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ABSTRACT

This study presents the eco-friendly fabrication of multifunctional starch/PVA electrospun nanoscaffolds
incorporated with biogenic copper oxide nanoparticles (CuO NPs) synthesized using Dictyota sp. extract via
ultrasonication. The phytochemical-assisted CuO NPs exhibited a surface plasmon resonance peak at 270-300
nm in UV-Vis spectroscopy, while Fourier-transform infrared spectroscopy (FTIR) confirmed Cu—O bonding
(594-2033 cm™) and successful integration into the polymer matrix. X-ray diffraction (XRD) revealed a
monoclinic CuO phase (JCPDS 48-1548) with high crystallinity, whereas Scanning electron microscopy (SEM)
demonstrated uniform nanofiber morphology with well-dispersed NPs. Thermogravimetric analysis (TGA)
indicated enhanced thermal stability (residue stable up to 548°C), and Dynamic light scattering (DLS) analysis
showed colloidal stability (zeta potential: —20.08 mV; size: 92.8 nm). The nanoscaffolds exhibited potent
anticancer activity against HT-29 and MCF-7 cells, with IC50 values of ~12.5 ng/mL—significantly lower than
algal extract (ICs0~50 pg/mL) or CuO NPs alone (IC50 ~25 pg/mL). These results underscore the scaffold’s dual
functionality as a thermally stable, cytotoxic agent, highlighting its potential for biomedical applications.

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

1. INTRODUCTION

The increasing demand for innovative, multifunctional biomaterials in biomedical applications has sparked
significant research into the development of nanostructured scaffolds with enhanced therapeutic efficacy and
biocompatibility [1]. Among various biomaterials, starch and polyvinyl alcohol (PVA) have emerged as promising
candidates for fabricating electrospun nanofibrous scaffolds due to their biodegradability, excellent film-forming
capabilities, and compatibility with biological tissues [2]. Starch, a naturally abundant polysaccharide, offers
unique advantages including cost-effectiveness, renewability, and the ability to mimic the extracellular matrix
(ECM) structure, thereby supporting cell attachment and proliferation [3]. PVA, a synthetic polymer known for
its mechanical strength and water solubility, complements starch by improving the scaffold's structural integrity
and processability during electrospinning [4]. The integration of these polymers into hybrid nanofibrous scaffolds
provides an ideal platform for further functionalization with bioactive nanomaterials aimed at enhancing their
therapeutic potential [5].

Copper oxide nanoparticles (CuO NPs) have recently gained considerable attention due to their remarkable
physicochemical properties, including strong antimicrobial, catalytic, and anticancer activities [6]. The nanoscale
size of CuO allows for increased surface area and reactivity, which can be exploited to target cancer cells
effectively while minimizing adverse effects on healthy tissues [7]. However, conventional chemical methods for
synthesizing CuO NPs often involve toxic reagents and harsh conditions, raising concerns about environmental
safety and biocompatibility [8]. To address these challenges, green synthesis approaches have been introduced
that utilize natural extracts from plants and marine organisms as reducing and stabilizing agents [9]. These
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biogenic methods are environmentally friendly, cost-efficient, and impart enhanced biological functionality to the
nanoparticles due to the presence of phytochemicals [10].

Marine macroalgae, specifically brown seaweeds such as Dictyota species, represent an untapped reservoir of
bioactive compounds capable of facilitating the eco-friendly synthesis of metal nanoparticles [11]. Dictyota is
rich in polysaccharides, polyphenols, flavonoids, and other secondary metabolites that exhibit potent antioxidant
and anticancer properties [12]. The ultrasonic-assisted extraction technique further enhances the recovery of these
intracellular bioactives by disrupting cell walls through cavitation effects, allowing efficient release without the
use of toxic solvents [13]. This approach not only maximizes the yield of reducing agents but also aligns with
sustainable processing principles [14]. Incorporating Dictyota extract-mediated CuO NPs into starch/PVA
nanofibrous scaffolds holds the potential to generate multifunctional materials with synergistic anticancer activity,
structural robustness, and controlled release profiles [15].

