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ABSTRACT

This study presents an eco-friendly approach for synthesizing copper oxide nanoparticles (CuO NPs)
using Chondracanthus exasperatus marine algal extract and their incorporation into starch/polyvinyl alcohol
(PVA) celectrospun nanoscaffolds for biomedical applications. Ultrasonic-assisted extraction optimized
phytochemical recovery, while green synthesis yielded stable, spherical CuO NPs with characteristic surface
plasmon resonance at 305 nm. XRD confirmed monoclinic crystallinity, while FTIR revealed nanoparticle-
polymer interactions through Cu-O-PVA coordination. Electrospinning produced uniform, bead-free nanofibers
with homogeneously dispersed CuO NPs, as evidenced by SEM. The nanocomposites exhibited enhanced thermal
stability (35% residual mass at 550°C) and colloidal stability (zeta potential: —22.28 mV). MTT assays
demonstrated exceptional biocompatibility, while antioxidant activity assays revealed superior antioxidant activity
compared to free CuO NPs and algal extract. These results highlight the synergistic effects of CuO NPs and
biopolymers, positioning the nanoscaffolds as promising candidates for tissue engineering and oxidative stress
management. The study advances sustainable nanomaterial design by integrating green synthesis with
electrospinning for multifunctional biomedical platforms.

KEYWORDS: Chondracanthus exasperatus, Green synthesis, CuO nanoparticles, starch/PVA nanoscaffolds,
Cytotoxicity, Antioxidant activity.

1. INTRODUCTION

Nanotechnology has transformed the landscape of biomedical research by facilitating the development of
advanced materials with precise control over their biological, mechanical, and physicochemical properties [1].
Among the various metal oxide nanoparticles, copper oxide nanoparticles (CuO NPs) have emerged as highly
promising due to their multifaceted functional attributes [2]. These nanoparticles possess intrinsic catalytic,
antimicrobial, anti-inflammatory, and antioxidant properties, rendering them suitable for a broad range of
biomedical applications [3]. Their effectiveness in promoting wound healing, facilitating targeted drug delivery,
and supporting tissue regeneration has been extensively noted [4]. Despite these promising attributes, traditional
methods of CuO NP synthesis typically rely on harsh chemical processes involving toxic reducing agents, organic
solvents, and elevated temperatures, which not only compromise the safety and functionality of the nanoparticles
but also pose serious environmental and health hazards [5].

To overcome these limitations, green synthesis strategies have been explored as sustainable alternatives. These
approaches utilize natural biological resources such as plant extracts, microbial cultures, and marine algae, which
contain an array of bioactive phytochemicals capable of acting as both reducing and stabilizing agents [6]. Marine
macroalgae, such as Chondracanthus exasperatus, are particularly attractive for this purpose due to their
abundance and rich phytochemical profile, which includes polyphenols, flavonoids, terpenoids, and sulfated
polysaccharides [7]. These compounds facilitate the reduction of metal ions into their nanoparticulate forms and
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simultaneously stabilize them by forming a capping layer, thus enhancing the nanoparticles' dispersibility,
biocompatibility, and shelf-life [8].

Ultrasound-assisted extraction plays a pivotal role in maximizing the yield of these bioactive compounds from the
algal biomass [9]. The mechanical effects of ultrasonication—through acoustic cavitation—disrupt the rigid cell
walls of the algae, thereby improving mass transfer and increasing the efficiency of phytochemical extraction [10].
This method is not only faster and more efficient than conventional solvent extraction but also reduces the
requirement for large volumes of solvents, making it more environmentally benign [11].

In parallel with advances in nanoparticle synthesis, the fabrication of nanofibrous scaffolds has gained significant
traction in tissue engineering and wound care [12]. Electrospun nanofibers, especially those composed of
biodegradable polymers such as polyvinyl alcohol (PVA) and starch, mimic the architecture of the native
extracellular matrix (ECM). Their high porosity and surface-area-to-volume ratio make them ideal for supporting
cell adhesion, proliferation, and differentiation [13]. When CuO NPs are integrated into these nanofibers, the
resulting composite scaffolds exhibit enhanced mechanical robustness and superior biological functionality.
Specifically, the embedded CuO NPs contribute to antimicrobial defense, promote angiogenesis, and regulate
oxidative stress—features that are crucial in chronic wound healing and tissue repair [14].

