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ABSTRACT

This study investigates the green synthesis, characterization, and antimicrobial efficacy of Ectocarpales algal extract-
mediated copper oxide nanoparticles (CuO NPs) loaded starch/PV A electrospun nanoscaffolds. UV-Visible spectroscopy
confirmed the distinct optical properties of the algal extract (absorption peak at 300 nm, indicating wt-n* transitions) and
CuO NPs (sharp peak at 200 nm, signifying surface plasmon resonance). Fourier-transform infrared spectroscopy (FT-
IR) analysis revealed characteristic functional groups, including Cu—O bonds (860 cm™) in CuO NPs and polymer-related
vibrations (1652 cm™, C=0 stretching) in nanoscaffolds. X-ray diffraction (XRD) confirmed the monoclinic tenorite
phase of CuO NPs (25 diffraction peaks) and semi-crystalline nature of nanoscaffolds (14 peaks). Scanning electron
microscopy (SEM) imaging showed spherical CuO NPs and porous, fibrous nanoscaffolds with embedded NPs.
Thermogravimetric analysis (TGA) indicated thermal stability, with nanoscaffolds exhibiting 31.1% weight loss up to
400°C. Zeta potential analysis demonstrated moderate colloidal stability (+14.03 mV). Antimicrobial assays revealed
superior efficacy of nanoscaffolds against bacterial (E. coli, S. aureus) and fungal (A. niger, Penicillium spp.) pathogens
compared to algal extract and CuO NPs alone. These findings highlight the potential of biosynthesized CuO NP-integrated
nanoscaffolds for biomedical applications due to their structural integrity, thermal resilience, and enhanced antimicrobial
performance.
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1. INTRODUCTION

Nanotechnology has become a transformative field in materials science, biomedical research, and environmental
applications, offering solutions to long-standing challenges through the development of nanoscale materials with unique
physical, chemical, and biological properties [1]. Among various nanomaterials, metal and metal oxide nanoparticles have
gained increasing attention for their wide range of applications, particularly in antimicrobial, catalytic, and biomedical
domains [2]. Copper oxide nanoparticles (CuO NPs), in particular, have demonstrated excellent antimicrobial, anticancer,
and photocatalytic properties due to their high surface area-to-volume ratio, redox activity, and favorable electronic
configuration [3]. Their ability to disrupt microbial membranes, generate reactive oxygen species (ROS), and interfere
with intracellular metabolic pathways make them potent agents against a broad spectrum of pathogens [4].

Traditionally, CuO NPs have been synthesized through chemical and physical methods such as precipitation,
hydrothermal, and sol-gel techniques [5]. However, these conventional approaches often require hazardous chemicals,
high energy input, and extensive purification, raising concerns regarding environmental safety and biocompatibility [6].
In contrast, green synthesis methods, which utilize biological resources such as plant extracts, bacteria, fungi, or algae,
offer eco-friendly, cost-effective, and sustainable alternatives [7]. These biological systems provide natural reducing and
stabilizing agents such as proteins, polysaccharides, polyphenols, and alkaloids, which facilitate the synthesis of
nanoparticles under mild conditions [8].

Among the biological agents employed in green synthesis, marine algae—especially brown algae belonging to the order
Ectocarpales—have shown promise as effective sources of bioactive compounds [9]. Ectocarpales are known to contain
a rich array of secondary metabolites including phenolics, flavonoids, polysaccharides, terpenoids, and chlorophyll
derivatives, all of which can contribute to nanoparticle formation and stabilization [10]. These bioactive molecules not
only aid in the reduction of metal ions to their nanoscale forms but also improve the biocompatibility and functional
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properties of the resulting nanoparticles [11]. Furthermore, algae-mediated synthesis aligns with the principles of green
chemistry, offering an environmentally responsible approach for the fabrication of functional nanomaterials [12].