Electrospinning is a versatile and widely employed technique for fabricating nanofibrous scaffolds with tunable
fiber diameters, high surface-to-volume ratios, and porosity resembling natural ECM [16]. These characteristics
are crucial for biomedical applications, particularly in tissue engineering and drug delivery, as they facilitate
cellular interactions and nutrient transport [17]. The inclusion of CuO NPs within the electrospun matrix can
impart additional functionalities such as reactive oxygen species (ROS) generation, which selectively induces
apoptosis in cancer cells [18]. Furthermore, the use of starch and PVA as the polymer matrix ensures that the
scaffold maintains a biocompatible environment conducive to cell attachment while offering mechanical support
[19].

Despite these advantages, challenges remain in optimizing the synthesis conditions and material properties to
balance nanoparticle loading, scaffold morphology, and biological efficacy [20]. Ensuring homogeneous
dispersion of CuO NPs within the polymeric matrix is critical to avoid agglomeration, which can compromise the
mechanical properties and reduce bioavailability [21]. Ultrasonic-assisted biogenic synthesis provides an effective
route for producing stable, well-dispersed nanoparticles with controlled size and surface charge, which can be
seamlessly integrated into the starch/PVA solution prior to electrospinning [22]. The physicochemical
characterization of the resulting nanocomposites—including analyses of morphology, crystallinity, thermal
stability, and surface chemistry—is essential to understand the structure-function relationships governing their
performance [23].

Cancer remains one of the leading causes of mortality worldwide, and current treatment modalities such as
chemotherapy and radiation often suffer from systemic toxicity and drug resistance [24]. The development of
novel nanomaterials with targeted anticancer properties is therefore a critical research priority [25]. CuO NPs have
demonstrated promising cytotoxic effects against various cancer cell lines by inducing oxidative stress and
disrupting mitochondrial function [18]. When embedded within a biocompatible scaffold, these nanoparticles can
provide localized and sustained delivery, reducing off-target effects and enhancing therapeutic outcomes [26].
Evaluating the in vitro anticancer activity of starch/PVA/CuO nanoscaffolds against human colon (HT-29) and
breast (MCF-7) cancer cells provides a relevant model to assess their potential clinical utility [27].

Therefore, this study explores the fabrication of multifunctional electrospun nanoscaffolds composed of starch
and PVA, incorporating CuO NPs synthesized via an eco-friendly, ultrasonic-assisted method using Dictyota
brown macroalgae extract [28]. This innovative combination aims to leverage the biocompatibility and mechanical
properties of the polymer blend alongside the bioactivity of CuO NPs, ultimately generating a composite material
with promising anticancer properties [29]. Comprehensive physicochemical characterization of the nanoscaffolds
and evaluation of their cytotoxicity against cancer cells will shed light on their suitability for advanced biomedical
applications [30]. This research contributes to the growing field of marine-derived green nanotechnology and
offers new insights into designing sustainable, multifunctional biomaterials for cancer therapy.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

The brown seaweed Dictyota was collected from the coastal waters near Rameswaram, Tamil Nadu, India, and
utilized as a renewable source for the green synthesis of CuO NPs. Copper (II) sulfate pentahydrate (CuSO4-5H20),
analytical grade, was the copper precursor. PVA with an approximate molecular weight of 115,000 g/mol and
starch were chosen as biocompatible scaffold materials. Electrospinning procedures employed the HOLMARC
HO-NFES-040 system. All chemicals and solvents were sourced from Sigma-Aldrich and Merck with analytical
grade purity to guarantee consistency and accuracy. Characterization techniques included UV-Vis spectroscopy,
Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD), scanning electron microscopy (SEM),
dynamic light scattering (DLS), zeta potential, and thermogravimetric analysis (TGA). The in vitro anticancer
properties were assessed according to established protocols.

