled delivery and improved material functionality.

Overall, this study highlights the effectiveness of combining green synthesis approaches with advanced nanofabrication
techniques to develop multifunctional biomaterials. The resulting nanoscaffolds exhibit a unique combination of structural
integrity, thermal stability, and potent antimicrobial activity, making them promising candidates for applications such as
wound healing, tissue engineering, and biomedical coatings. Furthermore, the use of marine-derived resources such as
Sargassum ilicifolium aligns with sustainable material development and opens new avenues for the utilization of natural
bioresources in nanotechnology-driven healthcare solutions.

5. CONCLUSION

This study presents an environmentally sustainable strategy for the synthesis of copper oxide nanoparticles utilizing
Sargassum ilicifolium extract, followed by their successful integration into starch/PVA-based electrospun nanofibrous
scaffolds. Detailed physicochemical analyses confirmed the formation of crystalline nanoparticles, their stable
incorporation within the polymeric matrix, and the overall structural and thermal robustness of the developed system. The
resulting scaffolds exhibited a well-defined porous architecture with uniform fiber morphology, which is advantageous
for biomedical functionality. Biological evaluation demonstrated that the CuO-incorporated nanoscaffolds possess
significantly enhanced antimicrobial activity against both bacterial and fungal pathogens when compared to the extract
and nanoparticles alone, indicating a clear synergistic effect. This improved performance is likely attributed to the
combined influence of nanoparticle activity and the high surface area of the fibrous network, enabling effective microbial
interaction and sustained release of active species. Overall, the findings emphasize the potential of marine-derived, green-
synthesized nanocomposites as efficient antimicrobial platforms. The developed system offers a promising,
biocompatible, and sustainable alternative for applications in wound management, drug delivery, and tissue engineering,
and warrants further investigation for clinical translation.

Data Availability Statement: The full dataset of physiochemical characterization associated with this work is published
in Mendeley Data [Dataset] Innovative green composites: Material characterization of starch-based nanoscaffolds
reinforced with Sargassum ilicifolium-mediated copper oxide nanostructures (DOI: 10.17632/4kdtskdtmc.2). Disclosure:
The material characterization data and figures (e.g., UV, SEM, FTIR, XRD, TGA, Zeta Potential and particle sizer)
presented here were generated from a common dataset and are being reused across multiple related studies on
nanomaterials. All biological analyses and conclusions are original to each manuscript.
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