The integration of biosynthesized nanoparticles into polymeric matrices opens new avenues for the fabrication of
nanocomposite scaffolds, particularly in the biomedical field [13]. Electrospinning has emerged as a powerful technique
to produce nanofibrous scaffolds with a high surface area, tunable porosity, and morphological similarity to the
extracellular matrix (ECM), making them ideal for tissue engineering, wound healing, and drug delivery applications [14].
Polymers such as starch and polyvinyl alcohol (PVA) have been extensively used for scaffold fabrication due to their
biocompatibility, biodegradability, and ease of processing [15]. Starch, a natural polysaccharide, offers excellent film-
forming ability, while PVA contributes mechanical strength and flexibility [16]. When combined, starch/PVA blends can
form robust electrospun fibers suitable for biomedical use [17].

Embedding nanoparticles such as CuO into these polymeric scaffolds can enhance their functional properties, particularly
antimicrobial activity, which is critical for applications in wound care and infection control [18]. The presence of CuO
NPs within the nanofibrous matrix can inhibit microbial colonization, prevent biofilm formation, and promote healing
through local antimicrobial action [19]. Moreover, the uniform dispersion of nanoparticles within the scaffold can provide
sustained release and improved interaction with biological systems [20]. Thus, the synergistic combination of biopolymer-
based scaffolds and biologically synthesized CuO NPs presents a novel and effective strategy for the development of
advanced biomaterials [21].

The current study was undertaken to explore the green synthesis of CuO NPs using aqueous extract derived from
Ectocarpales [22], followed by their incorporation into starch/PV A-based electrospun nanofibrous scaffolds [23]. A series
of physicochemical and morphological characterizations were conducted to confirm successful nanoparticle synthesis and
scaffold fabrication [24]. UV-Visible spectroscopy was employed to monitor the optical behavior and surface plasmon
resonance (SPR) of both the algal extract and synthesized CuO NPs [25]. Fourier-transform infrared spectroscopy (FT-
IR) analysis provided insights into the functional groups involved in nanoparticle capping and scaffold matrix composition
[26]. X-ray diffraction (XRD) was used to assess the crystalline structure and phase purity of the CuO NPs and
nanocomposite scaffolds [27]. Scanning electron microscopy (SEM) offered detailed observations on particle size, shape,
and scaffold morphology, revealing the successful embedding of nanoparticles into the fibrous matrix [28].
Thermogravimetric analysis (TGA) was used to evaluate the thermal stability of the scaffolds, an essential factor for
biomedical and industrial applications [29]. In addition, dynamic light scattering (DLS) and zeta potential analyses were
conducted to determine the size distribution and surface charge of the CuO NPs, which are key indicators of colloidal
stability [30].

To further establish the functional potential of the developed materials, antimicrobial assays were performed against a
panel of bacterial and fungal pathogens [31]. The green-synthesized CuO NPs and the electrospun nanofiber scaffolds
were tested using agar well diffusion methods to assess their inhibitory effects [32]. The results demonstrated that while
the algal extract and CuO NPs alone exhibited moderate antimicrobial activity, the CuO-loaded nanoscaffolds showed
significantly enhanced performance [33]. The increased efficacy is attributed to the synergistic effects of the bioactive
algal metabolites, the intrinsic antimicrobial nature of CuO, and the sustained release from the scaffold matrix [34].

This study contributes to the growing field of green nanotechnology by demonstrating a sustainable route for synthesizing
CuO NPs using marine algae and applying them in functional biomaterials [35]. The use of Ectocarpales extract not only
reduces the environmental footprint associated with chemical synthesis but also enhances the bioactivity of the resulting
nanomaterials [36]. Moreover, the incorporation of CuO NPs into starch/PV A electrospun scaffolds represents a promising
approach for developing multifunctional materials with high potential in biomedical, environmental, and pharmaceutical
applications [37]. The comprehensive characterization of the synthesized nanoparticles and nanoscaffolds provides
valuable insights into their structural, thermal, and biological attributes.

2. MATERIALS AND METHODS

2.1. Reagents and materials

This study employed marine brown algae (order Ectocarpales), collected from Rameswaram, Tamil Nadu, as a biological
precursor for the eco-friendly synthesis of CuO NPs. Copper (II) sulfate pentahydrate (Sigma-Aldrich) served as the
copper ion source. PVA (molecular weight 145,000) and commercially available starch were utilized to create nanofibrous
scaffolds through electrospinning using the HOLMARC HO-NFES-040 setup. Solvents and chemicals of analytical grade
from Merck and Sigma-Aldrich were employed without any additional purification. Characterization of materials involved
techniques such as UV—Visible spectroscopy, FTIR, XRD (Bruker D8 Advance), SEM (JEOL JSM-IT800), zeta potential
analysis (Malvern Zetasizer Ultra), and TGA (PerkinElmer TGA 8000).

