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ABSTRACT

This study reports the fabrication and evaluation of biocompatible electrospun nanoscaffolds composed of starch
and polyvinyl alcohol (PVA) incorporated with copper oxide (CuO) nanoparticles synthesized via an ultrasonic-
assisted green method using Gracilaria corticata extract. UV—Vis analysis confirmed the formation of CuO NPs
through surface plasmon resonance at 291 nm, while Fourier-transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD) validated the successful integration and crystallinity of nanoparticles within the polymer matrix.
scanning electron microscopy (SEM) images revealed smooth, bead-free nanofibers with well-dispersed CuO NPs,
and thermogravimetric analysis (TGA) demonstrated improved thermal stability. Dynamic light scattering (DLS)
and zeta potential studies showed moderate stability and nanoscale size distribution. The developed nanoscaffolds
exhibited significant anti-inflammatory activity in protein denaturation and xanthine oxidase inhibition assays,
outperforming both the algal extract and nanoparticles alone. These results highlight the synergistic effect of the
polymer-nanoparticle composite and its potential for biomedical applications. The study underscores the value of
marine-derived phytochemicals in the eco-friendly synthesis of functional nanomaterials for therapeutic use.

KEYWORDS: Gracilaria corticata, Green synthesis, CuO nanoparticles, starch/PVA/CuO-NPs nanoscaffolds,
Anti-inflammatory activity.

1. INTRODUCTION

In recent years, the confluence of nanotechnology and green chemistry has catalyzed the development of
multifunctional biomaterials with promising applications in the fields of biomedicine, drug delivery, wound
healing, and tissue engineering [1]. A major focus in this domain is the design of nanostructured scaffolds that
mimic the natural extracellular matrix (ECM) while incorporating bioactive agents to confer additional therapeutic
benefits such as antimicrobial, antioxidant, or anti-inflammatory properties [2]. Among the various nanostructures
explored, electrospun nanofibrous scaffolds have emerged as highly versatile systems due to their large surface
area-to-volume ratio, tunable porosity, and excellent physical resemblance to ECM, making them particularly
suitable for biomedical applications [3].

The use of naturally derived polymers in scaffold fabrication has gained considerable attention due to their
intrinsic biocompatibility, biodegradability, and minimal cytotoxicity [4]. Starch, a widely available and
renewable polysaccharide, offers a cost-effective and biodegradable matrix for scaffold design [5]. However,
native starch possesses limitations in terms of mechanical strength and processability, which necessitate blending
with synthetic polymers [6]. Polyvinyl alcohol (PVA), a water-soluble, biocompatible synthetic polymer, is
frequently used in combination with natural polymers to enhance mechanical properties and spinnability [7]. The
starch/PVA blend, when electrospun into nanofibers, yields a robust, biocompatible, and biodegradable scaffold
suitable for hosting therapeutic nanoparticles [8].

Copper oxide nanoparticles (CuO NPs) have attracted significant research interest for their diverse biological
activities, including antimicrobial, anticancer, antioxidant, and anti-inflammatory properties [9]. CuO NPs possess
excellent physicochemical stability and redox properties, making them effective candidates for integration into
polymeric biomaterials [10]. However, conventional synthesis routes for CuO NPs often involve hazardous
chemicals, energy-intensive processes, and generate toxic byproducts, which limit their biomedical applicability
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[11]. To circumvent these drawbacks, the green synthesis approach has emerged as a sustainable and eco-friendly
alternative [12]. In particular, marine macroalgae offer a rich repository of reducing and stabilizing agents such
as polysaccharides, phenolics, flavonoids, and terpenoids, which can facilitate the bioreduction of metal ions to
nanoparticles under mild reaction conditions [13].

Gracilaria corticata, a species of red marine macroalga abundant along the Indian coastline, particularly in
regions like Rameswaram, has been recognized for its diverse bioactive profile [14]. Rich in sulfated
polysaccharides, vitamins, minerals, and phenolic compounds, G. corticata serves as an ideal bioresource for the
green synthesis of metal nanoparticles [15]. In this study, ultrasonic-assisted extraction (UAE) was employed to
enhance the release of these bioactives, which subsequently facilitated the bioreduction of copper salts into CuO
NPs [16]. UAE is a non-thermal, efficient, and scalable extraction method that enhances cell wall disruption,
accelerates mass transfer, and preserves thermolabile compounds, making it highly suitable for extracting
bioactives from macroalgal biomass [17].

