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ABSTRACT

This study explores the anti-inflammatory potential of starch/polyvinyl alcohol (PVA) electrospun nanoscaffolds
embedded with biogenic copper oxide nanoparticles (CuO NPs) synthesized using Turbinaria conoides seaweed extract
via an ultrasonic-assisted method. UV-Visible spectroscopy confirmed the formation of CuO NPs through a distinct
surface plasmon resonance (SPR) peak at 270-300 nm, while Fourier Transform Infrared Spectroscopy (FTIR) analysis
revealed stabilizing phytochemicals and successful integration into the polymer matrix. X-ray Diffraction (XRD)
confirmed the monoclinic crystalline structure of CuO NPs, and Scanning Electron Microscopy (SEM) demonstrated
uniform nanofiber morphology with well-dispersed nanoparticles. Thermogravimetric Analysis (TGA) indicated
enhanced thermal stability in CuO-loaded scaffolds, while zeta potential analysis suggested moderate colloidal stability.
Anti-inflammatory assays revealed concentration-dependent inhibition of protein denaturation and xanthine oxidase
activity. At 100 ng/mL, the nanoscaffolds exhibited superior inhibition (78.25-79.86%) compared to standalone CuO NPs
(69.86—71.25%) and algal extract (63.86—64.25%), highlighting synergistic effects from the nanocomposite structure.
These findings underscore the potential of starch/PVA/CuO-NPs nanoscaffolds as advanced anti-inflammatory
biomaterials, offering improved efficacy and stability for biomedical applications.

KEYWORDS: Turbinaria conoides, Green synthesis, CuO nanoparticles, Starch/PVA/CuO-NPs nanoscaffolds, Anti-
inflammatory activity.

1. INTRODUCTION

Chronic inflammation is a key pathological mechanism implicated in the onset and progression of a wide range of
degenerative diseases, including arthritis, cardiovascular disorders, neurodegenerative conditions, and certain cancers [1].
The prolonged activation of the inflammatory cascade leads to the excessive production of reactive oxygen species (ROS),
pro-inflammatory cytokines, and degradative enzymes, which collectively cause tissue damage and functional impairment
[2]. Conventional anti-inflammatory medications such as non-steroidal anti-inflammatory drugs (NSAIDs) and
corticosteroids, though effective, are often associated with adverse side effects including gastrointestinal disturbances,
renal toxicity, and increased cardiovascular risks [3]. As a result, there has been a growing scientific interest in the
development of alternative, biocompatible, and cost-effective therapeutic platforms that can mitigate inflammation with
minimal side effects [4].

In recent years, biomaterials-based approaches, particularly those involving electrospun nanofibrous scaffolds, have
gained significant attention in biomedical research due to their structural resemblance to the natural extracellular matrix
(ECM), high surface-to-volume ratio, and capacity to serve as drug delivery vehicles or tissue engineering templates [5].
Electrospinning is a versatile and scalable technique for fabricating ultrafine polymeric fibers with customizable
physicochemical properties [6]. Among various polymer combinations, starch and polyvinyl alcohol (PVA) stand out due
to their excellent biocompatibility, biodegradability, and mechanical flexibility [7]. Starch, a natural polysaccharide, offers
innate hydrophilicity and structural support, while PVA enhances fiber integrity and processing efficiency during
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electrospinning [8]. However, the therapeutic efficacy of polymeric nanofibers can be significantly enhanced by the
incorporation of functional nanoparticles, especially those with bioactive and anti-inflammatory properties [9].

Copper oxide nanoparticles (CuO NPs) are among the most promising inorganic nanomaterials owing to their broad-
spectrum biological activities, including antimicrobial, antioxidant, and anti-inflammatory effects [10]. CuO NPs have
demonstrated the ability to modulate inflammatory signaling pathways, reduce oxidative stress, and inhibit key
inflammatory enzymes such as cyclooxygenase and xanthine oxidase [11]. Despite their potential, the conventional
synthesis of CuO NPs often involves the use of toxic chemicals, high temperatures, and energy-intensive procedures that
raise environmental and safety concerns [12]. To overcome these challenges, eco-friendly, biogenic synthesis strategies
employing plant or algal extracts have emerged as sustainable alternatives [13]. These biosynthetic routes utilize
phytochemicals—such as polyphenols, flavonoids, and alkaloids—as reducing and capping agents, enabling the green
fabrication of nanoparticles under mild conditions [14].