2.2. Collection and processing of marine macroalgae

Marine brown algae from the Ectocarpales order were manually collected from the intertidal areas along the coastal region
of Rameswaram. The algae were cleaned through sequential washing to remove contaminants such as sand, debris, and
epiphytic organisms. Initially, the samples were rinsed thoroughly with tap water, followed by repeated washes with
distilled water to eliminate remaining impurities. Approximately 100 grams of the clean biomass were chopped into
smaller pieces and left to air dry at ambient temperature (~28°C) in a shaded area for 14 days. Once completely dried, the
algae were ground using a mechanical grinder to obtain a fine, uniform powder, which was stored in airtight containers in
dry conditions for subsequent use.

2.3. Ultrasonic-assisted extraction of bioactives

For extracting bioactive compounds, 2 grams of the powdered algae were added to 50 mL of Milli-Q water in a sterile
100 mL glass beaker. This mixture was subjected to ultrasonic-assisted extraction using a LABQUEST ultrasonic bath
(Serial No. 941032329018, Borosil). The extraction was carried out at a steady temperature of 60°C for 45 minutes,
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promoting cell wall disruption and release of intracellular compounds. The extract was then filtered using Whatman No.
1 filter paper under sterile conditions. The clear filtrate was collected and stored at 10°C for short-term use. For long-term
preservation and further analysis, the extract was freeze-dried using a laboratory-scale lyophilizer, yielding a fine
powdered form of the extract [38, 39].

2.4. Biosynthesis of CuO NPs

CuO NPs were synthesized through a green method involving the reduction of copper ions in the presence of bioactive
compounds from the algal extract. Specifically, 50 mL of a 0.1 M aqueous solution of CuSO4-5H20 was combined with
10 mL of algal extract, prepared by dissolving 10 mg of freeze-dried material in 10 mL Milli-Q water. This blend, in a
5:1 volume ratio, was stirred continuously at 650 rpm on a magnetic stirrer and heated to 60°C for 2 hours. A visual color
change from dark blue to pale greenish-blue indicated the initiation of CuO NPs formation. The colloidal solution was
washed multiple times with double-distilled water to eliminate residual phytochemicals and unreacted metal ions. The
final product was freeze-dried over 48 hours to produce CuO nanopowder, which was used for further characterization
and integration into scaffolds [40].

2.5. Electrospinning of PVA/starch nanofibers loaded with CuO NPs

To generate composite nanofibers, an aqueous solution containing 15% (w/w) PVA was prepared by heating and stirring
until complete dissolution. Starch (100 mg) and an equivalent quantity (100 mg) of green-synthesized CuO NPs were
incorporated into the solution. This mixture was stirred at 50°C for 2.5 hours to ensure uniform dispersion. Electrospinning
was performed using the HOLMARC HO-NFES-040 instrument. The blended polymer solution was loaded into a syringe
fitted with a 0.84 mm inner-diameter needle. Electrospinning conditions were optimized: applied voltage was set to 11.5
kV, the distance from needle tip to collector was 12.3 cm, and the feed rate was maintained at 0.4 mL/h. The nanofibers
were collected on grounded aluminum foil over a 6 to 8-hour period at room temperature to form continuous fibrous mats
[41-43].

2.6. Physicochemical characterization

2.6.1. UV—visible spectroscopy

The absorbance profiles of the algal extract, synthesized CuO NPs, and PV A/starch/CuO nanofibers were analyzed using
a VIS SPEC V-730 UV-Vis spectrophotometer. Absorbance was recorded across the 200-800 nm range, using deionized
water as the baseline control [44].