Integrating green-synthesized CuO NPs into starch/PVA electrospun nanoscaffolds offers a multifunctional
biomaterial platform with both structural and therapeutic capabilities [18]. The incorporation of CuO NPs within
the nanofibrous matrix not only enhances the scaffold’s mechanical integrity and thermal stability but also imparts
bioactivity, particularly anti-inflammatory effects [19]. Chronic inflammation underlies a wide range of
pathological conditions, including autoimmune diseases, cardiovascular disorders, and chronic wounds [20].
Therefore, developing scaffolds with intrinsic anti-inflammatory potential is of great interest for regenerative
medicine and wound care [21].

To evaluate the therapeutic potential of the developed nanoscaffold, two complementary in vitro assays were
employed: the protein denaturation inhibition assay and the xanthine oxidase inhibition assay [22]. The former
assesses the scaffold’s capacity to prevent protein aggregation, a common marker of inflammation, while the latter
evaluates its ability to inhibit xanthine oxidase activity, a key enzyme in reactive oxygen species (ROS) generation
and uric acid production [23]. Together, these assays provide a comprehensive assessment of the scaffold’s anti-
inflammatory efficacy.

In addition to biological evaluation, extensive physicochemical characterization of the CuO NPs and nanofibrous
scaffolds was performed using a range of analytical tools [24]. UV-Visible spectroscopy, Fourier-transform
infrared spectroscopy (FTIR), and X-ray diffraction (XRD) confirmed the formation and structural integration of
CuO NPs, while scanning electron microscopy (SEM) analysis provided insights into fiber morphology and
nanoparticle dispersion [25]. Dynamic light scattering (DLS) and zeta potential measurements established
nanoparticle size and colloidal stability, critical factors for in vivo applications [26]. Thermogravimetric analysis
(TGA) further demonstrated the enhanced thermal resilience of the CuO-incorporated scaffolds [27].

This research presents a comprehensive strategy combining green nanotechnology, marine bioresources, and
advanced fabrication techniques to create a novel nanoscaffold with dual structural and therapeutic roles [28]. The
novelty of this work lies in the synergistic use of starch/PVA polymer matrices, green-synthesized CuO NPs, and
UAE from G. corticata, leading to a sustainable and biofunctional nanoscaffold [29]. The developed material
holds promise for a range of biomedical applications, particularly in inflammation-associated conditions and
regenerative therapies [30].

By integrating marine-based nanotechnology and electrospinning, this study advances the frontier of eco-friendly
biomaterial development [28]. Furthermore, it aligns with global sustainability goals by utilizing abundant natural
resources and minimizing the environmental footprint of nanomaterial synthesis [31]. Overall, the findings
contribute to the growing body of research on green nanotechnology for biomedicine and open new avenues for
the development of multifunctional, therapeutic scaffolds for future clinical applications.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

The brown seaweed G. corticata was harvested from the coastal waters of Rameswaram, Tamil Nadu, India, and
used as a sustainable source for the eco-friendly synthesis of CuO NPs. Analytical-grade copper (II) sulfate
pentahydrate (CuSO4-5H-0), purchased from Merck, acted as the copper precursor. PVA with a molecular weight
of approximately 115,000 g/mol, along with starch, was utilized to fabricate biocompatible, biodegradable
nanofibrous scaffolds. Electrospinning was carried out using a HOLMARC HO-NFES-040 unit. All additional
solvents and reagents were acquired from Sigma-Aldrich and Merck, maintaining analytical-grade standards to
ensure experimental consistency. The characterization of the synthesized CuO NPs and nanofibrous scaffolds
involved UV-Visible spectrophotometry, FTIR spectroscopy, XRD, SEM, DLS, zeta potential analysis, and TGA.
Anti-inflammatory activity was assessed using standardized in vifro assays.