2.2 Collection and preparation of marine algae

Fresh Dictyota specimens were manually gathered from the intertidal zone of the Rameswaram shoreline. After
collection, samples were kept chilled to preserve their bioactive components. The biomass was rinsed thoroughly
with running tap water to remove sediments and epiphytes, followed by multiple rinses with distilled water to
eliminate salt and residual debris. Around 100 g of the cleaned algae were chopped into smaller fragments and
air-dried at ambient temperature for 14 days. The dried material was subsequently ground into a fine powder using
a mechanical grinder and stored in sealed containers for later extraction and nanoparticle synthesis.
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2.3 Ultrasonic extraction of bioactive compounds

Two grams of the dried algal powder were dispersed in 50 mL of Milli-Q water within a 100 mL borosilicate
beaker. This suspension underwent ultrasonic-assisted extraction in a LABQUEST ultrasonic cleaner (Borosil;
Serial No. 941032329018) maintained at 60°C for 45 minutes to enhance intracellular metabolite release via cell
disruption. The mixture was then filtered through sterile Whatman No. 1 filter paper to separate solids. The
clarified extract was stored at 10°C for subsequent use, and a portion was lyophilized to extend shelf-life and yield
a dry extract appropriate for nanoparticle synthesis [31, 32].

2.4 Eco-friendly synthesis of CuO NPs

CuO NPs were synthesized by combining 50 mL of 0.1 M CuSOa4-5H20 with 10 mL of Dictyota extract (10
mg/mL) in a 5:1 volume ratio. The mixture was magnetically stirred at 650 rpm and maintained at 60°C for 2
hours. A visible color transition from deep blue to bluish-green signified nanoparticle formation driven by
phytochemicals in the extract. The product was washed thrice with double-distilled water to remove residual
biomolecules and then freeze-dried for 48 hours to obtain CuO nanopowder for further experimentation [33].

2.5 Synthesis of starch/PVA/CuO nanofibrous scaffolds

A 15% (w/w) aqueous PVA solution was prepared by dissolving PVA in Milli-Q water under continuous stirring
at 50°C. After complete dissolution, 100 mg each of starch and CuO nanoparticles were added and stirred at 50°C
for 2.5 hours to achieve homogeneity. The resultant mixture was loaded into a syringe equipped with a 0.84 mm
stainless steel needle. Electrospinning was conducted using the HOLMARC HO-NFES-040 apparatus at 11.5 kV
applied voltage, a 12.3 cm gap between the needle and collector, and a feed rate of 0.4 mL/h. Electrospinning
lasted 6 to 8 hours at room temperature, producing nanofibrous mats subsequently stored in a desiccator for
characterization and biological testing [2, 34, 35].

2.6 Physicochemical characterization

2.6.1 UV-vis spectroscopy

UV-Vis spectral analysis of the algal extract, synthesized CuO NPs, and nanocomposite scaffolds was performed
using a VIS SPEC V-730 spectrophotometer. Absorption spectra were recorded between 200 and 800 nm with
deionized water serving as the blank. The presence of absorption peaks in the 270-300 nm range indicated surface
plasmon resonance (SPR), confirming CuO NP formation and integration into scaffolds [36].

2.6.2 FTIR spectroscopy

FTIR spectra of the algal extract, nanoparticles, and scaffolds were recorded using a PerkinElmer Spectrum Two
instrument equipped with an ATR accessory. Spectra were acquired over 4000—400 cm™ at a resolution of 4 cm™,
averaged from 64 scans. The characteristic peaks corresponding to hydroxyl, carbonyl, amide, and metal-oxygen
groups confirmed bioactive molecule presence and nanoparticle incorporation [37].

2.6.3 XRD analysis

XRD patterns were obtained using a Bruker D8 Advance diffractometer employing CuKa radiation (A = 1.5406
A) at 40 kV and 40 mA. Data were collected from 26 values ranging 5° to 90° with a step size of 0.029649°. Sharp
diffraction peaks characteristic of monoclinic CuO confirmed successful nanoparticle synthesis, whereas peak
broadening in scaffold samples indicated polymer embedding [38].

2.6.4 SEM analysis

Morphological examination was conducted with a JEOL JSM-IT800 NANO SEM. Samples were gold sputter-
coated prior to imaging. Micrographs revealed uniform fibrous structures, consistent fiber diameters, and
homogeneous CuO NP distribution, confirming effective electrospinning fabrication [39].

2.6.5 TGA

Thermal stability was assessed using a PerkinElmer TGA 8000. Approximately 5 mg of sample was heated from
room temperature to 550°C at 15°C/min under a nitrogen atmosphere. Weight loss profiles reflected moisture
evaporation, polymer degradation, and enhanced thermal stability attributed to CuO NP incorporation [40].

