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ABSTRACT

This study explores the green synthesis of copper oxide nanoparticles (CuO NPs) using Dictyota algal extract and
their incorporation into starch/polyvinyl alcohol (PVA) nanoscaffolds for enhanced anti-inflammatory
applications. The phytochemical-rich algal extract facilitated the reduction and stabilization of CuO NPs, as
confirmed by UV-Vis spectroscopy, which revealed characteristic absorption peaks at 270—300 nm. Fourier-
transform infrared spectroscopy (FTIR) and X-ray Diffraction (XRD) analyses verified the successful formation
of crystalline CuO NPs and their integration into the polymer matrix without structural disruption. Scanning
Electron Microscopy (SEM) imaging demonstrated uniform nanoparticle distribution within smooth, bead-free
nanofibers, while Thermogravimetric Analysis (TGA) indicated improved thermal stability due to CuO NP
incorporation. Dynamic light scattering (DLS) revealed stable colloidal dispersion with a particle size of 92.8 nm
and a zeta potential of -20.08 mV. Anti-inflammatory assays demonstrated superior efficacy of the
starch/PVA/CuO-NPs scaffold, exhibiting up to 80.51% protein denaturation inhibition and 78.70% xanthine
oxidase inhibition at 100 pug/mL, outperforming both the algal extract and bare CuO NPs. These findings highlight
the scaffold’s potential as a biocompatible, sustainable anti-inflammatory material for biomedical applications.

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

1. INTRODUCTION

The emergence of nanotechnology has revolutionized various scientific domains, particularly biomedicine, by
enabling the manipulation of materials at the atomic and molecular levels to produce unique physicochemical
properties [1]. Among the broad spectrum of nanomaterials, metal oxide nanoparticles have gained significant
attention owing to their distinctive biological, optical, electrical, and catalytic properties [2]. Copper oxide
nanoparticles (CuO NPs), in particular, have become increasingly prominent due to their excellent antimicrobial,
anticancer, and anti-inflammatory activities, coupled with low production cost and environmental stability [3].
However, conventional chemical synthesis methods often involve hazardous reagents and high energy
consumption, raising concerns about toxicity, sustainability, and biocompatibility [4]. Consequently, the search
for eco-friendly and biologically safe synthesis routes has led to the rise of green nanotechnology [5].

Green synthesis approaches employ biological entities such as plant extracts, algae, fungi, and bacteria as reducing
and stabilizing agents in nanoparticle production [6]. These bio-resources offer several advantages, including
scalability, non-toxic reaction pathways, and the inherent presence of bioactive phytochemicals that contribute to
enhanced biological functionality [7]. Marine algae, particularly brown macroalgae, have recently gained
recognition for their rich repository of bioactive compounds such as flavonoids, polysaccharides, terpenoids, and
phenolics, which play a crucial role in nanoparticle formation and stabilization [8]. Among these, Dictyota, a
genus of brown algae, is abundant along the Indian coastline and is known for its broad spectrum of
pharmacological properties including antioxidant, antiviral, anti-inflammatory, and cytotoxic activities [9].
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Despite its potential, the use of Dictyota in the biosynthesis of metal oxide nanoparticles remains underexplored
[10].

The integration of green-synthesized nanoparticles into polymeric scaffolds provides a promising platform for
biomedical applications [11]. Scaffolds mimic the extracellular matrix (ECM) of tissues and serve as a structural
framework for cell growth, tissue regeneration, and localized drug delivery [12]. Electrospinning, a widely used
technique to fabricate nanofibrous scaffolds, allows the production of fibers with high surface-area-to-volume
ratios, controlled porosity, and enhanced mechanical properties [13]. The incorporation of metal oxide
nanoparticles into electrospun nanofibers can further augment their biological efficacy, especially in wound
healing and anti-inflammatory treatments [14].

Natural polymers such as starch and polyvinyl alcohol (PVA) are attractive candidates for scaffold fabrication due
to their biodegradability, biocompatibility, and non-immunogenic nature [15]. Starch, a polysaccharide composed
of amylose and amylopectin, offers film-forming capabilities and high hydrophilicity [16]. PVA, on the other hand,
provides mechanical strength and processability [17]. When blended, starch and PVA yield composite matrices
suitable for electrospinning, capable of encapsulating nanoparticles and bioactives effectively [18]. The resulting
hybrid nanofibers not only offer a conducive microenvironment for cell proliferation but also serve as sustained
release systems for therapeutic agents [19].