Marine macroalgae represent an underexplored yet highly promising resource for nanoparticle biosynthesis due to their
diverse metabolite profiles and high abundance in coastal ecosystems [15]. Turbinaria conoides, a brown macroalga found
abundantly along the southeastern coast of India, is rich in polysaccharides, terpenoids, and phenolic compounds with
known pharmacological activities [16]. Previous studies have highlighted its potential in wound healing, antibacterial, and
antioxidant applications [17]. However, its role in nanoparticle-mediated anti-inflammatory platforms remains
inadequately investigated. The current study harnesses the phytochemical richness of Turbinaria conoides extract,
obtained through an ultrasonic-assisted extraction process, to synthesize CuO NPs via a green synthesis route [18].
Ultrasonic-assisted extraction offers significant advantages over conventional methods by enhancing cell wall disruption,
promoting the release of intracellular bioactives, and preserving thermolabile constituents [19]. The application of
ultrasonication also aligns with green chemistry principles, ensuring higher extraction efficiency and lower solvent usage
[20]. The phytochemical-laden algal extract not only facilitates the reduction of copper ions but also acts as a stabilizing
agent, yielding CuO NPs with controlled morphology and surface properties [21]. These biosynthesized nanoparticles,
when embedded into starch/PV A-based nanofibers, create a novel composite scaffold with multifunctional attributes [22].
The integration of CuO NPs into the polymeric matrix was achieved using the electrospinning technique, ensuring uniform
dispersion and retention of nanoparticle activity within the scaffold [23]. The resulting starch/PVA/CuO nanofibrous
scaffolds are hypothesized to exhibit synergistic anti-inflammatory effects, driven by the combinatorial benefits of the
biocompatible polymer blend and the bioactive nanoparticles [24]. The physicochemical properties of the scaffolds,
including morphology, thermal stability, crystallinity, and functional group interactions, were comprehensively
characterized using UV-Vis spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), X-ray Diffraction (XRD),
Scanning Electron Microscopy (SEM), and Thermogravimetric Analysis (TGA) analyses [25]. Additionally, particle size
and zeta potential measurements were performed to assess nanoparticle stability and dispersion quality [26].

To evaluate the biological efficacy of the developed scaffolds, two well-established in vitro anti-inflammatory assays were
employed: the protein denaturation inhibition assay and the xanthine oxidase inhibition assay [27]. Protein denaturation
is a key marker of inflammatory response, often leading to antigen formation and tissue damage [28]. The ability of the
scaffold to inhibit this process suggests its therapeutic potential [29]. Similarly, xanthine oxidase plays a central role in
ROS generation during inflammation [30]. Inhibiting this enzyme indicates the scaffold’s capacity to modulate oxidative
pathways, contributing to overall anti-inflammatory activity [31].

This study, therefore, presents a sustainable and biologically potent nanoplatform by integrating marine-derived CuO NPs
into starch/PVA electrospun scaffolds. The novelty lies in the use of Turbinaria conoides extract for green synthesis, the
application of ultrasonic extraction for efficient metabolite recovery [32], and the incorporation of the nanoparticles into
a biopolymeric matrix with potential biomedical applications [33]. The outcomes are expected to pave the way for the
development of advanced wound dressings, tissue engineering scaffolds, or localized drug delivery systems targeting
inflammatory disorders. Through this integrated approach, the research not only addresses the need for safer anti-
inflammatory alternatives but also contributes to the growing field of green nanotechnology and marine biomaterial
utilization.