2.6.2. FTIR spectroscopy analysis

Infrared spectral analysis was conducted on a PerkinElmer Spectrum Two FT-IR instrument operating in ATR mode.
Spectra were recorded within 4000-400 cm™ at a resolution of 4 cm™. To enhance signal clarity, each sample was scanned
64 times. The analysis helped identify functional groups responsible for nanoparticle biosynthesis and their interaction
with the scaffold matrix [45].

2.6.3. XRD analysis

XRD was used to determine the crystalline nature of CuO NPs and nanofiber composites. A Bruker D8 Advance
diffractometer was employed with CuKa radiation (A = 1.5406 A), operating at 40 kV and 40 mA. Data were collected
across a 20 range of 5°-90° with a step size of 0.029649°, providing detailed crystallographic information [46].

2.6.4. SEM analysis

Morphological characteristics and structural features of the CuO NPs and fabricated nanofibers were assessed using a
JEOL JSM-IT800 SEM. Prior to imaging, samples were coated with a thin gold layer to enhance conductivity and image
resolution. SEM analysis provided insight into fiber continuity, nanoparticle incorporation, and surface texture [47].
2.6.5. TGA

The thermal degradation behavior of nanofibrous scaffolds was evaluated using a PerkinElmer TGA 8000 system.
Roughly 5 mg of each sample was placed in aluminum pans and heated from ambient temperature to 550°C at a constant
rate of 15°C/min under nitrogen atmosphere. Weight loss data were used to assess thermal stability and decomposition
phases [48].

2.6.6. Zeta potential and particle size analysis

Zeta potential and size distribution of CuO NPs were measured using a Malvern Zetasizer Ultra. DLS assessed
hydrodynamic diameter, while electrophoretic light scattering determined zeta potential. These analyses provided valuable
data on particle stability and dispersion in aqueous solutions [27].

Note: All raw characterization data supporting this research are publicly accessible via Mendeley Data (DOI:
10.17632/m7jzmb7mr9.1).

2.7. Antimicrobial activity analysis

The antimicrobial efficacy of Ectocarpales extract (50 pg/mL), green-synthesized CuO NPs (50 pg/mL), and starch/PVA-
based electrospun nanofiber scaffolds (50 pg/mL) was evaluated using the agar well diffusion technique. Test organisms
included Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus, Citrobacter koseri, Aspergillus niger, and
Penicillium spp. Microbial cultures were adjusted to match the 0.5 McFarland standard and evenly spread over Mueller-
Hinton agar for bacteria and Sabouraud dextrose agar for fungi. Wells of 6 mm diameter were carefully created under
sterile conditions, into which 50 puL of each sample (50 pg/mL) and reference drugs—ciprofloxacin for bacteria and
voriconazole for fungi—were introduced. Plates were allowed to pre-diffuse for 30 minutes before being incubated at
37°C for 24 hours (bacteria) and at 28°C for 48 hours (fungi). Post-incubation, the antimicrobial response was quantified
by measuring the diameter (in mm) of the clear inhibition zones surrounding the wells. Greater inhibition zone sizes
corresponded to enhanced antimicrobial effectiveness. All tests were performed in triplicate to ensure data consistency
[49, 50].

2.8. Statistical evaluation
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Data analysis was carried out using SPSS v25.0 and GraphPad Prism v9.0. All experiments were repeated in triplicates,
and results were expressed as mean =+ standard deviation. One-way ANOVA followed by Tukey’s or Dunnett’s post hoc
test determined intergroup variations, with statistical significance defined at p < 0.05. The Shapiro—Wilk test evaluated
data normality, and log transformation was applied where needed. Pearson’s correlation was used to assess relationships
between variables. A 95% confidence interval was used to ensure statistical robustness [51].