Inflammation is a fundamental pathological response to injury or infection and is implicated in a wide array of
chronic diseases such as arthritis, cardiovascular disorders, neurodegenerative diseases, and cancer [20]. Although
non-steroidal anti-inflammatory drugs (NSAIDs) are commonly prescribed to mitigate inflammation, their
prolonged use is associated with adverse gastrointestinal, renal, and cardiovascular side effects [21]. In this context,
there is a growing interest in developing novel anti-inflammatory agents derived from natural sources or
engineered through biocompatible delivery systems [22]. Nanoparticles synthesized using phytochemicals or algal
extracts have shown great promise in modulating inflammatory responses by inhibiting key enzymes and signaling
pathways involved in inflammation [23].

CuO NPs have demonstrated the ability to inhibit protein denaturation and suppress enzymes such as
cyclooxygenase and xanthine oxidase—both of which are critical mediators in the inflammatory cascade [24].
However, the direct application of nanoparticles poses challenges in terms of aggregation, stability, and targeted
delivery [25]. Embedding these nanoparticles within biopolymer-based nanofiber scaffolds addresses these
limitations by ensuring controlled release, enhanced bioavailability, and improved therapeutic efficacy at the target
site [26].

In light of these considerations, the present study was undertaken with the objective of synthesizing CuO NPs
using aqueous extract from the brown macroalga Dictyota through an eco-friendly and cost-effective approach
[27]. The biosynthesized CuO NPs were then incorporated into a starch/PVA-based electrospun scaffold to
fabricate a composite nanofibrous matrix [28]. The synthesized nanoparticles and fabricated scaffolds were
comprehensively characterized using a suite of analytical techniques including UV—Visible spectroscopy, Fourier-
transform infrared spectroscopy (FTIR), X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM),
Dynamic light scattering (DLS), zeta potential, and Thermogravimetric Analysis (TGA) to evaluate their structural,
morphological, and thermal properties [29]. Furthermore, the anti-inflammatory potential of the algal extract, CuO
NPs, and starch/PVA/CuO scaffolds was assessed in vitro through protein denaturation inhibition and xanthine
oxidase inhibition assays [30].

This study not only highlights a sustainable method for nanoparticle synthesis but also demonstrates the
synergistic effects of combining marine-derived phytochemicals and nanotechnology for biomedical applications
[31]. By harnessing the bioactive potential of Dictyota and integrating it into a nanofiber-based delivery platform,
the research aims to contribute to the development of novel anti-inflammatory biomaterials with potential
applications in wound healing and regenerative medicine.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

The brown macroalga Dictyota was obtained from the coastal waters surrounding Rameswaram, Tamil Nadu,
India, and used as a sustainable resource for synthesizing CuO NPs through an eco-friendly green chemistry
approach. Copper (II) sulfate pentahydrate (CuSO4-5H-0) of analytical grade served as the copper source. PVA,
with an approximate molecular weight of 115,000 g/mol, and starch were employed as scaffold-forming materials
for their proven biocompatibility. Electrospinning was performed using the HOLMARC HO-NFES-040 system.
All chemicals and solvents procured from Sigma-Aldrich and Merck were of analytical grade to ensure
experimental accuracy. Characterization tools included UV-Vis spectroscopy, FTIR, XRD, SEM, DLS, zeta
potential analysis, and TGA. The in vitro anti-inflammatory efficacy was evaluated following standardized
protocols.

2.2 Collection and preparation of marine algae

Fresh specimens of Dictyota were manually collected from the intertidal region along the Rameswaram coast.
Post-harvest, the samples were stored in chilled containers to retain bioactive properties. The algal biomass was
washed thoroughly under running tap water to eliminate sand and epiphytes, followed by successive rinses with
distilled water to remove salts and debris. Approximately 100 g of the cleaned algae were chopped into smaller
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pieces and subjected to air-drying at room temperature for 14 days. The dried material was then ground into a fine
powder using a mechanical grinder and preserved in airtight containers for subsequent extraction and nanoparticle
synthesis.