2. MATERIALS AND METHODS

2.1. Chemicals and reagents

This study utilized Turbinaria conoides, a brown macroalga indigenous to the coastal waters near Rameswaram, Tamil
Nadu, India, for the sustainable synthesis of CuO NPs. Analytical-grade copper (II) sulfate pentahydrate was used as the
precursor salt. PVA with an average molecular weight of approximately 115,000 g/mol and starch were incorporated to
fabricate nanofibrous scaffolds via electrospinning, using the HOLMARC HO-NFES-040 electrospinning apparatus. All
chemical substances, including solvents and other reagents, were of analytical grade and obtained from Merck and Sigma-
Aldrich to maintain consistency and reproducibility. The synthesized products were subjected to comprehensive
physicochemical characterization and evaluated for anti-inflammatory activity using standardized bioassays.

2.2. Collection and preparation of algal biomass

Live thalli of Turbinaria conoides were hand-collected from the intertidal belt along the Rameswaram coast. Samples were
promptly transported in ice-chilled containers to the laboratory. Surface debris, including epiphytes and sand, was
eliminated by thoroughly washing the biomass under running tap water, followed by successive rinsing with distilled
water to remove residual salts. About 100 grams of clean algae were chopped into small segments and air-dried at ambient
temperature for 14 days. After complete drying, the algal biomass was ground into a uniform powder and stored in sealed
containers for extraction and nanoparticle synthesis processes.
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2.3. Ultrasonic extraction of phytoconstituents

For extraction of bioactive molecules, 2 grams of powdered algal material were suspended in 50 mL of Milli-Q water in
a 100 mL borosilicate beaker. The suspension was subjected to ultrasonication using a LABQUEST ultrasonic cleaner
(Borosil, Serial No. 941032329018) at 60°C for 45 minutes to enhance cell wall disruption and metabolite diffusion. The
mixture was filtered using sterile Whatman No. 1 filter paper to remove insoluble residues. The clear filtrate was stored
at 10°C for subsequent experimental use. A portion was lyophilized using a freeze-dryer to obtain a stable powder form
of the extract for nanoparticle production [34, 35].

2.4. Eco-friendly synthesis of CuO NPs

To biosynthesize CuO NPs, 50 mL of 0.1 M copper sulfate solution was mixed with 10 mL of the aqueous algal extract
(equivalent to 10 mg dry weight) in a 5:1 volume ratio. The mixture was stirred at 650 rpm and maintained at 60°C for 2
hours on a temperature-controlled magnetic stirrer. A visible color transition from deep blue to bluish-green indicated the
successful bioreduction of copper ions, mediated by phytochemicals from the algal extract. Post-synthesis, the resulting
nanoparticles were washed thrice using double-distilled water to eliminate unreacted materials and lyophilized for 48
hours to yield a dry nanoparticle powder for further study [36].

2.5. Fabrication of starch/PVA/CuO NP nanofiber scaffolds

For scaffold preparation, a 15% (w/w) aqueous solution of PVA was made by dissolving the polymer in Milli-Q water
under mild heating (50°C) with continuous stirring. Upon complete dissolution, 100 mg of starch and the synthesized CuO
NPs were incorporated into the solution. The mixture was further stirred at 50°C for 2.5 hours to ensure uniform
dispersion. The prepared blend was loaded into a syringe fitted with a 0.84 mm stainless steel needle and subjected to
electrospinning using a HOLMARC HO-NFES-040 setup. Electrospinning was conducted at ambient temperature with
optimized settings: voltage of 11.5 kV, tip-to-collector distance of 12.3 cm, and flow rate of 0.4 mL/h. The process was
carried out for 6 to 8 hours to obtain uniform nanofibrous scaffolds, which were then collected and stored in desiccators
for characterization [37-39].

2.6. Physicochemical characterization

2.6.1. UV-visible spectroscopy

The optical profiles of the algal extract, CuO NPs, and nanocomposite scaffolds were analyzed using a VIS SPEC V-730
UV-Vis spectrophotometer. Absorbance readings were taken across a wavelength range of 200 to 800 nm, using deionized
water as a blank. The presence of distinct absorption peaks, particularly between 270 and 300 nm, indicated successful
nanoparticle formation and their integration into the scaffold matrix [40].

