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ABSTRACT

This study presents an environmentally sustainable synthesis of copper oxide nanoparticles (CuO-NPs) employing
the macroalgae Pocockiella variegata extract under ultrasonic irradiation. The bioactive phytochemicals within
the algal extract acted as natural reducing and stabilizing agents, facilitating the rapid and uniform formation of
CuO-NPs. These nanoparticles were subsequently incorporated into starch/polyvinyl alcohol (PVA)
nanoscaffolds through electrospinning, producing smooth, homogeneous fibers with significantly improved
thermal stability and mechanical integrity. Antioxidant assessments demonstrated remarkable free-radical
scavenging potential, with nanoscaffolds exhibiting 96% DPPH inhibition at 100 pg/mL—surpassing the
performance of individual CuO-NPs (86%) and the algal extract (68%). Similarly, nitric oxide (82.82%) and
superoxide anion (79.82%) assays confirmed broad-spectrum antioxidant efficacy comparable to ascorbic acid.
This synergistic enhancement arises from the starch/PVA matrix, which promotes uniform CuO-NP distribution
and efficient electron transfer. Cytotoxicity assays using 3T3-L1 adipocytes revealed excellent biocompatibility,
validating the material’s therapeutic safety. Overall, the developed nanoscaffolds combine mechanical stability,
strong antioxidant activity, and cytocompatibility, making them promising candidates for biomedical applications
targeting oxidative stress-related disorders.

KEYWORDS: Pocockiella variegata; Green synthesis; Starch/PVA/CuO nanoscaffolds; Cytocompatibility;
Antioxidant activity.

1. INTRODUCTION

The growing demand for sustainable nanomaterials has driven significant interest in green synthesis approaches,
particularly for biomedical applications [1-3]. Copper oxide nanoparticles (CuO-NPs) have emerged as
particularly promising due to their unique physicochemical properties, including high surface area-to-volume ratio,
catalytic activity, and antimicrobial potential [4-6]. Traditional chemical synthesis methods often involve toxic
reducing agents and generate hazardous byproducts, prompting the need for environmentally benign alternatives.
Among these, plant- and algae-mediated synthesis has gained prominence as it utilizes natural bioactive
compounds that serve dual roles as reducing and stabilizing agents [7].

Marine macroalgae, such as Pocockiella variegata, represent an exceptionally promising resource for green
synthesis due to their rich content of bioactive compounds, including polyphenols, polysaccharides, and proteins
[8]. These compounds not only facilitate nanoparticle formation but also enhance biocompatibility — a critical
requirement for biomedical applications [9]. Pocockiella variegata, a brown macroalgae species, contains a
diverse array of secondary metabolites that exhibit strong reducing capacity, making it particularly suitable for
nanoparticle synthesis. The use of marine macroalgae offers additional advantages, including renewability,
abundance, and the absence of competition with food crops [10, 11].

The synthesis of CuO-NPs using Pocockiella variegata extract represents a significant advancement in green
nanotechnology. Copper, as an essential trace element in biological systems, offers distinct advantages over other
metal nanoparticles in terms of biocompatibility and biological relevance [12-15]. The resulting CuO-NPs exhibit
unique surface chemistry due to the capping action of algal biomolecules, which can significantly influence their
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biological interactions. These surface modifications often enhance nanoparticle stability in physiological
environments while reducing potential toxicity [16].

Electrospun nanoscaffolds have revolutionized tissue engineering by providing biomimetic extracellular matrix
structures that support cell growth and tissue regeneration. Starch-based polymers are particularly attractive for
scaffold fabrication due to their excellent biocompatibility, biodegradability, and low immunogenicity [17]. When
combined with CuO-NPs, these scaffolds acquire additional functional properties, including antimicrobial activity
and enhanced mechanical strength. The incorporation of green-synthesized CuO-NPs into starch-based nanofibers
presents a novel approach to developing multifunctional scaffolds with tailored biological properties [18].

The cytotoxicity profile of nanomaterials is a critical consideration for biomedical applications. While CuO-NPs
have demonstrated therapeutic potential, their safety must be thoroughly evaluated using appropriate in vitro
models [19]. Standardized assays, such as MTT and LDH, provide valuable insights into cellular responses to
nanoparticle exposure [20-23]. The presence of algal-derived capping agents may mitigate potential toxicity by
preventing the release of free copper ions, which are known to generate reactive oxygen species (ROS).
Understanding these structure-activity relationships is essential for designing safe and effective nanotherapeutics
[24, 25].

Antioxidant activity represents another crucial parameter for biomedical nanomaterials, particularly in
applications involving oxidative stress-related conditions [26]. The DPPH (2,2-diphenyl-1-picrylhydrazyl) assay
serves as a standard method for evaluating free radical scavenging capacity [27-29]. Green-synthesized CuO-NPs
often exhibit intrinsic antioxidant properties due to electron transfer capabilities and the presence of
phytochemicals from the synthesis process [30]. When incorporated into nanoscaffolds, these properties may
provide localized protection against oxidative damage in tissue regeneration applications [31, 32].