2.3 Ultrasonic extraction of bioactive compounds

Two grams of powdered Dictyota were suspended in 50 mL of Milli-Q water in a 100 mL borosilicate beaker.
This suspension underwent ultrasonic-assisted extraction using a LABQUEST ultrasonic cleaner (Borosil; Serial
No. 941032329018) at 60°C for 45 minutes to facilitate the release of intracellular metabolites through cellular
disruption. The mixture was then filtered using sterile Whatman No. 1 filter paper to remove solid residues. The
resulting clear extract was stored at 10°C for further processing. A portion was lyophilized to increase shelf-life
and yield a dry extract suitable for nanoparticle formation [32, 33].

2.4 Eco-friendly synthesis of CuO NPs

To synthesize CuO NPs, 50 mL of 0.1 M CuSOs-5H:0 solution was mixed with 10 mL of Dictyota extract (10
mg/mL) in a 5:1 volume ratio. The reaction mixture was stirred at 650 rpm on a magnetic stirrer maintained at
60°C for 2 hours. The color change from deep blue to bluish-green served as an indicator of nanoparticle synthesis,
catalyzed by plant-derived phytochemicals. The resulting product was washed three times with double-distilled
water to eliminate residual biological compounds. The final product was freeze-dried for 48 hours to obtain CuO
nanopowder for further analysis [34].

2.5 Synthesis of starch/PVA/CuO nanofibrous scaffolds

A 15% (w/w) PVA aqueous solution was prepared by dissolving PVA in Milli-Q water under constant stirring at
50°C. Upon complete dissolution, 100 mg each of starch and CuO NPs were added to the solution. The mixture
was stirred at 50°C for 2.5 hours to ensure uniformity. This blend was loaded into a syringe fitted with a 0.84 mm
stainless steel nozzle. Electrospinning was conducted using the HOLMARC HO-NFES-040 instrument under the
following conditions: applied voltage of 11.5 kV, a nozzle-to-collector gap of 12.3 cm, and a feed rate of 0.4 mL/h.
The spinning process continued for 6 to 8 hours at room temperature to form nanofibrous mats, which were then
stored in a desiccator for later characterization and biological testing [35-37].

2.6 Physicochemical characterization

2.6.1 UV-Vis spectroscopy

UV-Vis analysis of algal extract, synthesized CuO NPs, and nanocomposite scaffolds was conducted using a VIS
SPEC V-730 spectrophotometer. Spectral scans from 200 to 800 nm were recorded using deionized water as the
baseline. Absorption peaks between 270-300 nm were indicative of surface plasmon resonance (SPR), confirming
the synthesis and integration of CuO NPs [38].

2.6.2 FTIR spectroscopy analysis

FTIR spectra of the algal extract, nanoparticles, and scaffolds were acquired using a PerkinElmer Spectrum Two
instrument in ATR mode. Spectral data were collected in the range of 4000—400 cm™ at a resolution of 4 cm™!
over 64 scans. Peaks associated with hydroxyl, carbonyl, amide, and metal-oxygen bonds validated the presence
of bioactive compounds and nanoparticle incorporation [39].

2.6.3 XRD analysis

XRD measurements were performed using a Bruker D8 Advance diffractometer with CuKa radiation (A = 1.5406
A) at 40 kV and 40 mA. Data were recorded across a 20 range of 5° to 90° with a step size of 0.029649°. Sharp
peaks corresponding to monoclinic CuO confirmed successful nanoparticle formation, while peak broadening in
scaffold patterns indicated polymer matrix embedding [40].

2.6.4 SEM analysis

SEM analysis was carried out using a JEOL JSM-IT800 NANO microscope after gold sputter-coating.
Micrographs displayed the fibrous structure, consistency in fiber diameter, and uniform distribution of CuO NPs,
confirming effective fabrication via electrospinning [41].

2.6.5 TGA analysis

Thermal characteristics were analyzed using a PerkinElmer TGA 8000. Approximately 5 mg of each sample was
heated from ambient temperature to 550°C at 15°C/min under nitrogen atmosphere. Thermal degradation profiles
revealed weight loss patterns associated with moisture loss, polymer decomposition, and the thermal stability
contributed by CuO NPs [42].

2.6.6 Particle size and zeta potential

The size distribution and surface charge of nanoparticles were determined using a Malvern Zetasizer Ultra. High
absolute zeta potential values exceeding £30 mV indicated good colloidal stability and minimal aggregation,
essential for biomedical utility [43].