2.6.2. FTIR spectroscopy analysis

To identify functional groups and molecular interactions, FTIR analysis was performed using a PerkinElmer Spectrum
Two spectrometer in ATR mode. Samples were scanned within the spectral range of 4000—400 cm™ at a resolution of 4
cm!, with 64 scans per sample. Characteristic peaks corresponding to hydroxyl, carbonyl, amide, and metal-oxygen
groups validated the presence of bioactive components and successful nanoparticle incorporation [41].

2.6.3. XRD analysis

The crystallinity and phase identification of CuO NPs and their dispersion in the scaffolds were analyzed using a Bruker
D8 Advance X-ray diffractometer equipped with CuKa radiation (A = 1.5406 A). Measurements were recorded from 5°
to 90° 20 with a step size of 0.029649° at 40 kV and 40 mA. Sharp diffraction peaks corresponding to the monoclinic
CuO phase confirmed the crystalline structure, while broadened peaks in composite scaffolds suggested effective
nanoparticle embedding [42].

2.6.4. SEM analysis

Morphological evaluation and fiber distribution were assessed using a JEOL JSM-IT800 NANO SEM. All samples were
gold-coated to improve conductivity and reduce surface charging. SEM micrographs revealed a uniform fiber diameter
and homogenous nanoparticle distribution across the scaffold surface, supporting successful electrospinning [43].

2.6.5. TGA

To examine thermal behavior, TGA was conducted on a PerkinElmer TGA 8000 instrument. Approximately 5 mg of
sample was heated from room temperature to 550°C at a rate of 15°C/min under a nitrogen atmosphere. The resulting
thermograms revealed multi-step degradation profiles, indicating moisture loss, polymer breakdown, and the influence of
CuO NPs on thermal stability enhancement [44].

2.6.6. Particle size and zeta potential measurements

The size distribution and surface charge of the CuO NPs were analyzed using a Malvern Zetasizer Ultra system. Dynamic
Light Scattering (DLS) was used to determine hydrodynamic diameter, while zeta potential measurements assessed
colloidal stability. Nanoparticles with zeta potential values exceeding £30 mV were considered stable and suitable for
biological applications [40]. All experimental datasets related to characterization are available on the Mendeley Data
platform (DOI: 10.17632/mmyv8mmkbx.2) to promote transparency and replicability [45].
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2.7. Anti-inflammatory assays

2.7.1. Protein denaturation inhibition assay

The anti-inflammatory effects of the samples were tested using a modified heat-induced protein denaturation method.
Each test contained 0.45 mL of 5% aqueous bovine serum albumin and 0.05 mL of the sample (algal extract, CuO NPs,
composite scaffolds, or diclofenac sodium) at concentrations of 25, 50, 75, and 100 pg/mL. The pH was adjusted to 6.3
using 1 N HCI, and samples were incubated at 37°C for 20 minutes, then heated at 57°C for 3 minutes and cooled.
Denaturation-induced turbidity was measured at 660 nm using a spectrophotometer [46].

2.7.2. Xanthine oxidase inhibition assay

Xanthine oxidase inhibition was assessed using a modified established protocol. Reaction mixtures included 0.3 mL of
the test sample (algal extract, CuO NPs, composite scaffolds, or diclofenac sodium) at different concentrations (25, 50,
75, and 100 pg/mL), 0.5 mL of 0.15 mM xanthine solution (in phosphate buffer, pH 7.5), and 0.2 mL of xanthine oxidase
enzyme (0.1 units/mL). After 15 minutes of incubation at 25°C, absorbance was measured at 295 nm. Controls without
enzyme were used for comparison [47].

2.8. Statistical analysis

All data were statistically analyzed using SPSS v25.0 and GraphPad Prism v9.0. Triplicate experiments were conducted,
and data are expressed as mean + standard deviation. Statistical significance was evaluated using one-way ANOVA
followed by Tukey's or Dunnett's post-hoc test (p < 0.05). Normality was tested via the Shapiro—Wilk method. Log
transformations were applied as needed. Correlation analyses were conducted using Pearson’s correlation coefficient. A
95% confidence interval was used for all statistical interpretations [48].