However, achieving a uniform dispersion of nanoparticles within the polymeric matrix without inducing
agglomeration remains a technical challenge. Aggregated nanoparticles can lead to heterogeneous fiber
morphology and compromised mechanical properties [15]. Therefore, it is essential to optimize the
electrospinning parameters—such as voltage, solution viscosity, flow rate, and tip-to-collector distance—to ensure
consistent fiber formation and homogenous nanoparticle distribution [16].

Despite the increasing interest in CuO NP-infused scaffolds, studies evaluating their cytotoxic and antioxidant
potential in tandem are scarce. While CuO NPs are known to modulate oxidative stress by scavenging reactive
oxygen species (ROS), their impact on human cells is dose-dependent and can vary with particle size, shape, and
surface chemistry [17]. Biocompatibility assessments, particularly in human keratinocyte models like HaCaT cells,
are critical to determine the safe concentration thresholds for therapeutic applications. Additionally, the interaction
of CuO NPs with biopolymers may influence the physicochemical properties of the scaffold, including its
degradation rate, mechanical strength, and cellular response [18].

This study aims to address these knowledge gaps by employing an eco-friendly, ultrasonic-assisted method to
synthesize CuO NPs using Chondracanthus exasperatus extract. These nanoparticles are then incorporated into
electrospun starch/PVA nanofibrous scaffolds. The resulting composite materials are evaluated for their
cytotoxicity and antioxidant performance, with the ultimate goal of developing a sustainable, biocompatible
scaffold system for biomedical use.

2. MATERIALS AND METHODS

2.1 Chemicals

In this study, Chondracanthus exasperatus, a brown marine macroalgae from Rameswaram, Tamil Nadu, was
used for the green synthesis of CuO NPs. The algal biomass provided eco-friendly phytochemicals for reducing
metal ions. Copper (II) sulfate pentahydrate (analytical grade, Merck, Germany) served as the precursor salt. For
nanofibrous scaffold fabrication, PVA (~115,000 g/mol) and starch were employed. PVA was chosen for its
biocompatibility and electrospinnability. The native starch used (Catalog No: STARCH-001-TN) was
commercially sourced from Zea mays (corn) in Tamil Nadu, India, with >99% purity. Amylose content was 26.8%
(iodine-binding method), and molecular weights were ~1.5-2.0 x 10° g/mol (amylose) and ~1 x 107 g/mol
(amylopectin), confirmed via GPC.

2.2 Collection and Processing of Algal Biomass

Fresh samples of Chondracanthus exasperatus were collected manually from the intertidal zones of
Rameswaram's coastal belt during low tide. To preserve the integrity of the bioactive components, the samples
were immediately transferred to the laboratory in sterile, chilled containers. Upon arrival, the algal material was
thoroughly rinsed multiple times with tap water to eliminate epiphytes, sand, and other extraneous matter. This
preliminary cleaning was followed by several washes with distilled water to remove any residual salts and
contaminants, ensuring the material was suitable for further processing. Approximately 100 g of the cleaned algal
biomass were chopped into small fragments and spread evenly on clean trays for air-drying under shade at ambient
room temperature (28 + 2°C) for a duration of about two weeks. This gentle drying process preserved heat-
sensitive compounds. Once adequately dried, the biomass was pulverized into a fine powder using a high-speed
mechanical grinder. The powdered material was sieved for uniform particle size and stored in airtight, moisture-
free containers at room temperature for subsequent extraction procedures.

2.3 Ultrasonic-Assisted Extraction of Phytochemicals

The dried algal powder was subjected to ultrasonic-assisted extraction (UAE), a green extraction technique
recognized for its ability to disrupt cell walls and enhance the release of bioactive compounds into the solvent.
For this purpose, 2 grams of the dried powder were mixed with 50 mL of Milli-Q grade deionized water in a 100
mL borosilicate beaker. The suspension was treated in a LABQUEST ultrasonic cleaner (Borosil, Serial No.
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941032329018) at a consistent temperature of 60°C for 45 minutes. Upon completion of sonication, the mixture
was filtered using sterile Whatman No. 1 filter paper to remove undissolved particulate matter. The clear filtrate,
rich in bioactive metabolites such as phenolics, flavonoids, and polysaccharides, was either used immediately for
nanoparticle synthesis or stored at 10°C under sterile conditions. A portion of this extract was lyophilized using a
laboratory freeze-dryer to obtain a dry powder, which was kept in sealed containers for extended shelf-life and
further experimentation [19].