2.2 Collection and processing of marine algae

The brown macroalga G. corticata was collected from the intertidal zone along Rameswaram's coast. Post-harvest,
samples were kept in chilled containers to retain bioactive integrity. The algal material was washed thoroughly
with tap water to remove debris and epiphytes, followed by multiple rinses with distilled water to clear residual
salts. Around 100 g of cleaned algae were cut into small pieces and air-dried for two weeks under ambient
conditions. The dried biomass was then ground into a fine powder using a mechanical grinder and stored in airtight
containers in a cool, dry place.
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2.3 UAE of bioactive compounds

Bioactives were extracted from powdered G. corticata via UAE to enhance cell wall disruption and extract yield.
A total of 2 g dried algal powder was suspended in 50 mL Milli-Q water in a 100 mL borosilicate beaker. This
suspension underwent ultrasonication at 60°C for 45 minutes using a LABQUEST ultrasonic cleaner (Borosil;
Serial No. 941032329018). The resulting extract was filtered through sterile Whatman No. 1 paper. The clear
filtrate was refrigerated at 10°C and a portion was freeze-dried for use in CuO NP synthesis [32].

2.4 Green synthesis of CuO NPs

The biosynthesis of CuO NPs was carried out by combining algal extract with an aqueous copper salt solution. A
0.1 M CuSOs-5H20 solution (50 mL) was mixed with 10 mL of algal extract (10 mg/mL), maintaining a 5:1 ratio
of precursor to extract. The mixture was stirred at 650 rpm and heated to 60°C for 2 hours on a magnetic stirrer
with a hotplate. The color change from deep blue to bluish-green signified Cu?* reduction by phytochemicals. The
synthesized CuO NPs were washed thrice with double-distilled water and freeze-dried for 48 hours, yielding a
fine powder for scaffold integration and bioassays [33].

2.5 Preparation of starch/PVA nanofibrous scaffolds loaded with CuO NPs

Nanofibrous scaffolds were fabricated using a starch-PVA blend incorporating the biosynthesized CuO NPs. A
15% (w/w) PVA solution was prepared by dissolving the polymer in Milli-Q water with continuous stirring at
50°C. Subsequently, 100 mg of starch and 100 mg of CuO NPs were added, and the mixture was stirred for 2.5
hours at 50°C to achieve uniform dispersion. The viscous solution was loaded into a 10 mL syringe with a
stainless-steel needle (0.84 mm internal diameter). Electrospinning was conducted using the HOLMARC HO-
NFES-040 setup under optimized conditions: 11.5 kV voltage, 12.3 cm tip-to-collector distance, and 0.4 mL/h
flow rate. Electrospinning was carried out at ambient temperature over 6—8 hours. The resulting mats were
collected and stored in desiccators to preserve their morphology [34, 35].

2.6 Physicochemical characterization

2.6.1 UV-visible spectroscopy

Absorption spectra of the algal extract, CuO NPs, and CuO-incorporated starch/PVA nanofibers were recorded
with a VIS SPEC V-730 spectrophotometer over 200—800 nm, using deionized water as the reference. Absorption
bands between 270-300 nm indicated surface plasmon resonance, confirming CuO NP formation [36].

2.6.2 FTIR spectroscopy

Functional group identification and interaction analysis were performed via FTIR using a PerkinElmer Spectrum
Two instrument in ATR mode. Spectra were recorded between 4000-400 cm™ at 4 cm™ resolution with 64
scans/sample. Prominent peaks for hydroxyl (O—H), carbonyl (C=0), amide, and metal-oxygen (Cu—O) were
observed, confirming nanoparticle integration [37, 38].

2.6.3 XRD analysis

XRD patterns of CuO NPs and scaffolds were acquired using a Bruker D8 Advance diffractometer with CuKa
radiation (A = 1.5406 A), operated at 40 kV and 40 mA. Scans were conducted over a 20 range of 5°-90° with a
0.029649° step. Sharp peaks consistent with monoclinic CuO phase confirmed crystallinity, and shifts in
composite peaks indicated NP embedding [39].

2.6.4 SEM imaging

The scaffold morphology and nanoparticle dispersion were analyzed via SEM (JEOL JSM-IT800 NANO). Prior
to imaging, samples were sputter-coated with gold. SEM images revealed uniform nanofibers with minimal bead
formation and even CuO NP distribution [32].

2.6.5 TGA

TGA was performed using a PerkinElmer TGA 8000. Approximately 5 mg of sample was heated from room
temperature to 550°C at 15°C/min under nitrogen. Mass loss curves identified phases of moisture loss, polymer
breakdown, and composite degradation. CuO-containing scaffolds displayed enhanced thermal resistance [40].
2.6.6 DLS and zeta potential

Hydrodynamic size and zeta potential of CuO NPs were measured using a Malvern Zetasizer Ultra. DLS
determined particle size and polydispersity index (PDI), while zeta potential values above £30 mV indicated good
colloidal stability and dispersion, relevant for biomedical applications [41].