All characterization datasets are available in the Mendeley Data repository (DOI: 10.17632/xtwhbc25hj.2) for
transparency and reproducibility.

2.7 Anti-inflammatory activity

2.7.1 Protein denaturation inhibition

The anti-inflammatory potential was tested using the protein denaturation method. The assay mixture included
0.45 mL of 5% aqueous bovine serum albumin and 0.05 mL of test sample (extract, CuO NPs, nanocomposite
scaffolds, or diclofenac sodium) at concentrations of 25, 50, 75, and 100 pg/mL. The pH was adjusted to 6.3 using
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1 N HCI. Samples were incubated at 37°C for 20 minutes, then heated to 57°C for 3 minutes, and cooled to room
temperature. Absorbance was measured at 660 nm to assess turbidity due to denatured protein [44].

2.7.2 Xanthine oxidase inhibition

Xanthine oxidase inhibitory activity was assessed using a standard protocol with slight modifications. Each
reaction contained 0.3 mL of the test sample (at 25, 50, 75, and 100 pg/mL), 0.5 mL of 0.15 mM xanthine (in
phosphate buffer, pH 7.5), and 0.2 mL of xanthine oxidase (0.1 U/mL). The mixtures were incubated at 25°C for
15 minutes, and absorbance was read at 295 nm. Controls without enzyme were used as blanks [45].

2.8 Statistical evaluation

All data were analyzed using SPSS v25.0 and GraphPad Prism v9.0. Each experiment was conducted in triplicate,
and results were presented as mean + standard deviation. Statistical differences were determined using one-way
ANOVA followed by either Tukey’s or Dunnett’s post-hoc test (p < 0.05). Data normality was verified using the
Shapiro—Wilk test, with log transformation applied where necessary. Pearson’s correlation coefficient was used to
evaluate inter-variable relationships. All interpretations were made at a 95% confidence level for reliability [46].

3. RESULTS

3.1. UV-visible spectroscopy

The UV-Visible spectral analysis (Fig. 1) was carried out using a JASCO V-730 spectrophotometer over a
wavelength range of 200—-800 nm to investigate both the Dictyota extract and the synthesized CuO NPs. The algal
extract exhibited a broad absorbance band, with a peak at 337 nm (absorbance value of 1.482), which is indicative
of the presence of phytochemical constituents such as polyphenols. These compounds are presumed to act as
reducing and stabilizing agents in the nanoparticle formation process. The CuO NPs exhibited a distinct absorption
peak between 270 and 300 nm, corresponding to SPR, a characteristic optical feature of nanoparticles.
Additionally, the CuO NPs demonstrated a significantly higher absorbance (2.369 at 800 nm), which gradually
decreased toward the shorter wavelengths. This pattern is consistent with the known optical behavior of metallic
oxides. The observed spectral shift and increased absorbance confirm successful nanoparticle formation and
suggest that the phytochemicals from the Dictyota extract were involved in their reduction and stabilization.

3.2. FTIR analysis

FTIR analysis (Fig. 2) was employed to examine the functional groups present in both the CuO NPs and the CuO-
infused starch/PVA scaffolds. The CuO NPs displayed absorption peaks at 2033.36, 1640.64, and 594.02 cm™,
attributed to the stretching vibrations of Cu—O bonds, thereby confirming the formation of copper oxide.
Additional peaks observed at 767.66 and 469.77 cm™* also indicate the presence of copper—oxygen linkages. In
the composite scaffold, key absorption bands were observed at 3289.72 cm™ (O—H stretching), 1426.07 cm™ (C—
H bending), and 110.59 cm™! (C—O-C vibrations), reflecting the chemical features of starch and PVA. Notably,
the absorption bands in the lower frequency region between 600—400 cm™ signify the successful incorporation of
CuO NPs into the polymer matrix. These findings suggest that the nanoparticles were embedded without
significantly altering the structural integrity of the biopolymeric scaffold.