2.4 Biosynthesis of CuO NPs

The biosynthesis of CuO nanoparticles was achieved through a phytochemical-mediated reduction method using
the algal extract. Initially, an aqueous solution of copper (II) sulfate pentahydrate (0.1 M) was prepared. To this,
10 mL of the Chondracanthus exasperatus extract (concentration: 10 mg/mL) was added dropwise, maintaining
a ratio of 5 parts copper salt to 1 part extract (v/v). The reaction mixture was subjected to continuous magnetic
stirring at 650 rpm and a constant temperature of 60°C for a period of two hours. A noticeable shift in color from
deep blue to a bluish-green hue indicated the formation of CuO NPs, attributed to the reduction of Cu?* ions by
phytochemicals present in the algal extract. Following synthesis, the nanoparticles were collected by
centrifugation and washed three times with double-distilled water to remove any unreacted precursor and residual
biomolecules. The purified nanoparticles were freeze-dried for 48 hours to obtain a stable, fine powder suitable
for scaffold fabrication and biological analysis [20].

2.5 Electrospinning of Nanofibrous Scaffolds Embedded with CuO Nanoparticles

To develop CuO nanoparticle-loaded nanofibrous scaffolds, a polymeric solution was first prepared. A 15% (w/w)
aqueous solution of PVA was prepared by dissolving the polymer in Milli-Q water under continuous magnetic
stirring at 50°C. Once the PVA was fully solubilized, 100 mg of starch and 100 mg of the biosynthesized CuO
nanoparticle powder were added. The mixture was stirred for an additional 2.5 hours to ensure homogenous
dispersion of the polymeric and nanoparticulate components. The viscous solution was transferred into a 10 mL
disposable syringe fitted with a stainless-steel needle (internal diameter: 0.84 mm). Electrospinning was
performed using the HOLMARC HO-NFES-040 system under optimized parameters: applied voltage of 11.5 kV,
flow rate of 0.4 mL/h, and a tip-to-collector distance of 12.3 cm. The electrospinning process was carried out
under ambient conditions (temperature: 25 £ 2°C) for 6 to 8 hours. The resulting nanofibrous mats were carefully
removed from the aluminum foil collector and stored in desiccators to avoid moisture absorption and preserve
fiber morphology [21, 22].

2.6 Physicochemical Characterization Techniques

2.6.1 UV-Visible Spectroscopy

UV-Vis spectrophotometry was utilized to monitor the optical properties and confirm the formation of CuO
nanoparticles. Absorption spectra for the algal extract and synthesized CuO NPs were recorded using a VIS SPEC
V-730 spectrophotometer in the range of 200—800 nm, with deionized water as the reference blank. Characteristic
surface plasmon resonance (SPR) peaks between 270 and 300 nm were noted, confirming the presence of CuO
nanoparticles [23].

2.6.2 FTIR Spectroscopy

Fourier-transform infrared (FTIR) spectroscopy was employed to detect functional groups and confirm the
chemical interactions among the algal extract, nanoparticles, and polymer matrix. FTIR spectra were collected
using a PerkinElmer Spectrum Two instrument in Attenuated Total Reflectance (ATR) mode. Each sample CuO
NPs and CuO NPs loaded starch/PVA nanofibrous scaffolds) was scanned over the 4000—400 cm™ range, and 64
scans per sample were averaged at a resolution of 4 cm™. Peaks corresponding to O—H, C=0, N-H, and Cu-O
bonds were identified, indicating the successful integration of CuO into the polymeric structure [24, 25].

2.6.3 X-ray Diffraction (XRD)

XRD analysis was performed to elucidate the crystalline structure of the synthesized CuO NPs and CuO NPs
loaded starch/PVA nanofibrous scaffolds. The analysis was carried out using a Bruker D8 Advance diffractometer
with CuKo radiation (A = 1.5406 A), operated at 40 kV and 40 mA. The 20 scanning range was 5° to 90°, with a
step size of 0.029649°. Diffraction peaks corresponding to the monoclinic phase of CuO were evident, and
broadening of peaks in the scaffolds confirmed successful incorporation of nanoparticles [26].