All raw and processed data were made available via the Mendeley Data repository (DOI: 10.17632/763h4wwkrj.2)
for reproducibility and transparency.

2.7 Anti-inflammatory evaluation

2.7.1 Protein denaturation inhibition assay

Anti-inflammatory activity was assessed using a modified heat-induced protein denaturation assay. Each 0.5 mL
reaction mix included 0.45 mL of 5% bovine serum albumin and 0.05 mL of test sample (algal extract, CuO NPs,
scaffold, or diclofenac sodium) at 25, 50, 75, and 100 pg/mL. After adjusting pH to 6.3 with 1 N HCI, mixtures
were incubated at 37°C for 20 min, heated at 57°C for 3 min, and cooled. Absorbance at 660 nm indicated turbidity
from protein denaturation [42].

2.7.2 Xanthine oxidase inhibition assay

Xanthine oxidase inhibition was evaluated using a modified protocol. Reaction mixtures consisted of 0.3 mL of
sample (25-100 pg/mL), 0.5 mL of 0.15 mM xanthine (in phosphate buffer, pH 7.5), and 0.2 mL xanthine oxidase
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(0.1 units/mL). Samples were incubated at 25°C for 15 minutes. Absorbance at 295 nm measured uric acid
formation. Enzyme-free blanks served as controls [43].

2.8 Statistical analysis

All experimental results were analyzed using SPSS v25.0 and GraphPad Prism v9.0. Triplicate assays were
conducted, and results were reported as mean + standard deviation. One-way ANOVA followed by Tukey’s or
Dunnett’s post-hoc test determined significance (p < 0.05). Shapiro-Wilk test assessed data normality, and log
transformation was applied when needed. Pearson correlation coefficients assessed inter-variable relationships.
All statistical conclusions were drawn at a 95% confidence level [44].

3. RESULTS

3.1. UV-visible spectroscopy

The UV-Visible spectral analysis (Fig. 1) shed light on the optical properties of both the G. corticata extract and
the green-synthesized CuO NPs. The aqueous extract displayed a broad absorption profile ranging between 800
nm and 200 nm, with the highest absorbance value recorded at 302 nm (1.268). This extensive absorbance is
typical of phytoconstituents such as polyphenols and flavonoids, which facilitate the reduction and stabilization
of metal ions during nanoparticle synthesis. In contrast, the CuO NPs presented a sharp surface plasmon resonance
(SPR) peak at 291 nm, a signature of nanoparticle formation arising from conduction band electron oscillations.
Additionally, the CuO NPs showed significant absorbance at higher wavelengths (1.200 at 800 nm), which
decreased steadily toward shorter wavelengths, consistent with metal oxide nanoparticles. The extract's lack of
distinct peaks and the emergence of a clear SPR band in the nanoparticle sample confirm the biosynthesis of CuO
NPs using the G. corticata extract as a reducing and stabilizing agent.

3.2. FTIR spectroscopy analysis

FTIR spectra (Fig. 2), recorded in ATR mode using a PerkinElmer Spectrum Two spectrometer, were used to
identify functional groups in the CuO NPs and the nanoscaffold composite. The CuO NPs spectrum exhibited
bands related to O—H stretching and Cu—O vibrations, validating metal-oxygen bond formation. The nanoscaffold
displayed ten significant peaks: a broad O—H stretch at 3303.50 cm™, a C=O stretch at 1709.35 cm™, aliphatic C—
H stretching at 2924.80 cm ™, and additional peaks at 1427.14, 1329.09, 1141.87, 1088.65, 919.75, 843.06, and
601.37 cm™, indicative of polymeric components such as amides and polysaccharides. These spectral features
confirm CuO NPs' integration into the polymer matrix and their interaction with functional groups, likely through
metal coordination and hydrogen bonding. The detection of plant-derived bioactive groups suggests that G.
corticata extract plays a stabilizing role at the nanoparticle interface.