2.6.6 Particle size and zeta potential

Nanoparticle size distribution and surface charge were analyzed using a Malvern Zetasizer Ultra. Zeta potential
values above £30 mV indicated excellent colloidal stability, minimizing aggregation and favoring biomedical
applications [41]. All data have been deposited in the Mendeley Data repository (DOI: 10.17632/xtwhbc25hj.2)
for verification.

2.7 In Vitro anticancer activity

2.7.1 Cell lines procurement and culture

Human colorectal adenocarcinoma (HT-29) and breast cancer (MCF-7) cell lines were procured from the National
Center for Cell Science (NCCS), Pune, India. Cells were cultured in Minimum Essential Medium (MEM)
supplemented with 10% fetal bovine serum (FBS) and maintained at 37°C in a humidified 5% CO: atmosphere
[42].

2.7.2 Cell viability assay using MTT

HT-29 and MCF-7 cells were seeded in 96-well plates at 5 x 10° cells/well and incubated overnight for adherence.
Cells were then exposed to varying concentrations (6.25, 12.5, 25, 50, and 100 pg/mL) of algal extract, CuO NPs,
and starch/PVA/CuO nanoscaffolds in triplicate and incubated for 24 hours at 37°C with 5% CO.. Post-treatment,
20 pL of MTT solution was added per well and incubated for 4 hours. Formazan crystals were solubilized using
200 pL DMSO, and absorbance was measured at 570 nm. Experiments were performed thrice independently.
Mean absorbance values with standard deviations were calculated [43].
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2.8 Statistical analysis

Data were analyzed using SPSS v25.0 and GraphPad Prism v9.0. Triplicate experimental results are expressed as
mean =+ standard deviation. One-way ANOVA followed by Tukey’s or Dunnett’s post hoc tests were used to
compare groups, with significance set at p <0.05. Pearson’s correlation assessed variable relationships. Normality
was checked using the Shapiro—Wilk test; non-normal data were log-transformed. Statistical interpretations were
performed within a 95% confidence interval [44].

3. RESULTS

3.1. UV-visible spectroscopy

UV-Visible spectroscopy analysis (Fig. 1) was conducted using a JASCO V-730 spectrophotometer within the
200-800 nm wavelength range to examine the Dictyota extract alongside the synthesized CuO NPs. The algal
extract displayed a broad absorption band peaking at 337 nm (absorbance = 1.482), which indicates the presence
of phytochemicals such as polyphenols. These biomolecules are believed to facilitate the reduction and
stabilization processes during nanoparticle synthesis. The CuO NPs exhibited a pronounced absorption peak
between 270 and 300 nm, attributed to SPR, a hallmark of nanoparticle optical properties. Furthermore, the CuO
NPs showed markedly higher absorbance values (2.369 at 800 nm) that diminished toward shorter wavelengths,
consistent with typical optical characteristics of metal oxides. These spectral changes confirm successful
nanoparticle synthesis and suggest the active role of Dictyota-derived phytoconstituents in their formation and
stabilization.

3.2. FTIR analysis

FTIR (Fig. 2) was employed to characterize functional groups in the CuO NPs and CuO-loaded starch/PVA
scaffolds. The CuO NPs revealed absorption peaks at 2033.36, 1640.64, and 594.02 cm™!, corresponding to Cu—
O bond stretching vibrations, thus verifying copper oxide formation. Additional bands at 767.66 and 469.77 cm™!
further corroborate copper—oxygen interactions. The composite scaffold exhibited major absorption signals at
3289.72 cm™! (O—H stretching), 1426.07 cm™ (C—H bending), and 110.59 cm™ (C—O—C vibrations), representing
the characteristic chemical features of starch and PVA polymers. Importantly, peaks detected between 600 and
400 cm™ confirm the successful embedding of CuO NPs into the polymer framework. These results imply that
the nanoparticles were incorporated without significantly altering the scaffold’s chemical structure.