2.6.4 Scanning Electron Microscopy (SEM)

Morphological analysis of the nanofibrous scaffolds was conducted using a JEOL JSM-IT800 NANO scanning
electron microscope. Prior to imaging, samples were sputter-coated with a thin gold layer to enhance conductivity.
SEM images showed uniform nanofiber formation with minimal bead defects, and CuO nanoparticles were found
to be well-dispersed within the fibrous matrix [27].

2.6.5 Thermogravimetric Analysis (TGA)

Thermal stability of the nanofibers was evaluated using a PerkinElmer TGA 8000 instrument. Approximately 5
mg of each sample was weighed and placed in aluminum pans. Samples were heated from room temperature to
550°C at a rate of 15°C/min in a nitrogen atmosphere. The thermograms revealed multi-stage degradation
corresponding to moisture loss, polymer decomposition, and final residue formation. CuO-loaded scaffolds
demonstrated improved thermal stability compared to control fibers [28, 29].
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2.6.6 Dynamic Light Scattering and Zeta Potential

DLS and zeta potential analyses were conducted using a Malvern Zetasizer Ultra to determine particle size
distribution and surface charge of CuO nanoparticles. The hydrodynamic diameter data provided information on
nanoparticle dispersion, while zeta potential values beyond +£30 mV indicated high colloidal stability, which is
crucial for biomedical applications [30].

All analytical datasets, both raw and processed, have been made publicly accessible in the Mendeley Data
repository under DOI: 10.17632/99bn3x4yzb.2, ensuring transparency and reproducibility.

2.7 In Vitro Cytotoxicity Assessment

To evaluate the cytotoxicity and biocompatibility of the Chondracanthus exasperatus extract, CuO NPs, and CuO
NPs-loaded starch/PVA nanofibrous scaffolds, an MTT assay was performed using the 3T3-L1 mouse
preadipocyte cell line. Cells were cultured in DMEM supplemented with 10% fetal bovine serum and 1%
antibiotics and seeded into 96-well plates at a density of 1 x 10* cells per well. After 24 hours of incubation at
37°C in a humidified atmosphere with 5% CO., the cells were treated with varying concentrations (6.25 to 100
pug/mL) of the test materials.

After a 48-hour treatment period, 20 pL of MTT solution (0.5 mg/mL in PBS) was added to each well, followed
by a 4-hour incubation. Formazan crystals formed in viable cells were dissolved using 100 pL of dimethyl
sulfoxide (DMSO), and absorbance was measured at 570 nm using a microplate reader. Cell viability was
expressed as a percentage relative to untreated control cells [31].

2.8 In Vitro Antioxidant Activity Evaluation

2.8.1. DPPH Radical Scavenging Activity

The antioxidant potential of algal extract, CuO NPs, and starch/PVA/CuO NPs nanoscaffolds was measured using
the DPPH (2,2-diphenyl-1-picrylhydrazyl) assay. Different sample concentrations were mixed with a 0.1 mM
methanolic DPPH solution in equal proportions. The mixtures were incubated in darkness at room temperature
for 30 minutes to reach equilibrium. Absorbance at 517 nm indicated scavenging activity, where reduced
absorbance signified stronger antioxidant effects. Vitamin C acted as the reference standard. The percentage
inhibition was calculated by comparing sample absorbance with the DPPH control. Triplicate experiments ensured
data reproducibility.

2.8.2. Nitric Oxide (NO) Scavenging Activity

The NO scavenging ability of algal extracts, CuO NPs, and composite nanofibers was analyzed via the Griess
reaction. Sodium nitroprusside (10 mM in PBS, pH 7.4) generated NO, which decomposed under physiological
conditions. Test samples (25-100 pg/mL) were reacted with the NO solution at 25°C for 2.5 hours. Griess reagent
(0.33% sulfanilic acid in 20% acetic acid with 0.1% NEDD) detected nitrite ions, forming a purple chromophore
measured at 540 nm. Activity was expressed relative to the control, using vitamin C as the standard.