3. RESULTS

3.1. UV-visible spectroscopy

The UV—Visible spectral analysis (Figure 1) of the Ectocarpales extract and CuO NPs was carried out using a JASCO
UV-VIS spectrophotometer (Model V-730), covering a wavelength range of 200—800 nm with deionized water as the
blank. The Ectocarpales extract presented a broad UV absorption band within 200—400 nm, peaking at approximately 300
nm (0.93687 absorbance), indicative of m-n* transitions in compounds such as phenolics, flavonoids, or chlorophyll
derivatives typical of algal sources. Beyond 400 nm, the visible region showed a gradual decrease in absorbance, implying
limited chromophore presence [14]. Conversely, the CuO NPs exhibited a sharp UV absorption onset between 200—350
nm, with a maximum at 200 nm (0.53295), corresponding to electronic transitions and SPR. A steady reduction in
absorbance was observed beyond this point, consistent with CuO NPs’ optical features [ 15]. The clearly distinct absorption
profiles between the extract and nanoparticles affirm their unique chemical natures—organic phytoconstituents in the
extract and inorganic properties in CuO NPs—with no spectral overlaps. These findings support the successful synthesis
and distinct optical characteristics of both samples, highlighting the algal metabolites’ signature and the nanoparticulate
inorganic framework.
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Figure 1. UV—Visible spectral profiles of algal extract and CuO NPs.
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Figure 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.

3.2. FT-IR spectroscopy analysis

FT-IR spectra of CuO NPs and fabricated nanoscaffolds (Figure 2) were recorded using a PerkinElmer Spectrum Two
instrument in ATR mode, covering the 4000400 cm™ range with a resolution of 4 cm™ and 64 scans. The CuO NPs
showed characteristic peaks at 3216 cm™ (O-H stretching, likely due to adsorbed water), 1511 cm™ (aromatic C=0O
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stretching or ring vibrations), and 860 cm™ (Cu—O bond vibrations), validating the presence of metal-oxygen interactions
and residual organic synthesis materials. On the other hand, nanoscaffolds exhibited distinct absorption bands at 3298
cm ' (N-H/O-H stretching), 2107 cm™ (weak C=N or cumulative bond vibrations), 1652 cm™ (carbonyl stretching), and
1327 em™ (C—N stretching or O—H bending), suggesting a complex matrix incorporating proteins, polysaccharides, or
synthetic polymers. Additional bands at 840 and 607 cm™ may denote glycosidic C—O—C linkages or inorganic
contributions. The CuO NP sample revealed nine major peaks, while the nanoscaffolds exhibited eleven, reflecting greater
complexity. These spectral data confirm successful CuO NP formation and a polymer-based scaffold structure facilitating
nanoparticle embedding, with no overlapping signals, emphasizing their distinct molecular environments for biomedical
utility.
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Figure 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.

3.3. XRD analysis

XRD analysis (Figure 3) of CuO NPs and nanoscaffolds was performed using a Bruker D8 Advance diffractometer with
CuKa radiation (A = 1.5406 A), operating at 40 kV and 40 mA, across a 20 range of 5°~90° and step size of 0.029649°.
CuO NPs revealed 25 diffraction peaks, notably at 26.201° (d = 3.398 A, 100% intensity), 20.312° (d =4.369 A, 93.3%),
and 36.148° (d =2.483 A, 45.3%), correlating with the monoclinic phase of tenorite CuO (JCPDS 05-0661). Narrow full-
width half-maxima (e.g., 0.100° at 27.706° and 28.426°) and consistent d-spacings (1.268-5.449 A) validated a highly
crystalline structure. In contrast, nanoscaffolds exhibited 14 peaks, with strong reflections at 21.199° (d =4.188 A, 100%)
and 30.844° (d = 2.897 A, 82.5%), indicating a semi-crystalline polymer base (15.9% crystalline, 84.1% amorphous).
Broader peaks (e.g., FWHM = 0.742° at 47.338°) and varied d-spacings (1.468-7.853 A) reflected the scaffold’s
composite nature, likely due to polymer-CuO interactions. The lack of overlapping peaks between the two samples
confirms structural purity—CuO NPs with sharp crystalline features and nanoscaffolds with hybrid amorphous-crystalline
patterns—supporting successful synthesis and integration.