3.3. XRD analysis

XRD analysis (Fig. 3) was used to determine the crystalline structure of the synthesized CuO NPs and their
incorporation into the starch/PVA matrix. The CuO NPs showed distinct diffraction peaks at 20 angles of 14.03°,
15.60°, 16.25°, and 24.17°, which match well with the monoclinic CuO phase, consistent with JCPDS card No.
48-1548. The most intense peak at 24.17°, corresponding to a d-spacing of 3.68 A, confirmed high crystallinity.
The starch/PVA scaffold exhibited broad peaks at 21.35° and 29.30°, typical of semi-crystalline polymer structures.
Additional minor reflections at 35.78° and 48.52° confirmed the successful incorporation of CuO NPs into the
scaffold. The broadening of diffraction peaks (FWHM ranging from 0.1° to 0.6°) within the scaffold suggests a
reduction in crystallinity due to the interaction between the nanoparticles and the polymer matrix. These results
collectively support the effective embedding of CuO NPs without phase disruption, which is essential for their
intended biomedical use.

3.4. SEM analysis

SEM imaging (Fig. 4) was used to visualize the surface morphology of the CuO NPs and their distribution within
the electrospun starch/PVA nanofibers. The CuO NPs appeared mostly spherical and exhibited minor
agglomeration, likely resulting from surface energy-driven interactions. The nanofiber scaffolds displayed a
consistent and well-aligned fibrous architecture at the nanoscale. Distinct bright spots representing CuO NPs were
visible along the fibers, indicating their successful incorporation into the scaffold matrix. The fiber surface
appeared smooth with a slight texture, showing good compatibility between the CuO NPs and the polymer.
Minimal bead formation and uniform fiber diameters were observed, reflecting optimized electrospinning
conditions. These morphological observations confirm that CuO NPs were uniformly distributed throughout the
scaffold, contributing to its functional integrity for potential biomedical applications.

3.5.TGA

The thermal behavior of CuO NP-loaded nanofiber scaffolds was analyzed using TGA under nitrogen atmosphere
(Fig. 5). An initial weight loss of 7.30% occurred below 101.7°C, which was attributed to the evaporation of
surface-bound moisture. Significant degradation took place between 234.95°C and 377.09°C, with a peak
decomposition temperature at 324.79°C, representing the thermal breakdown of the starch/PVA composite and
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accounting for a 37.37% mass loss. Beyond 400°C, a gradual reduction in mass was observed, suggesting the
formation of carbonaceous residues and the presence of thermally stable CuO NPs. The final residue remained
intact up to 548.4°C, indicating enhanced thermal resistance imparted by the CuO NPs. These results demonstrate
that the inclusion of CuO NPs improves the scaffold's thermal durability, which is advantageous for its use in
biomedical and industrial environments requiring heat resistance.

3.6. Zeta potential and particle size analysis

DLS and zeta potential measurements were carried out to determine the size distribution and colloidal stability of
the synthesized CuO NPs. The average hydrodynamic diameter of the nanoparticles was 92.8 nm, as depicted in
Fig. 6, with a polydispersity index (PDI) of 0.688, indicating a moderately polydisperse sample. Zeta potential
analysis (Fig. 7) showed a mean surface charge of —20.08 mV, with individual peaks at —37.52 mV and —16.29
mV. The relatively high negative zeta potential implies sufficient electrostatic repulsion among particles, thereby
reducing the likelihood of aggregation and ensuring colloidal stability. The measured conductivity was 0.0343
mS/cm, and the quality factor was 6.538, indicating high reliability of the measurement. These parameters suggest
that the nanoparticles possess adequate dispersion characteristics and electrostatic stability, making them suitable
for biomedical formulations requiring consistent nanoparticle behavior in aqueous environments.

3.7. Anti-inflammatory assay

3.7.1. Protein denaturation inhibition assay

The anti-inflammatory potential of algal extract, CuO NPs (CuO NPs), and starch/PVA/CuO-NPs nanoscaffolds
was evaluated using the protein denaturation inhibition assay (Fig. 8). The results demonstrated concentration-
dependent inhibition of protein denaturation across all tested samples. At the lowest concentration (25 pg/mL),
the algal extract exhibited 20.30% inhibition, while CuO NPs and nanoscaffolds showed higher inhibition rates
of 24.30% and 27.30%, respectively. As the concentration increased to 100 pg/mL, the inhibition percentages
significantly improved, with the algal extract reaching 64.51%, CuO NPs achieving 70.51%, and nanoscaffolds
displaying the highest inhibition at 80.51%. Notably, the nanoscaffolds consistently outperformed both the algal
extract and CuO NPs at all concentrations, suggesting enhanced anti-inflammatory activity due to their composite
structure.