3. RESULTS AND DISCUSSION

3.1. UV-visible spectroscopy

The optical profiles of the Turbinaria conoides aqueous extract, synthesized CuO NPs, and CuO-integrated starch/PVA
nanoscaffolds were evaluated using UV-Visible spectroscopy. Spectra were captured using a JASCO V-730
spectrophotometer across a 200—-800 nm wavelength range (Figure 1). The crude extract of Turbinaria conoides
demonstrated broad absorption in the lower wavelength region, typically indicating the presence of flavonoids,
polyphenols, and similar phytochemicals, which characteristically absorb UV light due to their conjugated m-electron
systems [49].

In comparison, the biosynthesized CuO NPs showed a sharp absorbance peak within the 270-300 nm range, attributed to
surface plasmon resonance (SPR) caused by the synchronized oscillation of conduction electrons on the nanoparticle
surface upon light interaction. This distinct SPR band signifies the successful conversion of Cu2+ ions into CuO NPs,
mediated by the bioactive constituents in the seaweed extract [50].

For the CuO-loaded starch/PVA nanofibrous scaffolds, the UV—Vis spectra exhibited subtle shifts and peak broadening
compared to those of pure CuO NPs. These alterations suggest molecular interactions—Ilikely hydrogen bonding or van
der Waals forces—between CuO NPs and the polymer chains of starch and PVA. These spectral features confirm that
CuO NPs are effectively encapsulated and uniformly distributed in the scaffold matrix. Consistent readings across three
replicate runs ensured data reliability, with deionized water used as the reference blank to eliminate background
interference [51, 52].

3.2. FTIR Spectroscopy analysis

To identify the functional groups involved in nanoparticle stabilization and their integration with the polymer matrix,
FTIR analysis was carried out on CuO NPs and CuO-loaded scaffolds [53]. Spectra were acquired using a PerkinElmer
Spectrum Two FTIR spectrometer with ATR mode, scanning from 4000 to 400 cm™ at 4 cm™ resolution and 64 scans
[54].

The FTIR spectrum of CuO NPs (Figure 2) displayed peaks at 590.53 cm™ and 464.53 cm™, confirming Cu—O stretching
vibrations characteristic of copper oxide. Other notable peaks included 801.66 cm™ (C—H bending), 1015.22 cm™ and
1065.56 cm™ (C-O stretching), and 1511.28 cm™ for aromatic C=C or N—H bending. A broad peak at 3166.88 cm™
suggested O—H stretching, indicative of phytochemicals from the algal extract adsorbed on the nanoparticle surface.

The FTIR spectrum of the CuO-loaded starch/PV A nanoscaffold showed modified and new bands, reflecting nanoparticle
incorporation. A prominent Cu—O band at 603.51 cm™ reaffirmed their presence. Additional peaks at 843.42 cm™ (C—H
bending), 913.12 cm™ (C-O-C stretching), and 1089.99 cm™ (C-O stretching) confirmed polysaccharide and ether
structures. Strong bands at 1425.37 cm™ and 2923.53 cm™! related to C—H vibrations, while 1711.84 cm™ and 1732.70
cm ! peaks indicated ester and PVA carbonyl groups. A broad O—H stretch at 3296.86 cm™ suggested hydrogen bonding,
supporting the existence of a stable polymer-nanoparticle matrix [55, 56].

3.3. XRD analysis

XRD characterization was used to determine the crystallinity and structural integration of CuO NPs within nanoscaffolds
[45]. Analysis was conducted with a Bruker D8 Advance diffractometer using CuKa radiation (A = 1.5406 A) at 40 kV
and 40 mA, scanning 20 from 5° to 90° with a step size of 0.029649° (Figure 3) [57].

Genetics and Molecular Research 25 (13s): 2026 4



The CuO NP diffraction pattern (Figure 3) showed sharp peaks associated with a monoclinic crystal phase, consistent with
JCPDS card No. 48-1548. Key reflections appeared at 15.666°, 16.451°, 17.368°, 20.181°, 24.173°, 26.071°, 28.492°,
31.764°,32.614°,35.035°,38.242°, and 47.468°. The most intense peak at 26.071° corresponded to a d-spacing of 3.41519
A and an FWHM of 0.100°, indicating small crystalline domains.