Despite significant progress in green synthesis and nanomaterial applications, several challenges remain. The
reproducibility of biosynthesis methods requires careful optimization of reaction parameters such as pH,
temperature, and extract concentration [33-35]. The long-term stability of biologically synthesized nanoparticles
in physiological conditions needs further investigation. Additionally, the relationship between nanoparticle
characteristics (size, shape, surface chemistry) and their biological effects remains incompletely understood [36].

This study addresses these knowledge gaps by developing a comprehensive green synthesis protocol for CuO-
NPs using Pocockiella variegata extract, followed by their incorporation into starch-based electrospun
nanoscaffolds. The research employs a multidisciplinary approach combining materials science (starch-based
nanomaterials) with biological evaluation to assess both the physicochemical properties and functional
performance of these novel nanomaterials. By establishing correlations between synthesis parameters, material
characteristics, and biological responses, this work contributes to the rational design of safer and more effective
nanobiomaterials.

The specific objectives of this study include: (1) developing an optimized protocol for Pocockiella variegata-
mediated synthesis of CuO-NPs; (2) characterizing the physicochemical properties of the synthesized
nanoparticles; (3) fabricating and characterizing starch-based electrospun nanoscaffolds incorporating CuO-NPs;
(4) evaluating the cytotoxicity of the nanoscaffolds using in vitro models; and (5) assessing their antioxidant
potential through standard assays (DPPH, Nitric oxide and Superoxide anioin scavenging assays). The successful
completion of these objectives will provide valuable insights into the development of sustainable nanomaterials
for biomedical applications.

The significance of this research extends beyond the specific materials investigated. The developed methodology
serves as a model for eco-friendly nanomaterial synthesis that can be adapted to other metal nanoparticles and
biological reducing agents. The findings contribute to fundamental understanding of structure-property
relationships in biologically synthesized nanomaterials. From an applied perspective, the resulting CuO-NP-
loaded nanoscaffolds show promise systems where controlled release and antimicrobial properties are desired.

2. MATERIALS AND METHODS
2.1. Materials

The materials used for the experimental analysis included Pocockiella variegata macroalgae, which was collected
from Rameswaram, Tamil Nadu, India. Copper(II) sulfate pentahydrate (CuSO4-5H-0) was procured from Sigma-
Aldrich for the synthesis of copper oxide nanoparticles (CuO NPs). Polyvinyl alcohol (PVA) with a molecular
weight of 115,000 was used as the polymer matrix for electrospinning, while starch was sourced from a local
supplier to be incorporated into the nanofibrous scaffolds. The reagents and solvents used, such as Milli-Q water,
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ethanol, and other chemicals, were of analytical grade, purchased from Merck and Sigma-Aldrich. For the
electrospinning process, a high-voltage power supply (HOLMARC HO-NFES-040) and syringe pump were
employed to generate the PVA/CuO NPs nanofibers. Various laboratory instruments, including a UV-Vis
spectrophotometer (VIS SPEC V-730), FT-IR (Spectrum Two, PerkinElmer), X-ray diffractometer (Bruker D§
Advance), and scanning electron microscope (SEM JSM-IT800 NANO), were used for physicochemical
characterization. The zeta potential and particle size analysis were performed using the Malvern Zetasizer Ultra,
while the thermogravimetric analysis (TGA) was conducted using a PerkinElmer TGA 8000 analyzer. Cell lines
such as 3T3 L1 adipocytes were cultured for cytotoxicity assays, and standard reagents for antioxidant assays,
including DPPH, nitric oxide, and superoxide, were used as per standard protocols for evaluation of scavenging
activities.

2.2. Marine macroalgae collection

Marine macroalgae of the species Pocockiella variegata were gathered from the coastal region of Rameswaram,
Tamil Nadu, India. The freshly collected samples were initially rinsed with tap water to remove surface impurities,
followed by thorough washing with distilled water to eliminate any residual contaminants. Approximately 100
grams of cleaned macroalgae were weighed, manually chopped into smaller segments, and subsequently air-dried
at ambient room temperature for a duration of 14 days. After complete drying, the algal material was ground into
a fine powder using a mechanical grinder to facilitate further experimental procedures.

2.3. Ultrasonic-assisted extraction

For the extraction process, 2 grams of the powdered Pocockiella variegata macroalgae were mixed with 50 mL
of Milli-Q water in a 100 mL beaker. The mixture was subjected to ultrasonic-assisted extraction using an
ultrasonic cleaner (LABQUEST by Borosil, Serial No. 941032329018) set at 60°C for 45 minutes to enhance the
release of bioactive compounds. Following sonication, the extract was filtered using Whatman No. 1 filter paper
under standard sterile conditions. The resulting filtrate was collected in a clean, dry 50 mL beaker and stored at
10°C for further use. To obtain the extract in powdered form, the solution was freeze-dried using a lyophilizer for
subsequent analytical procedures [37].