3.4. SEM analysis

SEM characterization (Figure 4) using a JEOL JSM-IT800 NANO SEM revealed distinct surface morphologies for CuO
NPs and nanoscaffolds. The CuO NPs predominantly exhibited spherical to mildly irregular shapes, ranging from 50-200
nm in size, aligning with DLS results. High-resolution images showed slight aggregation likely due to surface charges,
although many particles maintained discrete outlines. In contrast, electrospun nanoscaffolds displayed a porous,
interconnected fibrous mesh with consistent diameters between 70-90 nm. The fibers appeared smooth with occasional
bead formations, indicating controlled electrospinning. Embedded CuO NPs appeared as bright nano-protrusions along
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fiber surfaces, confirming their integration into the polymer matrix. The 3D structure exhibited pores at both micro- and
nanoscale, suitable for tissue regeneration or filtration uses. The lack of large NP clusters suggests effective dispersion,
and the uniform fiber architecture reflects mechanical robustness. Collectively, these findings confirm the creation of CuO
NP-loaded nanoscaffolds with optimized morphology and application potential in biomedical domains.

EHT = 10.00 kV Mag= S000KX
WD = 54 mm Signal A = Inlens

Figure 4. SEM analysis of starch/PVA/CuONPs nanoscaffolds

3.5. TGA

TGA of nanoscaffolds (Figure 5) was carried out using a PerkinElmer TGA 8000 under nitrogen with a 1.012 mg sample
and a 15°C/min heating rate. A multi-step thermal degradation was observed, beginning at 238.41°C and peaking at
336.92°C, with complete breakdown by 400.84°C. The total weight loss of 31.102% up to 400°C suggested both organic
(e.g., polymers) and inorganic content. Initial weight loss of 3.581% likely stemmed from moisture evaporation or residual
solvents. A steep mass reduction centered at 336.92°C corresponded to polymer decomposition (e.g., starch/PVA chains),
while the final residue confirmed the thermal durability of the inorganic CuO component. Minimal weight loss beyond
400°C indicates high thermal resilience, crucial for applications requiring heat stability. These results affirm the hybrid
composition of the nanoscaffolds, combining polymer degradation profiles with the inert stability of metallic phases,
endorsing their suitability for thermally demanding biomedical or environmental uses.
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Figure 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds.

3.6. Zeta potential and particle size analysis

DLS and zeta potential analysis of biosynthesized CuO NPs were conducted using a Malvern Zetasizer Ultra. The average
particle size (Z-average) was 79.8 nm (Figure 6) with a polydispersity index (PDI) of 0.475, reflecting moderate size
variability. Zeta potential averaged +14.03 mV, with distinct populations at +10.94 mV and +28.06 mV (Figure 7),
indicative of positively charged surfaces. The system showed low conductivity (0.1179 mS/cm) and a quality factor of
2.084, pointing to stable dispersion. The presence of 5.5 um aggregates indicates minor agglomeration. Overall, the CuO
NPs displayed fair colloidal stability due to their positive charge, although further refinement in synthesis or dispersion
might reduce aggregation. These characteristics are critical for performance in biological or environmental applications,
where stability and uniform size distribution impact functionality.
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Figure6. DLS particles size analysis of CuO NPs
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Figure7. Zeta-potential analysis of CuO NPs

3.7. Antimicrobial activity evaluation

The antimicrobial activity of Ectocarpales extract (50 pg/mL), green-synthesized CuO NPs (50 ng/mL), and starch/PVA-
based electrospun nanofiber scaffolds (50 pg/mL) was assessed against bacterial and fungal pathogens using the agar well
diffusion method (Table 1). The tested bacterial strains—Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus,
and Citrobacter koseri—exhibited varying inhibition zones. The Ectocarpales extract demonstrated moderate activity,
with zones of 17+0.12 mm, 16+0.36 mm, 15+£0.27 mm, and 16+0.19 mm, respectively. CuO NPs showed lower efficacy,
with inhibition zones of 22+0.29 mm, 21+0.18 mm, 19+0.28 mm, and 20+0.38 mm for the same bacteria. In contrast, the
starch/PV A nanoscaffolds displayed strong antibacterial effects, with zones of 31+0.32 mm, 29+0.26 mm, 26+0.51 mm,
and 27+0.52 mm, outperforming the algal extract and CuO NPs. For fungal pathogens—Aspergillus
niger and Penicillium spp.—the algal extract produced zones of 14+0.17 mm and 15+0.38 mm, while CuO NPs showed
zones of 17+0.18 mm and 19+0.26 mm. The nanoscaffolds again exhibited superior antifungal activity, with inhibition
zones of 24+0.27 mm and 26+0.42 mm. The positive controls, ciprofloxacin (antibacterial) and voriconazole (antifungal),
yielded higher inhibition zones (e.g., 33+0.58 mm for E. coli and 28+0.39 mm for Penicillium spp.), confirming the
validity of the assay. All experiments were conducted in triplicate to ensure reproducibility, with the nanoscaffolds
emerging as the most effective antimicrobial agent among the tested samples.

