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ABSTRACT

The present study outlines an eco-friendly ultrasonic method to produce CuO nanoparticles from Sargassum
muticum extract and embed them into starch—PV A nanofibers. UV-Vis analysis showed a 270 nm absorption peak,
while FTIR confirmed functional groups involved in nanoparticle formation and stabilization, while X-ray
diffraction (XRD) confirmed a monoclinic crystalline structure (JCPDS 05-0661). Scanning electron microscopy
(SEM) imaging demonstrated uniform nanoparticle dispersion within the porous, fibrous nanoscaffold matrix, and
Thermogravimetric analysis (TGA) indicated thermal stability up to 243°C. Dynamic light scattering (DLS)
revealed a particle size of 92.1 nm with moderate colloidal stability (zeta potential: —12.62 mV). The anticancer
activity of the extract, CuO nanoparticles, and starch/PVA/CuO-loaded scaffolds was tested on HT-29 and MCF-
7 cells. The composite scaffolds showed the moderate cytotoxic response, with ICso values of 12 pg/mL and 20
pg/mL, outperforming both the nanoparticles and the crude extract. These results highlight the scaffold’s
enhanced therapeutic potential, likely due to improved nanoparticle delivery and bioavailability. The findings
position starch/PVA/CuO-NPs nanoscaffolds as a promising platform for targeted cancer therapy, warranting
further mechanistic and in vivo investigations.

KEYWORDS: Sargassum muticum, Biogenic CuONPs, Starch/PVA/CuONPs nanoscaffolds, Anticancer
activity.

1. INTRODUCTION

Nanotechnology has revolutionized the field of biomedical sciences by enabling the development of
multifunctional nanomaterials with tailored properties for therapeutic applications [1]. Among these, metal oxide
nanoparticles, such as copper oxide nanoparticles (CuO NPs), have garnered significant attention due to their
unique physicochemical features, including high surface area, stability, catalytic activity, and inherent biological
functionalities [2]. These properties make CuO NPs promising candidates for anticancer therapies, antimicrobial
agents, and drug delivery systems [3]. However, conventional chemical synthesis methods of CuO NPs often
involve toxic reagents and harsh conditions, raising concerns about environmental safety and biocompatibility [2].
In this context, green synthesis using natural extracts has emerged as an eco-friendly, sustainable alternative that
not only reduces the environmental footprint but also imparts additional biological activity through phytochemical
capping agents [4].

Marine macroalgae, widely recognized for their rich reservoir of bioactive compounds such as polyphenols,
flavonoids, terpenoids, and polysaccharides, represent an underexplored source for the biogenic synthesis of
nanoparticles [5]. Among these, Sargassum muticum, a brown marine macroalgae commonly found in intertidal
zones, exhibits a potent array of antioxidants and secondary metabolites with diverse pharmacological properties
including anti-inflammatory, antimicrobial, and anticancer effects [6]. Harnessing the phytoconstituents of S.
muticum as reducing and stabilizing agents in the synthesis of CuO NPs not only facilitates particle formation
under mild conditions but also potentially enhances the therapeutic efficacy of the nanoparticles through
synergistic bioactivity [7].

Ultrasonic-assisted extraction techniques have been increasingly adopted to enhance the yield and efficacy of
bioactive compound retrieval from natural sources [8]. The cavitation effect generated by ultrasound waves
disrupts plant cell walls and promotes efficient mass transfer, enabling the release of phytochemicals in higher
concentrations compared to conventional methods [9]. Utilizing ultrasound-assisted extraction of S. muticum
extract for the biogenic synthesis of CuO NPs thus offers a dual advantage: improved extraction efficiency of

Genetics and Molecular Research 25 (16s): 2026 1


mailto:akshivan1965@gmail.com
mailto:arepalli.chakri@gmail.com
mailto:sattanathanphd@gmail.com
mailto:sattanathanphd@gmail.com

active biomolecules and facilitation of nanoparticle formation with desirable characteristics such as uniform size
distribution and surface functionalization [10, 11].