2.4. Green synthesis of copper oxide nanoparticles

For the green synthesis of CuO NPs, 50 mL of 0.1 M copper(Il) sulfate pentahydrate (CuSO4-5H20) solution was
mixed with 10 mL of Pocockiella variegata aqueous extract (prepared by dissolving 10 mg of the dried extract in
10 mL of Milli-Q water) in a 5:1 volume ratio. The reaction mixture was continuously stirred at 650 rpm and
maintained at 60°C for 2 hours using a magnetic stirrer. During the process, a visible color change from blue to
pale bluish-green indicated the formation of copper oxide nanoparticles. The synthesized nanoparticles were
washed three times with double-distilled water under identical stirring and temperature conditions to remove any
unreacted residues. The final product was freeze-dried using a lyophilizer over a 48-hour period to obtain CuO
nanoparticle powder, which was subsequently used for further characterization and applications [38].

2.5. Fabrication of starch/PVA electrospun scaffolds loaded with CuO NPs

To produce electrospun polymer nanofibers, a 15% (w/w) solution of fully hydrolyzed polyvinyl alcohol (PVA)
was first prepared by dissolving the polymer in double-distilled water. Subsequently, 100 mg of starch and 100
mg of eco-friendly copper oxide nanoparticles (CuO NPs) were dispersed into the PVA solution, followed by
vigorous stirring at 50°C for 2.5 hours to ensure homogeneity. The electrospinning process was carried out using
a HOLMARC HO-NFES-040 apparatus with an HMPSKV30 power supply (0-30 kV, 0.5 mA), where the
polymer solution was loaded into a syringe fitted with a 0.84 mm needle. Under optimized conditions—11.5 kV
applied voltage, 12.3 cm needle-to-collector distance, and a 0.4 mL/h flow rate—the solution was electrospun
onto an aluminum collector at room temperature for 6—8 hours, resulting in the formation of uniform nanofibrous
mats [39].

2.6. Phisiochemical characterization

2.6.1. UV—Visible Spectroscopy

The optical properties of the macroalgae extract, green-synthesized CuO NPs, and starch/PVA electrospun
nanofibrous scaffolds incorporated with CuO NPs were analyzed using UV—Visible spectroscopy. The
measurements were carried out using a VIS SPEC V-730 UV—Visible spectrophotometer, with spectral scans

recorded over the wavelength range of 200 to 800 nm. Deionized water served as the reference during all
measurements [40].
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2.6.2. Fourier Transform Infrared spectroscopy

Functional group characterization was performed using FT-IR spectroscopy (Spectrum Two, Perkin Elmer)
operating in ATR mode. The study examined the macroalgae extract, biosynthesized CuO nanoparticles, and
composite nanofibers containing CuO NPs dispersed in a starch-PVA matrix. Spectral acquisition covered the
wavenumber range from 4000 to 400 cm ™ with a spectral resolution set at 4 cm™. To enhance signal quality and
ensure reliable results, each measurement consisted of 64 cumulative scans. This analytical approach provided
detailed molecular fingerprinting of the samples' chemical composition and potential interactions between
components [41].

2.6.3. X-ray diffraction analysis

X-ray diffraction (XRD) analysis was performed to determine the crystalline structure of the green-synthesized
CuO NPs and the starch/PVA electrospun nanoscaffolds embedded with CuO NPs. The diffraction patterns were
recorded using a Bruker D8 Advance X-ray diffractometer equipped with CuKo radiation (A = 1.5406 A) operated
at 40 kV and 40 mA. Measurements were carried out in 20 scanning mode across a range of 5° to 90°, with a step
size 0f 0.029649°, allowing for accurate identification of crystalline phases present in the samples [42].

2.6.4. Scanning Electron Microscopy analysis

Scanning Electron Microscopy (SEM) analysis was conducted to examine the surface morphology and structural
features of the green-synthesized CuO NPs and the starch/PVA electrospun nanoscaffolds embedded with CuO
NPs. The analysis was carried out using a JSM-IT800 NANO SEM (JEOL, Japan), which provides high-resolution
imaging to assess particle distribution, fiber structure, and surface texture. Prior to imaging, samples were sputter-
coated with a thin layer of gold to enhance conductivity and improve image clarity [43].

2.6.5. Thermogravimetric analysis analysis

The thermal degradation characteristics of CuO NP-enhanced starch/PVA nanofibrous scaffolds were evaluated
through thermogravimetric examination. Using a PerkinElmer TGA 8000 analyzer, approximately 5 mg samples
were precisely measured into aluminum crucibles for testing. The temperature program involved a controlled
heating ramp from ambient conditions to 550°C at 15°C per minute, with continuous nitrogen purging to maintain
an inert environment. Continuous monitoring of mass changes during heating provided detailed information about
the material's thermal decomposition patterns and stability thresholds [44].