Table 1: Antimicrobial activity of Ectocarpales extract, CuO NPs, and starch/PVA electrospun nanoscaffolds at
concentration of 50 pg/mL against various pathogenic organisms.

S. ORGANISMS ZONE OF INHIBITION (MM)
NO Ciprofloxacin Voriconazole Algal CuO NPs | Nano-
(Antibiotic) (Antifungal) Extract scaffolds

Escherichia coli 33+40.58 - 174£0.12 22+0.29 3140.32
Klebsiella 30+0.14 - 16+0.36 21+0.18 29+0.26
pneumoniae
Staphylococcus 28+0.32 - 15+0.27 19+0.28 26+0.51
aureus
Citrobacter koseri | 29+0.47 - 16+0.19 20+0.38 27+0.52
Aspergillus niger | - 26+0.65 14+0.17 17+0.18 2440.27
Penicillium - 28+0.39 15+0.38 1940.26 26+0.42
species

4. DISCUSSION

The synthesis and comprehensive characterization of CuO NPs and their integration into starch/PVA-based electrospun
nanofibrous scaffolds were successfully achieved, as evidenced by various analytical techniques. The distinct
physicochemical profiles derived from spectroscopic, microscopic, and diffraction studies underscore the efficacy of green
synthesis using Ectocarpales extract and the successful fabrication of multifunctional nanoscaffolds for biomedical
applications [52-56].

UV-Visible spectroscopy confirmed the presence of phytoconstituents in the Ectocarpales extract and the optical
characteristics of CuO NPs [57]. The extract exhibited a broad absorption band around 300 nm, characteristic of m-*
transitions commonly associated with phenolic or flavonoid compounds. These biomolecules likely served as reducing
and stabilizing agents during nanoparticle synthesis [58]. In contrast, the CuO NPs displayed a sharp absorption peak at
200 nm, indicating strong SPR and validating nanoparticle formation. The absence of overlapping absorption bands
between the extract and CuO NPs indicates the formation of discrete inorganic nanoparticles separate from organic
biomolecules, demonstrating the transformation of bioactive metabolites into metal oxide nanostructures [59, 60].

FT-IR spectroscopy further elucidated the functional groups present in both the CuO NPs and the fabricated scaffolds.
The CuO NPs showed prominent peaks related to O—H stretching, aromatic C=0 groups, and Cu—O vibrations, confirming
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the presence of residual organic molecules and metal-oxygen bonds. The electrospun nanoscaffolds, on the other hand,
displayed additional peaks corresponding to amine, hydroxyl, carbonyl, and glycosidic linkages, suggesting the complex
incorporation of polysaccharides and proteins from the Ectocarpales extract or scaffold matrix. The differences in peak
patterns between the CuO NPs and nanoscaffolds reinforce the successful integration of nanoparticles into a biopolymer
framework without chemical interference, thereby preserving their individual functionalities [61-65].

XRD analysis provided insights into the crystalline nature of the CuO NPs and the semi-crystalline structure of the
nanoscaffolds. The CuO NPs exhibited distinct diffraction peaks that matched well with the standard monoclinic phase of
tenorite CuO, demonstrating a high degree of crystallinity and structural purity. Conversely, the electrospun nanoscaffolds
showed broader and fewer peaks, reflecting a predominantly amorphous polymeric base interspersed with crystalline CuO
phases. The absence of peak overlap between CuO NPs and nanoscaffolds supports their successful integration while
maintaining structural individuality. These findings are critical for applications where crystalline properties influence
performance, such as in catalysis or antimicrobial efficacy [66, 67].