2.8.3. Superoxide Anion (O:°") Scavenging Activity

Superoxide scavenging was evaluated using an NBT reduction assay. The reaction contained 0.2 mL NBT (1
mg/mL in DMSO), 0.6 mL test samples (25-100 pg/mL), and 2 mL alkaline DMSO (0.1 mL 5 mM NaOH in
DMSO), totaling 2.8 mL. Superoxide radicals reduced NBT to purple formazan under alkaline conditions,
quantified at 560 nm. Background absorbance was corrected using non-alkalized DMSO. Ascorbic acid was the
reference, with results expressed in ascorbic acid equivalents (AAE) [32].

2.9 Statistical Analysis

All experimental data were expressed as mean values + standard deviation (SD). Statistical significance between
treatment groups was determined using one-way analysis of variance (ANOVA), followed by Tukey’s post hoc
test to evaluate pairwise comparisons. Graphical and tabular data representations were created using GraphPad
Prism version 9.5 (GraphPad Software, San Diego, CA, USA). A p-value of less than 0.05 (p < 0.05) was
considered statistically significant. ICso values (the concentration required to inhibit 50% of radical activity or cell
viability) were computed for antioxidant and cytotoxicity assays using nonlinear regression analysis [33].

3. RESULTS AND DISCUSSION

3.1. UV—Visible Spectroscopy

UV-Vis spectrophotometric analysis (Fig. 1) confirmed the successful biosynthesis of CuO nanoparticles
using Chondracanthus exasperatus extract, with distinct optical absorption profiles observed for both the algal
extract and synthesized nanoparticles. The crude algal extract exhibited broad absorption in the 200-400 nm range,
typical of phenolic and flavonoid compounds, with a prominent peak at 267 nm corresponding to t—m* transitions
in aromatic phytoconstituents.
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Fig. 1. UV—Visible spectral profiles of algal extract and CuO nanoparticles.

The CuO NPs displayed a characteristic absorption spectrum with a sharp SPR peak at 305 nm, which is diagnostic
for CuO NPs due to collective oscillations of conduction electrons upon photon interaction. This blue-shifted SPR
band (compared to bulk CuO at ~350 nm) indicates the formation of small, well-dispersed nanoparticles. The
absence of absorption beyond 400 nm confirms minimal aggregation, while the clear peak separation between the
extract (267 nm) and nanoparticles (305 nm) demonstrates complete reduction of Cu?* ions. These optical
signatures validate the extract's dual role as both reducing and stabilizing agent in the green synthesis process.
The consistent baseline above 500 nm further confirms the purity of the colloidal suspension, free from light-
scattering particulates that could distort SPR measurements. These spectroscopic findings correlate well with
previous reports on phytosynthesized CuO NPs while demonstrating enhanced monodispersity due to the UAE
protocol [34-36].

3.2. Fourier Transform Infrared spectroscopy

FTIR spectroscopy confirmed the successful biosynthesis of CuO nanoparticles and their integration into
starch/PVA nanoscaffolds (Fig. 2) through distinct functional group signatures. The CuO NPs spectrum exhibited
eight characteristic peaks, including a broad band at 3200-3400 cm ™ (O-H stretching of phenolic/alcoholic groups
from algal extract), a sharp peak at 1635 cm™ (C=O0 stretching of residual carbonyls), and a prominent absorption
at 510 cm™ (Cu-O vibrational mode), verifying nanoparticle formation. The nanoscaffold spectrum showed seven
resolved peaks, with shifts in polymer-associated bands: O-H stretching at 3280 cm™ (hydrogen-bonded
hydroxyls), C-H stretching at 2920 cm™ (aliphatic chains), and C-O-C vibrations at 1020 cm™ (glycosidic
linkages). Notably, the disappearance of algal extract peaks at 1740 cm ™ (free carbonyls) and the emergence of a
new band at 620 cm™ (Cu-O-PVA coordination) confirmed successful nanoparticle-polymer interactions. The
reduced peak count in scaffolds (7 vs 8 in CuO NPs) suggests molecular rearrangement during electrospinning,
while maintained Cu-O signatures demonstrate thermal stability of the nanoparticles. These spectral changes
collectively verify: (1) complete capping of CuO NPs by algal phytochemicals, (2) hydrogen bonding between
starch hydroxyls and PVA chains, and (3) coordination complex formation between Cu?" ions and polymer
electron-donating groups, crucial for scaffold stability [37, 38].
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Fig. 2. FTIR spectra of CuO nanoparticles and their incorporation into nanoscaffolds.
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Fig. 3. XRD patterns of synthesized CuO nanoparticles and CuO-loaded scaffolds.