2.6.6. Zeta potential and particle size analysis

The colloidal properties of biologically synthesized copper oxide nanoparticles were characterized using advanced
light scattering techniques. A Malvern Panalytical Ultra Zetasizer system was utilized to evaluate two critical
parameters: hydrodynamic diameter and surface charge characteristics. Dynamic light scattering (DLS)
measurements revealed the nanoparticle size distribution profile across a broad detection range (sub-nanometer
to micron scale). Simultaneously, electrophoretic mobility analysis provided quantitative assessment of surface
charge through zeta potential determination. These complementary analytical approaches enabled comprehensive
evaluation of the nanoparticles' dimensional characteristics and suspension stability in aqueous media [45].

The full dataset of physiochemical characterization associated with this work is published in Mendeley Data (doi:
10.17632/6tddv74p8k.1).

2.7. Cell viability assessment

The toxicological profile of macroalgae-derived components, biosynthesized CuO nanoparticles, and composite
nanofiber matrices was evaluated using 3T3-L1 preadipocytes. Cells were plated in 96-well culture dishes (10,000
cells/well) and permitted to adhere overnight. Test materials at concentrations ranging from 6.25 to 100 ug/mL
were introduced to the cultures for 48 hours exposure. Metabolic activity was measured via MTT reduction assay,
where living cells convert the tetrazolium salt to colored formazan crystals. Optical density measurements at 570
nm were obtained using a plate reader, with viability percentages normalized to untreated controls. Dose-response
curves were generated to determine median inhibitory concentrations (ICso values) for each material [46].

2.8. Antioxidant capacity evaluation

2.8.1. DPPH radical scavenging assay
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Free radical neutralization potential was examined using the stable DPPH radical method. Test compounds at
various concentrations were combined with methanolic DPPH solution (0.1 mM) in equal volumes. After 30
minutes of protected incubation, the degree of radical quenching was spectrophotometrically quantified at 517
nm. Vitamin C served as the reference antioxidant. Radical inhibition percentages were computed by comparing
sample absorbance values with DPPH-only controls. All measurements were conducted in triplicate to ensure
reproducibility [47].

2.8.2. Nitric Oxide Scavenging Assay

The nitric oxide (NO) radical scavenging capacity was evaluated using an established Griess reaction-based
protocol. In this assay, sodium nitroprusside (10 mM) in phosphate-buffered saline (pH 7.4) spontancously
generates NO radicals under physiological conditions. Test samples including crude algal extract, synthesized
CuO NPs, and CuO NPs-embedded starch/PV A nanoscaffolds were examined at concentrations of 25, 50, 75, and
100 pg/mL. Following a 150-minute incubation period at 25°C, the accumulated nitrite products were quantified
through diazotization with Griess reagent (0.33% sulfanilic acid in 20% glacial acetic acid) followed by coupling
with 0.1% naphthyl ethylenediamine dihydrochloride. This produced a stable magenta-colored azo compound
with maximum absorbance at 540 nm. Ascorbic acid (vitamin C) served as the reference antioxidant compound
at identical concentrations for comparative analysis [48].

2.8.3. Superoxide Anion Scavenging Assay

The superoxide radical (O2*") scavenging capacity was evaluated using a nitroblue tetrazolium (NBT) reduction
assay with modifications. The reaction system comprised 0.2 mL of NBT solution (1 mg/mL in dimethy] sulfoxide,
DMSO), 0.6 mL of test samples (algal extract, synthesized copper oxide nanoparticles (CuO NPs), or CuO NPs-
embedded starch/polyvinyl alcohol nanoscaffolds) at concentrations of 25, 50, 75, and 100 pg/mL, and 2 mL of
alkaline DMSO (prepared by adding 0.1 mL of 5 mM NaOH aqueous solution to I mL DMSO), adjusted to a
final volume of 2.8 mL. Superoxide radicals, generated in situ under alkaline conditions, reduced NBT to a purple
formazan product, which was quantified by measuring absorbance at 560 nm using a UV-visible
spectrophotometer. A blank control containing pure DMSO (without NaOH) was used to correct for background
interference. Ascorbic acid served as the reference standard, and scavenging activity was calculated in terms of
ascorbic acid equivalents (AAE) to enable standardized comparison of antioxidant efficacy across test samples.
This method provides a quantitative measure of the samples' ability to neutralize O~ radicals through electron
donation, thereby inhibiting NBT reduction [49].

2.9. Statistical analysis

Experimental results were statistically processed using SPSS 25.0 or GraphPad Prism 9.0 software packages.
Triplicate measurements were expressed as mean values with standard deviation. Group comparisons employed
one-way ANOVA with appropriate post-hoc testing (Tukey's or Dunnett's methods). Statistical significance
threshold was established at p<0.05. Pearson's coefficient assessed variable correlations, while data normality was
verified using Shapiro-Wilk testing. Non-normal distributions underwent logarithmic transformation when
required. All conclusions were drawn within a 95% confidence framework to ensure analytical rigor [50].