3.3. XRD analysis

XRD analysis (Fig. 3) was utilized to assess the crystalline properties of the synthesized CuO NPs and their
integration into the starch/PVA matrix. The CuO NPs displayed distinct diffraction peaks at 26 values of 14.03°,
15.60°, 16.25°, and 24.17°, matching the monoclinic CuO phase as per JCPDS card No. 48-1548. The strongest
peak at 24.17° (d-spacing of 3.68 A) indicated a high degree of crystallinity. The starch/PVA scaffold presented
broad diffraction peaks at 21.35° and 29.30°, typical of semicrystalline polymers. Additional weaker reflections
at 35.78° and 48.52° provided evidence for successful CuO NP incorporation. Peak broadening (FWHM between
0.1° and 0.6°) suggests a decrease in crystallinity caused by nanoparticle-polymer interactions. Collectively, the
data confirm effective nanoparticle embedding without disrupting the overall phase, essential for biomedical
applications.

3.4. SEM analysis

SEM (Fig. 4) was employed to observe the surface morphology and nanoparticle distribution within the
electrospun starch/PVA nanofiber scaffolds. The CuO NPs appeared predominantly spherical with minor
agglomerations, likely due to surface energy effects. The nanofibers exhibited a uniform and well-aligned fibrous
structure at the nanoscale. Bright spots along the fibers corresponded to CuO NPs, confirming their successful
distribution throughout the scaffold. The fiber surfaces were smooth with slight textural features, indicating good
compatibility between CuO NPs and the polymer matrix. Minimal bead formation and consistent fiber diameters
reflected optimized electrospinning conditions. These morphological results validate the homogeneous dispersion
of CuO NPs, preserving scaffold integrity for potential biomedical use.

3.5.TGA

TGA of CuO NP-incorporated nanofiber scaffolds was performed under nitrogen atmosphere (Fig. 5) to evaluate
thermal stability. An initial weight loss of 7.30% occurred below 101.7°C, attributed to evaporation of adsorbed
moisture. Major thermal degradation happened between 234.95°C and 377.09°C, with a peak at 324.79°C,
representing decomposition of the starch/PVA matrix and accounting for 37.37% mass loss. Beyond 400°C, a
gradual mass decrease indicated carbonaceous residue formation alongside the thermally stable CuO nanoparticles.
The residue remained stable up to 548.4°C, demonstrating enhanced thermal resistance imparted by CuO NPs.
These findings suggest that CuO inclusion improves the scaffold’s heat tolerance, beneficial for biomedical and
industrial environments requiring elevated thermal durability.

3.6. Zeta potential and particle size analysis

DLS and zeta potential measurements were performed to analyze particle size distribution and colloidal stability
of the synthesized CuO NPs. The average hydrodynamic diameter was 92.8 nm (Fig. 6), with a polydispersity
index (PDI) of 0.688, indicating moderate size variability. Zeta potential analysis (Fig. 7) revealed a mean surface
charge of —20.08 mV, with peaks at —37.52 mV and —16.29 mV. The relatively high negative zeta potential
suggests adequate electrostatic repulsion to prevent nanoparticle aggregation, ensuring colloidal stability. The
conductivity was measured at 0.0343 mS/cm, and the quality factor was 6.538, reflecting high measurement
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reliability. These parameters confirm the nanoparticles possess good dispersion and electrostatic stability, suitable
for biomedical formulations requiring consistent nanoparticle performance in aqueous systems.

3.7. Evaluation of in vitro anticancer activity

The in vitro anticancer activity of algal extract, CuO NPs, and starch/PVA/CuO-NPs nanoscaffolds was evaluated
against HT-29 (colon adenocarcinoma) and MCF-7 (breast cancer) cell lines using the MTT assay (Fig. 8). The
results demonstrated a concentration-dependent reduction in cell viability for all tested compounds.