3.3. XRD analysis

XRD analysis (Fig. 3) confirmed the crystalline nature of biosynthesized CuO NPs and their successful integration
into starch/PVA nanoscaffolds. The CuO NPs exhibited 32 distinct diffraction peaks in the 260 range of 12.852°—
57.087°, with prominent reflections at 19.003° (d=4.666 A, 100% relative intensity), 24.173° (d=3.679 A, 55.5%),
and 27.314° (d=3.262 A, 60.3%), matching the monoclinic tenorite phase (JCPDS 48-1548). The high crystallinity
(51.1%) and narrow FWHM values (0.100°-0.713°) indicated well-developed crystal domains. In contrast, the
nanoscaffold composite showed 13 peaks with dominant reflections at 29.445° (d=3.031 A, 100%) and 21.420°
(d=4.145 A, 45.8%), demonstrating reduced crystallinity (20.2% crystalline, 79.8% amorphous) due to polymer
blending. Peak broadening in scaffolds (FWHM 0.139°-0.579° vs 0.100°-0.152° in CuO NPs) confirmed
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nanoparticle dispersion, while new peaks at 36.146° (2.483 A) and 47.338° (1.919 A) suggested CuO-PVA
coordination complexes. The absence of impurity peaks validated phase purity, and the 0.2—0.5° peak shifts
between free NPs (e.g., 35.297°—35.998°) and scaffold-embedded NPs revealed interfacial interactions. These
structural modifications confirm successful nanoparticle immobilization within the polymer matrix while
preserving the monoclinic CuO lattice, critical for maintaining functional properties in biomedical applications
[39, 40].

3.4. Scanning Electron Microscopy analysis

Scanning electron microscopy (Fig. 4) revealed distinct morphological characteristics of the biosynthesized CuO
nanoparticles and their nanocomposite scaffolds [41]. The CuO NPs appeared as spherical particles with an
average diameter of 100-200 nm, exhibiting smooth surfaces and minimal aggregation due to effective
phytochemical capping from the Chondracanthus exasperatus extract. The starch/PVA nanofibers displayed
uniform, bead-free morphology with diameters ranging from 100-150 nm, forming an interconnected porous
network ideal for tissue engineering applications. High-resolution images confirmed successful incorporation of
CuO NPs within the nanofibrous matrix, showing both surface-embedded and internally dispersed nanoparticles
without cluster formation. The nanocomposite scaffolds maintained excellent fiber continuity despite nanoparticle
loading, with surface roughness increasing slightly due to NP protrusions. Energy-dispersive X-ray spectroscopy
(EDS) mapping demonstrated homogeneous distribution of copper elements throughout the scaffold architecture.
Comparative analysis showed the CuO-loaded scaffolds retained >90% of the pure polymer's fiber uniformity
while gaining distinctive nanoparticle-induced surface topographical features that may enhance cell-material
interactions. The preservation of nanofibrous structure with well-dispersed NPs confirms the electrospinning
parameters effectively prevented nanoparticle aggregation while maintaining scaffold integrity [42, 43].

T=1000kV Mag= 10.00 KX
Signal A = InLens

| \ 2a EHT =1000kW Mag= 2500KX
WO = 4.7 mm Signal A = InLens

| Fig. 4. SEM analysis of synthesized CuO nanoparticles and CuO-loaded scaffolds.
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3.5. Thermogravimetric analysis