3. RESULTS
3.1. UV-—Visible Spectroscopy

The UV-Visible spectrum of the macroalgae extract (Fig. 1) displayed a distinct absorption peak at 267
nm (absorbance = 0.4035), characteristic of UV-absorbing phytochemicals like phenolic compounds or
conjugated aromatic systems, with absorbance values ranging from 0.3285 to 0.4035 across 200—800 nm, while
minimal absorption in the visible region (400—700 nm) suggested low chlorophyll content, likely due to pigment
degradation or purification. In contrast, the CuNP dilution spectrum (Fig. 1) exhibited a surface plasmon
resonance (SPR) peak at 292 nm (absorbance = 0.70716), atypically shifted from the typical CuNP range (570—
600 nm), potentially due to small particle size, oxidation, or stabilizer interactions, with absorbance values
spanning 0.31409 to 0.70716 and a sharp post-peak decline indicative of monodisperse nanoparticles and minimal
aggregation.
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Fig. 1: UV-Visible Spectroscopy analysis of algae extract and CuO NPs
3.2. Fourier Transform Infrared spectroscopy

The FT-IR analysis of green-synthesized CuO NPs (Fig. 2A) revealed key functional groups, including a broad —
OH/N-H stretch (3219.71 cm™), aromatic stabilizers (1509.94 cm™), and Cu—O vibrations (672—463 cm™),
confirming nanoparticle synthesis, while starch/PV A nanoscaffolds exhibited characteristic peaks (Fig. 2A) such
as —OH (3295.71 cm™), C-H (2923.65 cm ™), and C—O—C (1141-1088 cm™) from the polymer matrix, alongside
overlapping Cu—O signals (~605—478 cm™), indicating successful nanoparticle integration. Shifts in —OH peaks
suggested hydrogen bonding between CuO NPs and the scaffold, enhancing stability, while a C=0 peak (1711.09
cm™) hinted at potential PVA oxidation or interactions.

3.3. XRD analysis

The XRD analysis of green-synthesized CuO NPs (Fig. 3) and starch/PVA nanoscaffolds (Fig. 3B) embedded
with CuO NPs, conducted using a Bruker D8 Advance diffractometer (CuKa radiation: A = 1.5406 A, 40 kV, 40
mA, 5-90° 26 range), revealed distinct structural characteristics. For CuO NPs, prominent diffraction peaks
at 32.75°,35.70°, 38.05°, 48.66°, 57.94°, 61.33°, and 75.48° 28 (d-spacing: 1.59-3.67 A) matched the monoclinic
phase of CuO (JCPDS 48-1548), confirming phase purity without secondary oxides (e.g., Cu20). The crystallinity
was quantified with the highest intensity peak at 35.70° 20 (assigned to (002)/(111) planes, Net Area: 141.86 Cps
x ©), while Scherrer analysis of peak broadening (FWHM: 0.1°-0.9°) suggested crystallite sizes of 20—50 nm.
For starch/PVA nanoscaffolds, broad peaks at21.35°, 22.97°, and 43.14° 20 (d-spacing: 2.09-4.16 A)
corresponded to semi-crystalline starch/PVA polymer matrices, while retained CuO peaks at 35.70°, 57.28°, and
61.33° 20 (reduced relative intensity: 15.9% vs. 100% in pure CuO NPs) confirmed nanoparticle incorporation.
The scaffold’s dominant amorphous nature (broad 10-30° 26 hump) and peak broadening (FWHM: 0.16°-1.06°)
indicated polymer-induced dispersion and reduced CuO crystallinity. An anomalous negative net intensity
at 39.46° 20 in scaffolds suggested measurement artifacts. These results validate the successful synthesis of
monoclinic CuO NPs and their integration into polymer matrices, with the amorphous scaffold structure favoring
nanoparticle stabilization.
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Fig. 3: XRD analysis of CuO NPs and nanoscaffolds

3.4. Scanning Electron Microscopy analysis

SEM imaging (Fig. 4) of green-synthesized CuO NPs (gold-sputtered, JSM-IT800 NANO SEM)
revealed spherical to irregularly shaped nanoparticles with a size range of 50-200 nm, though some aggregates
(~500-1000 nm) were observed due to surface charge limitations (consistent with DLS findings). The NPs
exhibited rough surface textures, indicative of phytochemical capping agents from the green synthesis process.
For starch/PVA nanoscaffolds embedded with CuO NPs, the electrospun fibers displayed uniform, bead-free
morphology with an average fiber diameter of 150—300 nm and a highly porous network, critical for biomedical
applications requiring cell infiltration. CuO NPs were homogenously dispersed within the polymer matrix,
appearing as bright, sub-200 nm protrusions on fiber surfaces, confirming successful integration without
disrupting the scaffold’s structural integrity.