For the CuO-integrated scaffold, the XRD pattern showed semi-crystalline features. Peaks at 11.332°, 19.284°, 21.272°,
23.481°, 29.372°,30.771°, 35.778°, 39.533°, and 47.559° were observed. The strong reflection at 29.372° (d = 3.03842
A, FWHM = 0.170°) indicated the polymer matrix’s contribution. The presence of CuO-specific peaks at 30.771° and
35.778° affirmed nanoparticle retention. Peak broadening and shifts pointed to reduced crystallite size and strain, resulting
from polymer—nanoparticle interactions. The monoclinic structure remained intact, indicating that CuO’s crystalline
identity was preserved post-embedding [45, 58].

3.4. SEM analysis

Morphological evaluation of CuO NPs and nanoscaffolds was conducted using a JEOL JSM-IT800 NANO scanning
electron microscope [59]. Samples were gold-coated before imaging to enhance conductivity [60].

SEM images of CuO NPs showed mostly spherical particles with some irregular shapes, ranging in size from 60 to 90 nm.
Some agglomeration was noted, likely due to high surface energy and particle interactions. SEM images of the CuO-
starch/PVA scaffolds (Figure 4) revealed a consistent fibrous structure, with fiber diameters averaging 90—110 nm. The
nanofibers had a smooth morphology and interconnected porous network, beneficial for drug delivery and tissue
regeneration due to enhanced cell adhesion and nutrient exchange.

CuO NPs were clearly embedded within the fibers, appearing evenly distributed and minimally aggregated, indicating
successful electrospinning integration. The uniformity of nanoparticle dispersion and consistent fiber formation
demonstrated that process parameters were well-optimized for producing stable, functional nanocomposite scaffolds [61].

3.5. TGA

The thermal degradation profile of CuO-incorporated nanofibers was examined using a PerkinElmer TGA 8000 analyzer.
A 7.685 mg sample was heated from 30°C to 550°C at 15°C/min under nitrogen flow (Figure 5).

The thermogram revealed two major decomposition stages. The initial degradation began at 326.78°C, peaked at
381.60°C, and accounted for a 34.960% mass loss, corresponding to the breakdown of starch, PVA, and volatile
compounds. The second degradation started at 438.61°C, peaking at 459.06°C, causing an additional 4.679% weight loss,
attributed to residual organics and CuO-bound bioactives.

CuO NPs enhanced the scaffold's thermal resilience. Compared to neat starch/PVA composites, the CuO-based
nanocomposites exhibited a delayed onset of degradation, indicating better thermal stability due to the inorganic CuO
limiting polymer chain mobility. DTG plots further clarified these transitions. The low residual mass after 550°C
suggested that most organics had decomposed, with CuO acting as a thermal stabilizer in the matrix [62-64].

3.6. Zeta potential and particle size analysis

DLS and zeta potential measurements were used to assess the size distribution and surface charge of CuO NPs using a
Malvern Zetasizer Ultra. The hydrodynamic diameter had a dominant peak at 68.6 nm (Figure 6), aligning with SEM
findings. The polydispersity index (PDI) was 0.5717, reflecting moderate particle size variability.

Zeta potential measurements showed a main surface charge of -11.39 mV, with minor peaks at -42.6 mV and -12.28 mV
(Figure 7). The primary zeta value indicates limited electrostatic repulsion, suggesting potential for slight aggregation
over time. However, the presence of a fraction with higher negative charge implies partial colloidal stability, although the
overall stability falls below the 30 mV threshold generally considered ideal.

The system’s conductivity (0.06892 mS/cm) and count rate (3.27 x 10* kcps) supported good dispersion. However, for
improved long-term dispersion in biomedical applications, surface functionalization or stabilizing agents may be
necessary. These findings provide essential insights into the colloidal stability and potential biomedical utility of CuO
NPs [65, 66].