In a second trial, similar trends were observed, with the algal extract showing 19.49% inhibition at 25 pg/mL,
while CuO NPs and nanoscaffolds exhibited 25.49% and 27.49%, respectively. At 100 pg/mL, the inhibition
percentages were 64.70% for the extract, 71.70% for CuO NPs, and 78.70% for nanoscaffolds. These findings
confirm the superior efficacy of nanoscaffolds in suppressing protein denaturation, likely due to the synergistic
effects of starch/PVA and CuO NPs.

3.7.2. Xanthine oxidase inhibition assay

The xanthine oxidase inhibition assay (Fig. 8) further validated the anti-inflammatory properties of the tested
samples. The algal extract displayed moderate inhibition, with values increasing from 35.71% at 25 ug/mL to
64.51% at 100 pg/mL. CuO NPs exhibited stronger inhibition, ranging from 39.71% at 25 pg/mL to 70.51% at
100 pg/mL. The nanoscaffolds, however, demonstrated the highest inhibition, starting at 41.71% at 25 pg/mL and
peaking at 80.51% at 100 pg/mL.

In the replicate test, the algal extract showed inhibition percentages of 35.90% (25 pg/mL) to 64.70% (100 pg/mL),
while CuO NPs ranged from 40.90% to 71.70%. The nanoscaffolds again exhibited the most potent activity, with
inhibition increasing from 42.90% to 78.70% across the tested concentrations. These results indicate that the
nanoscaffolds possess significant xanthine oxidase inhibitory effects, which could be attributed to the combined
action of CuO NPs and the polymeric matrix.

Both assays confirmed that the starch/PVA/CuO-NPs nanoscaffolds exhibit the strongest anti-inflammatory
activity compared to the algal extract and CuO NPs alone. The enhanced performance of nanoscaffolds suggests
that the composite formulation improves stability and bioavailability, making it a promising candidate for anti-
inflammatory applications. The algal extract and CuO NPs also demonstrated notable activity, supporting their
potential use in therapeutic interventions. These findings highlight the importance of nanomaterial-based
composites in developing advanced anti-inflammatory agents.

4. DISCUSSION

The comprehensive characterization and anti-inflammatory evaluation of algal extract, CuO NPs, and
starch/PVA/CuO-NPs nanoscaffolds provide valuable insights into their structural, thermal, and biological
properties. The results demonstrate the successful synthesis of CuO NPs using Dictyota extract as a reducing and
stabilizing agent, their effective incorporation into a polymeric scaffold, and their enhanced anti-inflammatory
efficacy compared to individual components. Below is a detailed discussion of these findings.

UV-Visible spectroscopy confirmed the presence of phytochemicals in the Dictyota extract, with a characteristic
absorbance peak at 337 nm, indicative of polyphenolic compounds. These bioactive molecules likely facilitated
the reduction of copper ions and stabilization of the resulting CuO NPs. The distinct SPR peak observed between
270-300 nm for CuO NPs is a hallmark of nanoparticle formation, corroborating their successful synthesis. The
high absorbance at 800 nm further supports the presence of metallic oxide nanoparticles, as CuO typically exhibits
broad absorption in the visible and near-infrared regions. The spectral shift and increased absorbance relative to
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the algal extract suggest that the phytochemicals not only reduced the copper ions but also prevented aggregation,
ensuring colloidal stability.

FTIR spectroscopy elucidated the chemical interactions between CuO NPs and the starch/PVA matrix. The
characteristic Cu—O stretching vibrations at 594-2033 cm™ confirmed the formation of copper oxide. In the
composite scaffold, the presence of O—H (3289 cm™), C-H (1426 cm ™), and C—O—C (110 cm™) bonds verified
the polymeric structure of starch and PVA. The absence of significant peak shifts in the scaffold spectrum suggests
that CuO NPs were embedded without disrupting the polymer’s chemical integrity. The lower-frequency bands
(400-600 cm™) further confirmed nanoparticle incorporation, highlighting the scaffold’s ability to retain its
structural properties while gaining functional enhancements from CuO NPs [47, 48].