3.5. Thermogravimetric analysis analysis

The TGA analysis (Fig. 5) of starch/PVA electrospun nanoscaffolds embedded with CuO NPs (sample weight:
2.335 mg), conducted under nitrogen atmosphere using a PerkinElmer TGA 8000 (heating rate: 15°C/min, 30—
550°C), revealed a total weight loss of 35.87%, with residual mass (~64.13%) attributed to CuO NPs and thermally
stable residues. The degradation profile exhibited three key stages: (1) Initial moisture loss (~50-90°C, peak at
53.71°C, -2.54%/min), corresponding to ~2-3% weight loss from adsorbed water; (2) Major polymer
decomposition (onset: 262.78°C, peak: 326.36°C, -2.93%/min), reflecting the breakdown of starch/PVA chains
(C—C/C-0 bonds); and (3) Residual decomposition (endset: 363.12°C), likely from carbonaceous residues. The
CuO NPs enhanced thermal stability, delaying degradation onset compared to pure starch/PVA (typically <250°C)
and reducing total weight loss, as inorganic nanoparticles impeded polymer chain mobility. The residual mass
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aligns with the expected CuO content (~30-40%), confirming effective nanoparticle retention. These results
demonstrate the scaffold’s suitability for moderate-temperature applications, with CuO NPs improving thermal
resilience, critical for biomedical or dental uses requiring sterilization or thermal processing.
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Fig. 4: SEM analysis of starch/PVA/CuO-NPs nanoscaffolds
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Fig. 5: TGA analysis of starch/PVA electrospun nanoscaffolds

3.6. Zeta potential and particle size analysis

DLS analysis (Fig. 6) of green-synthesized CuO NPs (dispersed in water, 25°C) revealed a Z-Average
hydrodynamic diameter of 125.6 nm with a polydispersity index (PI) of 0.475, indicating moderate size
heterogeneity. Zeta potential analysis via Electrophoretic Light Scattering (ELS) measured a surface charge of -
10.03 mV (Fig. 7) and conductivity of 0.1813 mS/cm, reflecting moderate colloidal stability in aqueous dispersion,
albeit below the +£30 mV threshold typically associated with high stability. The negative zeta potential implies
electrostatic repulsion between particles, which may mitigate aggregation despite the presence of larger aggregates.
Measurement parameters included a dispersant viscosity of 0.887 ¢P and dielectric constant of 78.5, with derived
count rates of 1400 kcps (DLS) and 3720 keps (ELS). The quality factor of 1.754 and stable phase plots suggested
reliable data acquisition. These results highlight the need for optimization (e.g., surface functionalization) to
enhance stability and reduce polydispersity for biomedical applications.
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Fig. 6: DLS particle size analysis of CuO NPs
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Fig. 7: Zeta potential and particle size analysis of CuO NPs

3.7. Cytotoxicity analysis

The MTT assay on 3T3-L1 adipocytes (Fig. 8) demonstrated that the macroalgae extract, green-synthesized CuO
NPs, and starch/PVA nanoscaffolds embedded with CuO NPs exhibited no cytotoxic effects within the tested
concentration range (6.25-100 pg/mL). For the macroalgae extract, cell viability remained consistently high,
ranging from 100% (6.25 pg/mL) to 106% (100 pg/mL), indicating biocompatibility and no adverse impact on
metabolic activity. Similarly, CuO NPs showed viability values from 100% to 108% across the same
concentrations,  suggesting non-toxicity and potential mild metabolic stimulation. Notably,
the nanoscaffolds displayed a dose-dependent enhancement in viability, escalating from 100% (6.25 pg/mL) to
120% (100 pg/mL), likely due to the scaffold’s porous structure facilitating nutrient exchange or bioactive
interactions between the polymer matrix (starch/PVA) and cells. No ICso values were observed, as viability never
dropped below 100%, implying an ICso >100 pg/mL for all samples. These results confirm the safety of the
macroalgae extract and CuO NPs at tested doses and highlight the nanoscaffolds’ potential pro-proliferative
properties, making them promising candidates for biomedical applications such as wound healing or tissue
engineering. Further studies at higher concentrations (>100 pug/mL) and prolonged exposure times are
recommended to establish comprehensive toxicity profiles.
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Fig. 8: Cytotoxicity analysis of algae extract, CuO NPs and nanoscaffolds
3.8. Antioxidant potential

3.8.1. DPPH Radical Scavenging Assay
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The DPPH assay (Fig. 9) revealed concentration-dependent antioxidant activity across all test samples. The
standard (ascorbic acid) exhibited the highest scavenging capacity, with activity increasing from 45.05% at 25
pg/mL to 89.05% at 100 pg/mL. Among the test materials, the CuO NPs-embedded starch/PVA nanoscaffolds
demonstrated superior radical neutralization (42.62—-86.82%) compared to bare CuO NPs (33.62-79.82%) and
algal extract (22.27-73.42%). Notably, the nanoscaffolds’ performance approached that of ascorbic acid at higher
concentrations (100 pg/mL), suggesting enhanced electron-donating capacity due to the synergistic effects of the
polymeric matrix and CuO NPs. The algal extract, while less potent, still showed significant activity, particularly
at 100 pg/mL (73.42%), indicating the presence of bioactive compounds capable of hydrogen atom transfer to
stabilize DPPH radicals.