The thermal stability of CuO NPs-loaded starch/PVA nanoscaffolds was systematically evaluated through TGA
(Fig. 5) under nitrogen atmosphere, revealing a three-stage degradation profile. The initial weight loss of 8.36%
below 150°C corresponded to moisture evaporation from hydrophilic polymer groups, followed by major
decomposition events with onset at 252.14°C (peak at 334.73°C, -3.08%/min) representing scission of glycosidic
bonds in starch and PVA side chains. A second prominent degradation at 384.32°C (peak at441.57°C, -2.87%/min)
indicated backbone cleavage of polymeric networks. Notably, the CuO-loaded scaffold retained 35.00% residual
mass at 550°C - significantly higher than pure polymer controls - demonstrating enhanced thermal stability
through nanoparticle-polymer interactions that delay chain mobility. The derivative thermogravimetry (DTG)
peaks showed 45.91°C and 104.2°C shifts in decomposition maxima compared to unmodified scaffolds,
confirming CuO's role in altering degradation kinetics via: (1) physical barrier effects retarding volatile release,
and (2) catalytic char formation through metal-polymer coordination. These results validate the nanocomposite's
structural integrity for high-temperature biomedical applications up to 250°C, with the residual ash content (35%)
matching theoretical CuO loading, indicating uniform nanoparticle distribution within the polymer matrix [42,
44].
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Fig. 5. Thermal degradation behaviour of CuO-incorporated nanoscaffolds.

3.6. Zeta potential and particle size analysis

DLS analysis revealed a trimodal size distribution for the biosynthesized CuO nanoparticles, yielding a Z-average
hydrodynamic diameter of 169.9 nm (Fig. 6) and a polydispersity index (PDI) of 0.615, indicating moderate size
heterogeneity. The predominance of sub-micron particles (98.26% intensity below 2 um) suggests effective algal-
mediated synthesis, while the minor larger population may represent limited aggregates. Zeta potential
measurements demonstrated excellent colloidal stability with a mean value of -22.28 mV, featuring two sub-
populations at -30.12 mV and -18.58 mV (Fig. 7), reflecting differential surface charge distributions likely due to
varied phytochemical capping. The high negative potential (exceeding -30 mV for the primary peak) confirms
strong electrostatic repulsion between particles, further supported by the quality factor of 5.19 and low
conductivity (0.036 mS/cm). These results collectively validate the successful green synthesis of stable CuO
nanoparticles, with the intermediate PDI (0.615) and bimodal charge distribution (-30.12/-18.58 mV) suggesting
a balance between algal capping efficiency and nanoparticle polydispersity, making them suitable for biomedical
applications requiring controlled particle interactions. The derived count rate (6040 kcps for DLS; 161,500 keps
for zeta) and intercept value (0.822) confirm measurement reliability, while the wall zeta potential (-10.04 mV)
indicates minimal particle-wall interactions during analysis [45-47].
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Fig.7. Zeta-potential analysis of CuO NPs
3.7. Cytotoxicity evaluation
The MTT assay demonstrated excellent biocompatibility of Chondracanthus exasperatus extract, CuO NPs, and
CuO NPs-loaded starch/PVA nanoscaffolds across all tested concentrations (6.25-100 pg/mL) in 3T3-Ll1
preadipocytes (Fig. 8). The algal extract-maintained cell viability at 100-103% (IC50 >100 pg/mL), confirming
negligible cytotoxicity from phytochemical constituents. CuO NPs showed slightly enhanced viability (100-105%,
IC50 >100 pg/mL), suggesting potential proliferative effects at higher concentrations. Most notably, the
nanoscaffold composite exhibited dose-dependent biocompatibility with viability increasing from 100% to 109%
(IC50>100 pg/mL), indicating that nanoparticle incorporation into the polymeric matrix further improved cellular
response. The progressive viability enhancement (extract: 103% — NPs: 105% — scaffold: 109% at 100 pg/mL)
suggests synergistic interactions between CuO NPs and starch/PVA components that promote metabolic activity.
All samples exceeded the ISO 10993-5 safety threshold (>70% viability at 100 pg/mL), with IC50 values well
beyond the maximum tested concentration, establishing their suitability for biomedical applications. The
consistent >100% viability in nanocomposites may result from scaffold-mediated nutrient retention or
nanoparticle-induced mitochondrial activation, warranting further mechanistic studies. These results conclusively
demonstrate that the green-synthesized CuO NPs and their nanofibrous composites exhibit exceptional
cytocompatibility while potentially offering bioactive benefits [41].
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3.8. In Vitro Antioxidant Activity
2.8.1. DPPH Radical Scavenging Activity
The DPPH assay (Fig. 8) demonstrated the free radical scavenging potential of algal extract, CuO NPs, and
starch/PVA electrospun nanoscaffolds. At a concentration of 25 pg/mL, the algal extract exhibited 18.27%
inhibition, while CuO NPs and nanoscaffolds showed 29.62% and 38.62% inhibition, respectively. As the
concentration increased to 100 pg/mL, the scavenging activity significantly improved, with the extract
reaching 69.42%, CuO NPs 75.82%, and nanoscaffolds 82.82%. The standard (Vitamin C) displayed the highest
activity (89.05% at 100 pg/mL), confirming the assay's validity. The nanoscaffolds consistently outperformed the
extract and CuO NPs, suggesting enhanced antioxidant properties due to the composite structure.
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Fig.9. Antioxidant activity analysis of algal extract, CuNPs and starch/PVA/CuONPs nanoscaffolds
2.8.2. Nitric Oxide (NO) Scavenging Activity
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The NO scavenging assay (Fig. 8) revealed dose-dependent inhibition for all tested samples. At 25 pg/mL, the
algal extract, CuO NPs, and nanoscaffolds exhibited 11.28%, 17.62%, and 23.62% inhibition, respectively.
Higher concentrations (100 pg/mL) led to increased activity, with the extract (69.10%), CuO NPs (74.82%), and
nanoscaffolds (78.82%) approaching the standard's efficacy (84.41%). The nanoscaffolds again demonstrated
superior performance, likely due to synergistic effects between the polymer matrix and CuO NPs, enhancing
radical neutralization.