SEM further validated the morphological characteristics of both the CuO NPs and the nanofiber scaffolds. CuO NPs
exhibited spherical to irregular morphologies within the nanoscale range (50-200 nm), with minor aggregation. This
morphology is ideal for maximizing surface area and interaction with biological systems. The nanoscaffolds demonstrated
a consistent fibrous mesh with diameters between 70—90 nm, containing embedded CuO NPs as surface protrusions. The
uniform distribution of CuO NPs and the porous structure of the nanofibers suggest excellent mechanical stability and
potential for applications such as wound healing or tissue engineering. The absence of large aggregates also indicates
successful dispersion and interaction of CuO NPs within the polymer matrix [68, 69].

TGA of the nanoscaffolds demonstrated multi-stage thermal degradation with a significant decomposition peak at around
336.92°C, which is attributed to the breakdown of the polymeric chains. The initial mass loss likely corresponds to
moisture evaporation, while the major weight reduction signifies degradation of the organic scaffold. The remaining
residue implies the presence of thermally stable inorganic components like CuO. These results confirm the hybrid nature
of the scaffold, blending biodegradable polymers with inorganic nanoparticles, and demonstrate their potential for
biomedical applications requiring thermal stability, such as sterilization or high-temperature processing [70, 71].

DLS and zeta potential analyses revealed crucial information about the colloidal stability and size distribution of the
biosynthesized CuO NPs. The trimodal size distribution, with an average hydrodynamic size of 79.8 nm and a PDI of
0.475, indicates moderate polydispersity, likely due to some nanoparticle aggregation. The zeta potential of +14.03 mV
suggests a moderately stable colloidal system, where the positive surface charge prevents excessive agglomeration.
However, the presence of larger aggregates highlights the need for optimizing synthesis or post-processing techniques to
improve monodispersity. Such stability metrics are essential for biomedical applications, especially in drug delivery,
where uniform nanoparticle behavior influences therapeutic efficacy [72-74].

The antimicrobial activity study offered compelling evidence of the functional superiority of the CuO NP-loaded
nanoscaffolds. Although the Ectocarpales extract and CuO NPs individually exhibited moderate antibacterial and
antifungal activity, the nanoscaffolds significantly outperformed both. The enhanced activity can be attributed to the
synergistic effect of the embedded CuO NPs and the bioactive compounds present in the scaffold matrix. The scaffold’s
fibrous architecture may facilitate sustained release of antimicrobial agents and maximize surface interaction with
microbial cells, leading to more effective pathogen inhibition. This is particularly evident in the larger inhibition zones
observed against both Gram-positive and Gram-negative bacteria, as well as fungal strains [75, 76].

The combination of comprehensive spectroscopic, morphological, and biological assessments confirms the successful
green synthesis of CuO NPs and their efficient incorporation into starch/PV A nanofibrous scaffolds. The distinct optical,
structural, and functional properties of each component were preserved post-fabrication, resulting in a hybrid system with
promising antimicrobial and biomedical potential. The nanoscaffolds, owing to their enhanced thermal stability, porous
morphology, and superior antimicrobial efficacy, demonstrate great promise for applications in wound healing,
antibacterial dressings, and other healthcare domains where multifunctional nanomaterials are essential.

5. CONCLUSION

This study successfully demonstrated the green synthesis of CuO NPs using Ectocarpales extract and their incorporation
into starch/PVA-based electrospun nanofibrous scaffolds. UV—Visible spectroscopy confirmed the distinct optical
properties of the algal extract and synthesized CuO NPs, while FTIR analysis revealed characteristic functional groups
indicative of successful nanoparticle formation and scaffold fabrication. XRD patterns validated the crystalline nature of
CuO NPs and the semi-crystalline structure of the nanoscaffolds. SEM analysis showed well-dispersed CuO NPs within
a porous, fibrous scaffold matrix, suitable for biomedical applications. TGA results confirmed the thermal stability of the
composite, while DLS and zeta potential analysis indicated moderate colloidal stability. Notably, antimicrobial assays
revealed that the CuO NPs-loaded scaffolds exhibited enhanced antibacterial and antifungal activities compared to the
extract and nanoparticles alone. Overall, the study highlights the potential of these bioengineered nanoscaffolds as
effective antimicrobial agents for use in biomedical and environmental applications.
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