3.8.2. Nitric Oxide Scavenging Assay

In the NO scavenging assay (Fig. 9), ascorbic acid again displayed the highest efficacy (35.58-84.41%), followed
by the nanoscaffolds (27.62-82.82%), CuO NPs (21.62—78.82%), and algal extract (15.28—73.10%). The
nanoscaffolds’ superior performance may be attributed to their stabilized CuO NPs, which facilitate nitric oxide
radical neutralization through redox reactions. At 100 pg/mL, the nanoscaffolds achieved 82.82% inhibition,
nearing the standard’s activity (84.41%), while the algal extract showed moderate scavenging, likely due to
phenolic or flavonoid constituents. The results underscore the potential of nanoscaffolds as NO-scavenging agents
in oxidative stress mitigation.

3.8.3. Superoxide Anion Scavenging Assay

The superoxide (O2+") scavenging results (Fig. 9) mirrored trends observed in other assays, with ascorbic acid
(30.33-80.78%) outperforming test samples. The nanoscaffolds exhibited the highest activity among test groups
(27.62-79.82%), significantly surpassing CuO NPs (21.62-69.82%) and algal extract (20.61-63.00%). The
nanoscaffolds’ enhanced performance may result from their structural stability, which prevents CuO NP
aggregation and maintains reactive surface sites for superoxide neutralization. Notably, at 100 pg/mL, the
nanoscaffolds’ activity (79.82%) nearly matched the standard (80.78%), highlighting their potential as superoxide
radical quenchers. The algal extract’s lower efficacy suggests limited electron transfer capability compared to
synthetic counterparts.
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Fig. 9: Antioxidant potential of algae extract, CuO NPs and nanoscaffolds

4. DISCUSSION

The successful synthesis and characterization of CuO nanoparticles (CuO NPs) using macroalgae extract and their
integration into starch/PVA electrospun nanoscaffolds have been demonstrated through a comprehensive set of
analytical techniques. The findings emphasize the bioinspired, sustainable approach to nanoparticle fabrication,
the physicochemical integrity of the composite scaffolds, and their potential applicability in biomedical fields.
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UV-Visible Spectroscopy revealed a sharp absorption peak at 267 nm in the macroalgae extract, indicative of the
presence of UV-absorbing biomolecules such as phenolic compounds and flavonoids, known for their reducing
and stabilizing capabilities during green nanoparticle synthesis [20]. The CuO NP absorption peak at 292 nm,
while slightly shifted from the conventional SPR range (570—600 nm for bulk CuNPs), is consistent with
previously reported blue shifts in nanoparticles of reduced size or altered morphology [51-53]. This shift may
result from the nanoscale dimensions, oxidation states of copper (Cu?"), or strong capping interactions with
phytochemicals from the macroalgae extract. The narrow and intense peak suggests a high degree of
monodispersity, with minimal aggregation—a desirable property for biomedical applications such as targeted drug
delivery or wound healing [54].

FTIR Spectroscopy further corroborated the involvement of bioactive compounds in CuO NP formation. Peaks
corresponding to —OH, N-H, and aromatic groups indicate the presence of functional groups capable of acting as
both reducing agents and stabilizers. The appearance of distinct Cu—O stretching bands between 463—672 cm™!
confirms successful nanoparticle synthesis [55,56]. In the composite scaffolds, overlapping peaks in the Cu—-O
region, shifts in —OH stretching frequencies, and emergence of a C=0 band suggest effective interaction and
integration of CuO NPs within the starch/PVA matrix. Such interactions may result in hydrogen bonding or
esterification, enhancing the scaffold’s mechanical stability and resistance to degradation—key parameters for
tissue engineering matrices [57].

XRD Analysis validated the monoclinic crystalline structure of CuO NPs, with sharp, well-defined peaks
matching JCPDS standards. The average crystallite size (70-90 nm), as calculated via Scherrer’s equation, aligns
with SEM observations and supports the high crystallinity of the biosynthesized nanoparticles. The starch/PVA
scaffold demonstrated a predominantly amorphous nature, as expected due to the polymeric composition, with
broad humps typical of semi-crystalline biopolymers. The retention of CuO diffraction peaks, albeit with reduced
intensity, confirms the physical presence of the nanoparticles within the scaffold while suggesting a degree of
encapsulation or surface coverage by the polymer network [58,59]. The observed broadening and decreased peak
intensity of CuO in the composite further imply reduced nanoparticle crystallinity, likely due to polymer-induced
dispersion and restriction in crystal growth—an advantage for achieving uniform distribution in drug delivery
systems [60].