3.3. XRD analysis

XRD analysis, performed using a Bruker D8 Advance diffractometer, revealed the crystallographic properties of
the synthesized CuO NPs and the nanoscaffold composite. The CuO NPs showed 37 peaks within a 20 range of
12.852° to 57.284°, with strong diffraction at 19.134°, 24.369°, and 15.797°, consistent with monoclinic CuO
(JCPDS 48-1548). These peaks corresponded to d-spacings of 4.63468 A, 3.64963 A, and 5.60549 A, confirming
their crystalline and pure nature. The nanoscaffold displayed 13 diffraction peaks, notably at 29.445° and 21.346°,
suggesting a semi-crystalline structure with 20.2% crystalline and 79.8% amorphous content. Broadened peaks,
such as the one at 43.067° with a FWHM of 1.025°, indicated smaller crystallite size and good integration of CuO
NPs into the matrix. Slight peak shifts, like the shift from 35.999° to 36.034°, implied strong interfacial bonding
between the nanoparticles and the polymer, possibly facilitated by stabilizing phytochemicals from G. corticata
extract.

3.4. SEM analysis

The morphological and distributional characteristics of CuO NPs within electrospun starch/PVA nanoscaffolds
were examined using a JEOL JSM-IT800 NANO SEM system. The images revealed a continuous fibrous network
with smooth surfaces and fiber diameters between 90 and 150 nm. No bead formation or fiber damage was visible,
indicating successful electrospinning. Spherical CuO NPs under 100 nm were uniformly dispersed on the
nanofiber surfaces and embedded within the matrix without clustering. This even distribution confirms the
effective blending of nanoparticles into the polymeric solution before electrospinning. The unaltered morphology
affirms the compatibility of CuO NPs with the starch/PVA scaffold. The G. corticata extract played a critical role
in maintaining nanoparticle dispersion and preventing agglomeration due to its natural capping agents.

3.5. TGA

TGA of the nanoscaffold was carried out using a PerkinElmer thermal analyzer by heating the sample from 30°C
to 550°C at 15°C/min. The thermogram displayed two main degradation stages: the first began at 265.25°C with
a peak decomposition at 355.41°C, related to the breakdown of organic residues and polymers; the second started
at 425.38°C, with maximum degradation at 448.38°C, corresponding to the degradation of more thermally stable
components. Total weight loss was calculated at -33.372%, outlining the scaffold's thermal breakdown profile.
The high initial decomposition temperatures indicate improved thermal resistance, likely due to CuO NP
reinforcement and potential cross-linking. Additionally, secondary metabolites from G. corticata may enhance
this thermal performance through protective interactions with polymer chains.

3.6. DLS and zeta potential analysis
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DLS and zeta potential measurements were performed using a Malvern Zetasizer to evaluate the colloidal
characteristics of the biosynthesized CuO NPs. The nanoparticles exhibited a bimodal size distribution with an
average diameter (Z-average) of 68.6 nm and a PDI of 0.584, suggesting moderate heterogeneity in particle size.
The zeta potential measured -14.11 mV, with peaks at -25.21 mV and -5.514 mV, indicating a moderately negative
surface charge that supports partial colloidal stability. This charge can be attributed to negatively charged
biomolecules from the G. corticata extract. The recorded conductivity was 0.05175 mS/cm, and the wall zeta
potential was -12.73 mV. While these results show adequate dispersion stability, further surface modification may
be required to enhance long-term colloidal behavior, particularly for biomedical applications requiring consistent
nanoparticle performance.

3.7. Anti-inflammatory assays

3.7.1. Protein denaturation inhibition assay

The protein denaturation inhibition assay 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). The results demonstrated concentration-dependent inhibition across all samples. At 25
pg/mL, the algal extract exhibited 20.95% inhibition, while CuO NPs and nanoscaffolds showed higher efficacy
at 24.95% and 27.95%, respectively. As the concentration increased to 100 pg/mL, the inhibition rates rose
significantly, with the extract reaching 65.15%, CuO NPs 71.15%, and nanoscaffolds 81.15%. Notably, the
nanoscaffolds outperformed both the extract and CuO NPs at all concentrations, suggesting enhanced stabilization
of protein structures, likely due to the synergistic effects of the polymer matrix and nanoparticles.

In a replicate experiment, similar trends were observed, though slight variations in inhibition percentages were
noted. For instance, at 100 pg/mL, the extract, CuO NPs, and nanoscaffolds achieved 65.14%, 72.14%, and 79.14%
inhibition, respectively. These results confirm the reproducibility of the assay and underscore the superior anti-
inflammatory activity of the nanoscaffolds, which approached the efficacy of the standard drug (diclofenac sodium)
at higher concentrations.