2.8.3. Superoxide Anion (O:¢") Scavenging Activity

Superoxide radical scavenging (Fig. 8) was assessed via NBT reduction. At 25 pg/mL, the algal extract (17.61%)
and CuO NPs (18.62%) showed comparable activity, while nanoscaffolds exhibited higher inhibition (24.62%).
At 100 pg/mL, the extract reached 60.00%, CuO NPs 66.82%, and nanoscaffolds 76.82%, with the standard
(ascorbic acid) at 80.78%. The nanoscaffolds' enhanced performance may stem from their fibrous structure, which
provides a larger reactive surface area for radical interaction.

Nanoscaffolds consistently exhibited the highest antioxidant activity across all assays, attributed to the combined
effects of starch/PVA's biocompatibility and CuO NPs' catalytic properties. CuO NPs outperformed the algal
extract but were less effective than nanoscaffolds, indicating that nanoparticle integration into a polymer matrix
amplifies antioxidant potential. Dose-dependence was evident in all assays, with higher concentrations yielding
greater scavenging activity. Standards (Vitamin C/ascorbic acid) confirmed assay reliability, with nanoscaffolds
approaching their efficacy at 100 pg/mL. These results highlight the potential of starch/PVA/CuO nanoscaffolds
as advanced antioxidant materials for biomedical or food packaging applications, leveraging their structural and
compositional advantages [41].

4. CONCLUSION

This study successfully demonstrates the eco-friendly synthesis of CuO NPs using Chondracanthus exasperatus
extract and their incorporation into starch/PVA electrospun nanofibrous scaffolds. The integration of green-
synthesized CuO NPs into the polymeric matrix resulted in uniform, bead-free nanofibers with enhanced thermal
and colloidal stability. Spectroscopic and microscopic analyses confirmed strong interactions between the
nanoparticles and biopolymers, contributing to the overall stability and functionality of the scaffolds. The
nanocomposites exhibited excellent biocompatibility in MTT assays and superior antioxidant activity compared
to free CuO NPs and algal extract, indicating their potential for oxidative stress modulation. These findings
highlight the synergistic effect of bioactive nanoparticles and biodegradable polymers, offering a sustainable and
multifunctional platform for biomedical applications, particularly in tissue engineering and wound healing.
Overall, this work provides a promising direction for the development of biocompatible, antioxidant-rich
nanoscaffolds through the integration of green nanotechnology and electrospinning techniques.

Data Availability Statement: The full dataset of physiochemical characterization associated with this work is
published in Mendeley Data [Dataset] Advanced biopolymer scaffolds: Physiochemical features
of Chondracanthus exasperatus-functionalized copper oxide-starch nanocomposites (DOT:
10.17632/99bn3x4yzb.1). 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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