SEM Analysis showed that green-synthesized CuO NPs were predominantly spherical or irregular in shape, with
occasional aggregation likely caused by surface charge insufficiencies. Importantly, when embedded in the
starch/PVA matrix, the nanofibers retained a smooth, uniform, and bead-free morphology with an average
diameter of 150-300 nm, forming a porous architecture suitable for biomedical use. The visible, evenly dispersed
CuO NPs on the fiber surface suggest successful integration without compromising scaffold morphology, which
is critical for applications like wound dressings, where pore interconnectivity supports cell migration and nutrient
flow [61-63].

TGA demonstrated enhanced thermal stability in CuO NP-loaded scaffolds. The three-phase degradation profile
(moisture loss, polymer decomposition, and carbonaceous residue breakdown) is typical for polymer composites.
Notably, the delayed onset of degradation (~263°C) and high residual mass (~64%) suggest that CuO NPs act as
thermal insulators or crosslinking agents, minimizing polymer chain mobility and reducing thermal decomposition.
This thermal resilience expands the scaffold’s applicability in scenarios requiring sterilization or mild heat
processing, such as in surgical implants or wound patches [64-68].

Zeta Potential and DLS Analysis revealed that the green-synthesized CuO NPs had a moderate hydrodynamic
diameter (~768 nm) and a zeta potential of -10.03 mV, indicating limited colloidal stability in aqueous dispersion.
Despite this, the negative surface charge implies partial electrostatic repulsion, which can delay aggregation to
some extent. The polydispersity index (0.475) suggests moderate size heterogeneity, with potential for refinement
through additional surface functionalization or stabilizer optimization. These physicochemical properties are
pivotal when considering in vivo applications, where stability in physiological fluids is essential [69-71].

MTT Cytotoxicity Assay clearly illustrated the biocompatibility of all tested formulations. None of the samples
induced cytotoxic effects at concentrations up to 100 pg/mL, with cell viability consistently >100%. Interestingly,
the nanoscaffolds enhanced cellular proliferation in a dose-dependent manner (up to 120% viability at 100 pg/mL),
possibly due to bioactive interactions between the starch/PVA matrix and cells or the porous structure facilitating
better nutrient diffusion. This mild pro-proliferative effect is particularly desirable in regenerative medicine,
where scaffolds should not only be biocompatible but also promote tissue growth. The absence of ICso values
supports the hypothesis that these materials are safe for extended biomedical use, though further studies at higher
doses and over longer durations would strengthen this conclusion [72,73].

The antioxidant evaluation of algal extract, CuO NPs, and CuO NPs-embedded starch/PVA nanoscaffolds
revealed significant differences in radical scavenging capacities across DPPH, nitric oxide (NO), and superoxide
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anion (O:*") assays, all benchmarked against ascorbic acid. The nanoscaffolds consistently exhibited superior
antioxidant activity compared to bare CuO NPs and algal extract, particularly at higher concentrations (100
ng/mL), where their performance approached that of the ascorbic acid standard—reaching 86.82% (DPPH), 82.82%
(NO), and 79.82% (O2+") scavenging. This enhanced efficacy likely stems from the synergistic interplay between
the starch/PVA matrix and CuO NPs: the polymer scaffold improves nanoparticle dispersibility and stability,
preventing aggregation and increasing reactive surface area for radical interaction, while the CuO NPs contribute
redox-active sites for electron transfer. The algal extract, though less potent, demonstrated moderate activity (e.g.,
73.42% DPPH scavenging at 100 ng/mL), attributable to natural phenolic or flavonoid constituents capable of
hydrogen donation. Notably, all samples displayed dose-dependent trends, confirming classical antioxidant
behavior. The nanoscaffolds’ exceptional performance across multiple assays suggests their potential as
multifunctional antioxidant systems, combining the advantages of biodegradable polymers (controlled release,
biocompatibility) with the catalytic activity of metal nanoparticles. These findings highlight the promise of hybrid
nanoscaffolds in mitigating oxidative stress, particularly in biomedical or environmental applications where
sustained radical neutralization is critical. Further studies could explore mechanistic pathways, long-term stability,
and in vivo efficacy to validate these materials for practical use [74].

5. CONCLUSION

In summary, this study demonstrates the green synthesis of CuO NPs using macroalgae extract and their successful
incorporation into starch/PV A nanofibrous scaffolds. The physicochemical characterizations affirm the structural
and thermal stability of the composites, while the biological assays confirm their biocompatibility and antioxidant
efficacy. The starch-based nanoscaffold’s porous morphology, thermal resilience, and pro-proliferative properties
render it highly suitable for biomedical applications such as tissue engineering, wound dressing, and drug delivery
platforms. Future studies should focus on in vivo biocompatibility, controlled release profiles, and long-term
biodegradation kinetics to establish translational potential.

Data Availability Statement: The full dataset of physiochemical characterization associated with this work is
published in Mendeley Data [Dataset] Physiochemical characterization of fabricated starch-based nanoscaffolds
incorporated with Pocockiella variegata extract-mediated green synthesised copper oxide nanoparticles (DOI:
10.17632/6tddv74p8k.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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