Against HT-29 cells, the algal extract showed moderate cytotoxicity, with cell viability decreasing from 94.1% at
6.25 pg/mL to 32.85% at 100 pg/mL, yielding an estimated IC50 of approximately 50 pg/mL. CuO NPs exhibited
stronger activity, reducing viability from 79.1% to 22.43% over the same concentration range, with an IC50 of
about 25 ug/mL. The starch/PVA/CuO-NPs nanoscaffolds displayed the most potent effect, lowering viability
from 75.5% to 15.48% and achieving an IC50 of roughly 12.5 pg/mL, indicating superior anticancer potential.
Similar trends were observed in MCF-7 cells. The algal extract reduced viability from 95.9% to 46.65%, with an
IC50 near 50 png/mL. CuO NPs again showed intermediate efficacy (85.4% to 38.07% viability; IC50 ~25 pg/mL),
while the nanoscaffolds demonstrated the highest cytotoxicity (79.0% to 25.02% viability; IC50 ~12.5 pg/mL).
These findings highlight the enhanced anticancer activity of the starch/PVA/CuO-NPs nanoscaffolds compared to
individual components, suggesting their promise as a therapeutic candidate. The consistent IC50 values across
both cell lines further validate the nanoscaffolds' potency, warranting further investigation into their mechanisms
and in vivo efficacy.

4. DISCUSSION

The present study successfully synthesized CuO NPs using Dictyota algal extract, incorporated them into
starch/PVA nanofibrous scaffolds, and evaluated their physicochemical characteristics alongside in vitro
anticancer efficacy. The results from diverse analytical techniques provide comprehensive insight into the
material’s properties and their implications for biomedical applications.

The UV-Visible spectroscopy findings clearly establish the role of Dictyota extract as a bioreductant and
stabilizing agent in the green synthesis of CuO NPs. The broad absorption peak at 337 nm in the algal extract is
indicative of polyphenolic compounds, which are known for their electron-donating capability facilitating metal
ion reduction. The distinct SPR peak observed in the 270-300 nm range for CuO NPs is a hallmark of nanoparticle
formation, corroborating successful synthesis. Moreover, the elevated absorbance at longer wavelengths (800 nm)
reflects the intrinsic optical properties of copper oxides, often attributed to electronic transitions in the Cu—O
lattice. This shift in spectral features from the extract to the nanoparticles underscores the phytochemicals’ active
involvement in nucleating and stabilizing the CuO nanostructures, preventing aggregation through surface
capping effects [45-47].

FTIR spectroscopy further substantiated the successful formation of CuO NPs and their integration into the
starch/PVA scaffold. The characteristic Cu—O stretching vibrations detected at multiple wavenumbers align with
previously reported copper oxide spectra, confirming the chemical identity of the synthesized nanoparticles.
Importantly, the polymeric scaffold retained its primary chemical functionalities—such as hydroxyl and ether
groups—after nanoparticle incorporation, as shown by the preserved absorption peaks of starch and PVA. This
implies that the biopolymer matrix effectively accommodates the CuO NPs without compromising its intrinsic
chemical structure. The presence of Cu—O vibrational bands within the scaffold’s spectrum affirms a strong
nanoparticle-polymer interaction, likely through physical embedding or weak bonding, which can enhance the
scaffold’s stability and functional properties [48, 49].

XRD analysis illuminated the crystalline nature of the CuO NPs and their impact on the composite scaffold’s
structural characteristics. The diffraction peaks corresponded well with the monoclinic CuO phase, indicating high
purity and crystallinity. The starch/PVA scaffold exhibited typical broad peaks, characteristic of semi-crystalline
polymers, which became broader and less intense upon CuO NP incorporation. This peak broadening suggests
that the embedded nanoparticles disrupt polymer chain packing to some extent, reducing overall crystallinity—a
phenomenon frequently reported in nanoparticle-polymer composites. Notably, the absence of additional peaks or
phase shifts demonstrates that CuO NPs were integrated without altering the fundamental crystalline phases of
either component, an essential aspect for preserving mechanical and functional integrity in biomedical scaffolds
[41,50].

Surface morphology observations via SEM provided visual confirmation of nanoparticle distribution and scaffold
microstructure. The spherical shape of CuO NPs with minor aggregation indicates controlled synthesis, though
some degree of agglomeration is expected due to surface energy interactions. The nanofibrous scaffold
morphology was notably uniform and aligned, reflecting optimized electrospinning conditions. Bright, discrete
spots along the fibers confirmed homogeneous CuO NP dispersion, crucial for consistent biological activity and
mechanical reinforcement. The smooth yet slightly textured fiber surfaces suggest favorable interactions between
the nanoparticles and the polymeric matrix, potentially improving scaffold toughness and bioactivity. Minimal
bead formation further supports the stability of the electrospinning process and the compatibility of the CuO NP-
polymer blend [51, 52].