3.7.2. Xanthine oxidase inhibition assay

The xanthine oxidase inhibition assay assessed the ability of the test samples to suppress uric acid production, a
key marker of inflammation. The algal extract displayed moderate inhibition, with values ranging from 19.94%
at 25 pg/mL to 65.14% at 100 pg/mL. CuO NPs exhibited stronger inhibitory effects, increasing from 25.94% to
72.14% over the same concentration range. The nanoscaffolds consistently demonstrated the highest inhibition,
reaching 79.14% at 100 ng/mL, indicative of their potent xanthine oxidase inhibitory activity.

The replicate data further validated these findings, with minor deviations likely attributable to experimental
variability. For example, at 75 pg/mL, the nanoscaffolds achieved 63.46% inhibition in the second trial, compared
to 64.48% in the first, highlighting their robust performance. The superior efficacy of the nanoscaffolds may stem
from their composite structure, which enhances bioavailability and interaction with the enzyme.

Both assays revealed that the starch/PVA/CuO-NPs nanoscaffolds exhibited the highest anti-inflammatory activity,
followed by CuO NPs and the algal extract. The nanoscaffolds' performance suggests their potential as a promising
alternative to conventional anti-inflammatory agents, combining the benefits of natural extracts and
nanotechnology. Further studies could explore their mechanisms of action and in vivo efficacy to validate these
findings.

4. DISCUSSION

The present study comprehensively elucidates the successful green synthesis of copper oxide CuO NPs using G.
corticata extract and their subsequent incorporation into starch/PVA nanofibrous scaffolds. Each characterization
technique provided critical insight into the physicochemical properties, structural morphology, and bioactivity of
the resulting nanomaterials.

The UV-—Visible spectroscopy results underscore the distinct optical properties of the algal extract and the CuO
NPs. The broad absorption range exhibited by the extract, especially the intense peak at 302 nm, is consistent with
the presence of phenolic and flavonoid compounds, which are known to participate in redox reactions facilitating
the reduction of metal ions. These phytochemicals serve dual functions as both reducing and capping agents. The
shift in the spectral profile for the synthesized CuO NPs, particularly the sharp absorption at 291 nm, signifies the
formation of nanoparticles and the establishment of a surface plasmon resonance (SPR), characteristic of CuO.
This SPR peak, coupled with the declining absorbance from 800 nm to 200 nm, aligns with the known optical
features of metal oxide nanoparticles. The contrast in spectral profiles between the extract and the CuO NPs
provides strong evidence of successful biosynthesis and indicates the role of plant-derived metabolites in
stabilizing the nanostructures [45, 46].

FTIR spectroscopy provided deeper insights into the functional groups involved in nanoparticle stabilization and
scaffold formation. For the CuO NPs, typical peaks associated with O—H stretching and Cu—O bending confirmed
the formation of metal-oxygen bonds. The starch/PVA/CuO nanoscaffold exhibited a more complex spectral
profile with characteristic peaks corresponding to hydroxyl, carbonyl, and aliphatic hydrocarbon groups.
Additionally, prominent signals at 1427.14 cm™ and 1329.09 cm™ likely stem from amide bonds and
polysaccharide backbones. These findings suggest strong intermolecular interactions, including hydrogen bonding
and possible chelation between CuO and the polymeric matrix. The preservation of bioactive functional groups
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from the algal extract indicates their role in facilitating the compatibility between inorganic nanoparticles and
organic scaffolds [47, 48].

The XRD patterns further confirmed the crystalline nature of CuO NPs. Distinct diffraction peaks corresponded
well with the monoclinic phase of CuO, affirming phase purity and structural integrity. The nanoscaffold
composite, however, displayed a mixed pattern with broader peaks, indicative of a semi-crystalline structure. The
reduced crystallinity (20.2%) and broadened peak widths, particularly the full width at half maximum (FWHM)
at 43.067°, are typical of polymer-nanoparticle hybrids and point to the nanoscale dispersion of CuO within the
matrix. Furthermore, subtle peak shifts imply chemical interactions at the nanoparticle—polymer interface, likely
mediated by the phytoconstituents from G. corticata. These structural changes provide supportive evidence of
uniform nanoparticle integration, which is critical for consistent material performance [49].