For effective biomedical applications, particularly in cancer therapy, nanoparticle delivery systems must possess
biocompatibility, controlled release profiles, and the ability to interact favorably with biological tissues [12].
Electrospun nanofibrous scaffolds fabricated from biopolymers provide an excellent platform to address these
needs [13]. Electrospinning is a versatile and facile technique capable of producing continuous fibers with
nanoscale diameters, high porosity, and interconnected pore structures, closely mimicking the extracellular matrix
(ECM) [14]. Such scaffolds support cell adhesion, proliferation, and controlled release of incorporated therapeutic
agents [15]. Blending natural polysaccharides such as starch with synthetic polymers like polyvinyl alcohol (PVA)
combines the advantages of biodegradability, mechanical strength, and processability, yielding scaffolds with
desirable physicochemical and biological properties [16].

Incorporation of biogenically synthesized CuO NPs into starch/PVA electrospun scaffolds can potentially create
a multifunctional nanocomposite with enhanced anticancer efficacy [17]. The CuO NPs act as active agents that
can induce reactive oxygen species (ROS) generation within cancer cells, leading to oxidative stress-mediated
apoptosis, while the polymeric matrix ensures sustained delivery and biocompatibility [18]. Additionally, the
phytochemical coating derived from S. muticum may further potentiate anticancer effects and reduce systemic
toxicity [19]. Such integrative nanoscaffolds open new avenues for localized cancer treatment, minimizing side
effects commonly associated with systemic chemotherapy [20].

Although previous studies have explored the biosynthesis of CuO NPs using various terrestrial plant extracts and
their incorporation into polymeric matrices, the combination of ultrasonic-assisted biogenic synthesis from marine
macroalgae and electrospinning of starch/PVA nanofibers remains largely unexplored [21]. Moreover, the
comprehensive physicochemical characterization of these novel nanoscaffolds and their evaluation against human
cancer cell lines such as colon adenocarcinoma (HT-29) and breast cancer (MCF-7) is crucial for validating their
therapeutic potential [22]. Parameters such as particle size, surface charge, crystallinity, thermal stability, fiber
morphology, and nanoparticle dispersion within the scaffold matrix directly influence biological interactions and
anticancer efficacy [23].

Therefore, the present study focuses on the green synthesis of CuO NPs using ultrasonic-assisted aqueous extract
of S. muticum, followed by their incorporation into starch/PVA electrospun nanofibers [24]. The study aims to
thoroughly characterize the physicochemical properties of the synthesized nanoparticles and the resulting
nanoscaffolds using spectroscopic, microscopic, and thermal analytical techniques [25]. Furthermore, it evaluates
the anticancer potential of these nanocomposites through in vitro cytotoxicity assays on HT-29 and MCF-7 cell
lines [26]. This approach not only emphasizes sustainable nanoparticle synthesis leveraging marine resources but
also offers innovative nanofibrous biomaterials that could advance cancer therapeutics [27].

2. MATERIALS AND METHODS

2.1. Collection and preparation of marine macroalgae

Specimens of S. muticum were manually collected from intertidal zones along the coastal region near
Rameswaram. The collected Sargassum muticum was taxonomically identified and authenticated by Dr V.
Veeragurunathan, CSIR-CSMCRI-Marine Algal Research Station, Mandapam Camp 623519, Tamil Nadu, India.
A voucher specimen was prepared and deposited at the Herbarium of the CSIR-CSMCRI-Marine Algal Research
Station, under the accession number: SI-2025-RMM-016. This authentication ensures botanical accuracy and
standardization of the study material. Immediately after collection, samples were stored in chilled containers to
maintain freshness during transport to the laboratory. Upon receipt, the algal biomass was rinsed thoroughly with
running tap water to remove sand, debris, and epiphytic organisms. This cleaning was followed by multiple washes
with distilled water to achieve purity. The cleaned algae were then cut into small segments and dried naturally in
a shaded, ventilated environment at room temperature for about two weeks. After complete drying, the samples
were ground into a fine powder using a mechanical grinder, and the powder was stored in airtight containers at
ambient conditions until further use.