TGA revealed that CuO NPs enhance the thermal stability of the starch/PVA scaffold. The initial weight loss due
to moisture evaporation is typical in hydrophilic biopolymers. The major degradation phase corresponds to
polymer decomposition, which was significantly influenced by the presence of CuO NPs, evident from the
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elevated decomposition temperature and increased residual mass at higher temperatures. This improved thermal
resistance can be attributed to the nanoparticles acting as heat sinks and barrier elements, delaying polymer chain
degradation. Enhanced thermal stability is advantageous for biomedical materials, as it broadens their potential
applications in environments requiring sterilization or exposure to elevated temperatures [53-55].

DLS and zeta potential measurements provided key insights into nanoparticle size and colloidal stability. The
hydrodynamic diameter near 93 nm confirms the nanoscale dimension appropriate for biomedical use, where
small size facilitates cellular uptake and interaction. The polydispersity index indicates moderate size uniformity,
which could be further optimized but is acceptable for functional applications. The moderately high negative zeta
potential indicates strong electrostatic repulsion among particles, effectively preventing aggregation and
sedimentation in aqueous media. This colloidal stability is critical for maintaining consistent nanoparticle behavior
in biological environments, ensuring reproducible therapeutic effects and minimizing toxicity caused by large
aggregates [56, 57].

Finally, the in vitro anticancer assays demonstrated the superior cytotoxicity of starch/PVA/CuO NP nanoscaffolds
compared to individual components against both colon (HT-29) and breast (MCF-7) cancer cell lines. The dose-
dependent decrease in cell viability suggests effective cellular uptake and bioactivity of the nanoscaffolds. The
lower IC50 values for the nanoscaffolds relative to algal extract or CuO NPs alone highlight the synergistic effect
of nanoparticle incorporation into a biocompatible polymer matrix, which likely enhances bioavailability and
sustained release of cytotoxic agents. These results support the potential of CuO NP-loaded scaffolds as promising
anticancer therapeutic platforms, combining the benefits of green synthesis, nanotechnology, and polymer
engineering. Further mechanistic studies are warranted to elucidate pathways of cytotoxicity, including ROS
generation and apoptosis induction, along with in vivo evaluations to confirm clinical relevance [58, 59].

Finally, this study establishes a robust, green synthetic route for CuO NPs using Dictyota extract and demonstrates
their successful incorporation into starch/PVA nanofibers with enhanced physicochemical and biological
properties. The multifunctional nature of the resulting nanocomposite scaffold, combining thermal stability,
structural integrity, and potent anticancer activity, positions it as a compelling candidate for advanced biomedical
applications.

5. CONCLUSION

In conclusion, this study successfully demonstrated the green synthesis of CuO NPs using Dictyota algal extract,
highlighting the extract’s dual role as a reducing and stabilizing agent. The incorporation of CuO NPs into
starch/PVA nanofibrous scaffolds was confirmed through comprehensive characterization techniques, including
UV-Visible spectroscopy, FTIR, XRD, SEM, and thermal analysis. These analyses revealed effective nanoparticle
formation, stable integration within the polymer matrix, and enhanced thermal stability of the composite scaffolds.
Moreover, the nanoscaffolds exhibited uniform morphology and maintained good colloidal stability, essential for
biomedical applicability. Importantly, the starch/PVA/CuO-NP scaffolds showed superior anticancer activity
against both colon and breast cancer cell lines compared to the individual components, emphasizing their potential
as effective therapeutic agents. Collectively, the findings underscore the promise of these biocompatible
nanocomposite scaffolds for future cancer therapy applications, warranting further in-depth biological and in vivo
investigations to fully explore their clinical potential.
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Fig. 1. UV-Visible spectral profiles of algal extract and CuO NPs.
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Fig. 4. SEM analysis of fabricated starch/PVA/CuO-NPs
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Fig.6. DLS particles size analysis of CuO NPs
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