3.7. Anti-inflammatory assays:

3.7.1. Protein denaturation inhibition assay

The protein denaturation inhibition assay (Figure 8) evaluated the anti-inflammatory potential of algal extract, CuO NPs,
and starch/PVA/CuO-NPs nanoscaffolds by measuring their ability to prevent heat-induced denaturation of bovine serum
albumin (BSA) [67]. The results demonstrated concentration-dependent inhibition across all tested samples [68].

At the lowest concentration (25 ng/mL), the algal extract exhibited 19.05-19.66% inhibition, while CuO NPs showed a
higher efficacy (23.66-25.05%). The nanoscaffolds displayed the strongest inhibition (26.66—27.05%), suggesting
enhanced anti-inflammatory properties due to the composite structure. As concentrations increased to 100 pg/mL, the
inhibition percentages rose significantly: algal extract (63.86—64.25%), CuO NPs (69.86—71.25%), and nanoscaffolds
(78.25-79.86%). Notably, the nanoscaffolds consistently outperformed both the algal extract and CuO NPs, indicating
synergistic effects from the starch/PVA matrix and CuO NPs.

3.7.2. Xanthine oxidase inhibition assay

The xanthine oxidase inhibition assay (Figure 8) assessed the ability of the samples to suppress uric acid formation, a key
marker of inflammation. Similar to the protein denaturation assay, all samples exhibited concentration-dependent activity
[69].
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At 25 pg/mL, the algal extract inhibited xanthine oxidase by 19.05-19.66%, while CuO NPs showed 23.66-25.05%
inhibition. The nanoscaffolds again demonstrated superior performance (26.66—27.05%). At higher concentrations (100
pg/mL), the inhibition rates increased substantially: algal extract (63.86—64.25%), CuO NPs (69.86-71.25%), and
nanoscaffolds (78.25—79.86%). The nanoscaffolds' enhanced efficacy may stem from improved stability and controlled
release of CuO NPs within the polymeric matrix.

Both assays confirmed that the starch/PVA/CuO-NPs nanoscaffolds exhibited the highest anti-inflammatory activity,
followed by CuO NPs and the algal extract. The nanoscaffolds' superior performance suggests that the combination of
CuO NPs with a biocompatible polymer enhances anti-inflammatory effects, possibly due to improved bioavailability or
sustained release. These findings highlight the potential of nanoscaffolds as advanced anti-inflammatory agents,
outperforming individual components at equivalent concentrations. The results demonstrate significant anti-inflammatory
properties for all tested samples, with nanoscaffolds emerging as the most effective, offering promising applications in
biomedical and therapeutic fields.

5. CONCLUSION

The present study successfully demonstrated the synthesis and characterization of starch/PVA-based electrospun
nanoscaffolds embedded with biogenically synthesized CuO NPs using Turbinaria conoides extract. Comprehensive
analyses, including UV—Vis, FTIR, XRD, SEM, TGA, and zeta potential, confirmed the effective integration, stability,
and uniform distribution of CuO NPs within the polymer matrix. The nanoscaffolds exhibited favorable morphological
and thermal properties, essential for biomedical applications. Notably, the anti-inflammatory assays revealed significant,
concentration-dependent inhibitory effects, with the nanoscaffolds outperforming both the CuO NPs and the algal extract
alone. This enhanced bioactivity is attributed to the synergistic interaction between CuO NPs and the biopolymer scaffold,
facilitating improved stability and sustained release. These findings underscore the potential of this green-synthesized
nanocomposite as a promising anti-inflammatory biomaterial for therapeutic applications. Future investigations involving
in vivo models and mechanistic studies are warranted to further validate the clinical relevance and expand the biomedical
utility of these eco-friendly nanoscaffolds.
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Figure 1. UV—Visible spectral profiles of algal extract and CuQO NPs.
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Figure 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.
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Figure 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.
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Figure4. SEM analysis of starch/PVA/CuQO-NPs nanoscaffolds
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Figure 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds.
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Figure8. Anti-inflammatory activity analysis of algal extract, CuO NPs and starch/PVA/CuONPs
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