Morphological analysis through SEM revealed well-formed electrospun nanofibers, exhibiting diameters ranging
between 90-150 nm. The absence of bead formation or fiber distortion signifies optimal electrospinning
conditions and a homogeneous polymer solution. The CuO NPs, observed as uniformly dispersed spherical entities
(<100 nm), were embedded within or attached to the nanofiber surfaces without signs of aggregation. This
uniformity highlights the effectiveness of algal metabolites in stabilizing nanoparticles and promoting their
compatibility with the polymer matrix. The stable dispersion of nanoparticles within the nanoscaffold is essential
for ensuring consistent mechanical and biological properties [50, 51].

TGA demonstrated the thermal behavior and stability of the fabricated nanoscaffold. The material underwent two
major stages of weight loss, reflecting the decomposition of organic content followed by the degradation of more
stable fractions. The high onset temperature (~265°C) and the maximum decomposition near 448°C indicate an
enhancement in thermal resistance due to nanoparticle incorporation. Such thermal reinforcement is a hallmark
of inorganic—organic composites, where CuO NPs act as thermally stable fillers. Additionally, bioactive
compounds from G. corticata may act as secondary stabilizers, contributing to delayed thermal degradation by
forming protective interactions with the polymer chains [52, 53].

The colloidal properties of the synthesized CuO NPs were further evaluated through DLS and zeta potential
analysis. The average particle size of 68.6 nm with a moderate PDI (= 0.584) indicates a reasonably homogeneous
distribution. The negative zeta potential value (-14.11 mV) reflects moderate electrostatic repulsion, which is
sufficient to prevent immediate aggregation but may benefit from further surface modification for long-term
colloidal stability. The biomolecules from G. corticata likely contribute to this surface charge through their anionic
functional groups, enhancing dispersion stability in aqueous environments [54, 55].

Finally, the anti-inflammatory potential of the extract, CuO NPs, and nanoscaffolds was evaluated using protein
denaturation and xanthine oxidase inhibition assays. All samples exhibited concentration-dependent inhibition,
with the nanoscaffold consistently outperforming the others. The enhanced bioactivity of the nanoscaffold can be
attributed to synergistic effects between CuO NPs and the starch/PVA matrix, which likely improves the
bioavailability and activity of the incorporated agents. The reproducibility of the data across replicates and the
close approximation of nanoscaffold activity to that of the standard drug (diclofenac sodium) reinforces the
material’s potential for biomedical application [56].

Overall, these findings demonstrate that G. corticata-mediated CuO NPs integrated into electrospun starch/PVA
scaffolds offer a promising route for fabricating multifunctional biomaterials. The combined structural, thermal,
and biological enhancements highlight the scaffold’s potential as a biocompatible, anti-inflammatory platform for
future therapeutic applications.

5. CONCLUSION

This study successfully demonstrated the green synthesis of CuO NPs using G. corticata extract and their effective
incorporation into starch/PVA-based electrospun nanoscaffolds. Characterization techniques, including UV—Vis,
FTIR, XRD, SEM, TGA, DLS, and zeta potential analysis, confirmed the structural integrity, stability, and
compatibility of the CuO NPs within the nanofibrous matrix. The nanoscaffolds exhibited favorable
morphological and thermal properties, with uniform nanoparticle distribution and improved thermal resistance.
Notably, anti-inflammatory assays revealed superior inhibition activity by the CuO NP-loaded nanoscaffolds
compared to the extract and nanoparticles alone, indicating a synergistic enhancement in biological efficacy. These
findings highlight the potential of G. corticata-mediated CuO NPs as functional biomaterials for therapeutic
applications. The developed nanoscaffolds offer a promising avenue for anti-inflammatory treatments, warranting
further in vivo studies to establish clinical relevance and potential for biomedical translation.
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Fig. 1. UV—Visible spectral profiles of algal extract and CuO nanoparticles.
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Fig. 3. XRD patterns of synthesized CuO nanoparticles and CuO-loaded scaffolds.
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Fig. 4. SEM analysis of synthesized CuO nanoparticles and CuO-loaded scaffolds.
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Fig.8. Anti-inflammatory activity analysis of algal extract, CuNPs and starch/PVA/CuONPs nanoscaffolds
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