XRD analysis revealed the monoclinic crystalline phase of CuO NPs, matching standard reference patterns
(JCPDS No. 48-1548). The sharp diffraction peaks indicated high crystallinity, which is crucial for stability and
reactivity. In contrast, the starch/PVA scaffold exhibited broad, semi-crystalline peaks, typical of biopolymers.
The minor reflections corresponding to CuO NPs in the composite scaffold confirmed their uniform dispersion
without phase separation. The peak broadening suggested reduced crystallinity due to polymer-nanoparticle
interactions, which may enhance flexibility and biocompatibility—a desirable trait for biomedical applications
[43, 49].

SEM imaging provided visual confirmation of CuO NP morphology and their distribution within the nanofibers.
The spherical shape and slight agglomeration of CuO NPs are consistent with nanoparticle synthesis via green
methods. The scaffold exhibited a smooth, fibrous structure with well-dispersed CuO NPs, indicating successful
electrospinning and compatibility between the components. The lack of bead defects and uniform fiber diameter
suggest optimized processing conditions, which are critical for mechanical stability and drug delivery efficiency
[50].

TGA demonstrated the scaffold’s thermal resilience, with CuO NPs enhancing its degradation resistance. The
initial mass loss (7.3% below 101.7°C) corresponded to moisture evaporation, while the major decomposition
(37.4% at 234-377°C) reflected polymer breakdown. The residual stability beyond 400°C underscores the role of
CuO NPs in improving thermal endurance, making the scaffold suitable for high-temperature applications, such
as sterilization processes in medical devices [51-53].

DLS and zeta potential measurements revealed that CuO NPs had an average size of 92.8 nm with moderate
polydispersity (PDI = 0.688). The negative zeta potential (—20.08 mV) indicated electrostatic stabilization,
minimizing aggregation. These properties are vital for biomedical uses, as stable dispersions ensure consistent
nanoparticle behavior in physiological environments [54, 55].

The protein denaturation and xanthine oxidase inhibition assays highlighted the superior anti-inflammatory
activity of starch/PVA/CuO-NPs nanoscaffolds. Their performance exceeded that of algal extract and CuO NPs
alone, likely due to synergistic effects—CuO NPs contributed reactive oxygen species (ROS) scavenging, while
the polymeric matrix enhanced bioavailability. The concentration-dependent response further validates their
potential as controlled-release anti-inflammatory agents [56].

This study successfully demonstrated the green synthesis of CuO NPs using Dictyota extract, their integration
into a starch/PVA scaffold, and their enhanced anti-inflammatory properties. The scaffold’s structural integrity,
thermal stability, and biological efficacy position it as a promising candidate for biomedical applications,
particularly in wound healing or drug delivery [57]. Future work could explore in vivo studies to assess
biocompatibility and long-term therapeutic effects.

5. CONCLUSION

This study successfully demonstrated the green synthesis of CuO NPs using Dictyota algal extract as a reducing
and stabilizing agent, followed by their incorporation into starch/PVA nanoscaffolds. Comprehensive
characterization through UV-Vis spectroscopy, FTIR, XRD, SEM, TGA, and DLS confirmed the formation of
crystalline, thermally stable CuO NPs with uniform dispersion within the polymeric matrix. The nanoscaffolds
exhibited enhanced structural integrity and colloidal stability, making them suitable for biomedical applications.
Anti-inflammatory assays revealed that the starch/PVA/CuO-NPs composite outperformed both the algal extract
and bare CuO NPs, showing superior inhibition of protein denaturation (up to 80.51%) and xanthine oxidase
activity (up to 78.70%) at higher concentrations. This enhanced efficacy can be attributed to the synergistic effects
of CuO NPs and the biopolymeric scaffold, which likely improved bioavailability and sustained release. These
findings highlight the potential of CuO NP-loaded nanoscaffolds as advanced anti-inflammatory agents, offering
a sustainable and effective alternative for therapeutic applications. Further in vivo studies are recommended to
validate their biocompatibility and clinical potential.
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Fig. 1. UV-Visible spectral profiles of algal extract and CuO NPs.
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.
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Fig.6. DLS particles size analysis of CuO NPs
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Fig.8. Anti-inflammatory activity analysis of algal extract, CuNPs and starch/PVA/CuONPs nanoscaffolds
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