2.2. Phytochemical extraction by ultrasonic treatment

For the extraction of phytochemicals, 2g of excellently ground S. muticum were mixed with 50 mL of Milli-Q
water and processed in a LABQUEST ultrasonic bath (Borosil; Serial No. 941032329018) at 60 °C for 45 minutes.
Ultrasonic cavitation improved the release of active constituents. The extract was then passed through Whatman
No.1 filter paper to obtain a clean aqueous filtrate. The extract was temporarily stored at 4°C and subsequently
freeze-dried using a lyophilizer for long-term preservation and downstream applications [28, 29].

2.3. Green synthesis of CuO NPs

The biosynthesis of CuO NPs was carried out by mixing 50 mL of 0.1 M CuSQO4-5H-0 solution with 10 mL of S.
muticum extract, prepared by dissolving 10 mg of lyophilized powder in 10 mL Milli-Q water, maintaining a
volume ratio of 5:1. The combined solution was stirred continuously at 650 rpm and heated at 60°C for 2 hours.
A visible shift from blue to a bluish-green tint indicated the successful reduction of copper ions and nanoparticle
formation. The resulting mixture was centrifuged, and the collected pellet was rinsed three times with double-
distilled water to eliminate remaining impurities and organic residues. The purified nanoparticles were freeze-
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dried for 48 hours and stored in a moisture-free container for further characterization and incorporation into
scaffolds [30].

2.4. Electrospinning of starch/PVA nanofibers containing CuO NPs

For nanocomposite fiber preparation, a 15% (w/w) PVA solution was first prepared in Milli-Q water with
continuous stirring until completely dissolved. To this, 100 mg each of starch and CuO nanoparticles were
incorporated, and the mixture was kept at 50 °C with vigorous stirring for 2.5 hours to achieve uniform dispersion.
The resulting blend was transferred to a syringe equipped with a stainless-steel needle (0.84 mm internal diameter)
and mounted on the HOLMARC HO-NFES-040 electrospinning unit. Optimal electrospinning conditions
included an applied voltage of 11.5 kV, a 12.3 cm tip-to-collector distance, and a feed rate of 0.4 mL/h. The
electrospinning process was carried out at room temperature for 6 to 8 hours, and the resulting nanofiber mats
were collected and stored in a desiccator for future use and characterization [31-33].

2.5. Physicochemical characterization of nanoparticles and electrospun mats

2.5.1. UV-Vis spectroscopic analysis

Optical properties of the S. muticum extract and the synthesized CuO NPs were analyzed using a VIS SPEC V-
730 spectrophotometer, scanning wavelengths from 200 to 800 nm. Deionized water served as the blank. The
presence of characteristic surface plasmon resonance (SPR) peaks indicated successful nanoparticle formation
[34].

2.5.2. Fourier-transform infrared (FTIR) spectroscopy

FTIR analysis was carried out on a PerkinElmer Spectrum Two system using ATR mode. Spectra were collected
between 4000 and 400 cm™ at a resolution of 4 cm™, with 64 scans for each sample. The identified bands
corresponded to hydroxyl, phenolic, carbonyl, and metal-oxygen functional groups [35].

2.5.3. X-ray diffraction (XRD) analysis

X-ray diffraction was performed using a Bruker D8 Advance system equipped with CuKa radiation (A = 1.5406
A) and operated at 40 kV and 40 mA. Diffraction patterns were recorded across a 20 range of 5° to 90°, using a
step interval of 0.029649°. The diffraction peaks were compared with standard JCPDS data to confirm CuO phase
purity [36].

2.5.4. Scanning Electron Microscope (SEM) imaging

Surface features and nanoparticle distribution were analyzed using a JEOL JSM-IT800 NANO scanning electron
microscope. Before imaging, the samples were coated with a thin layer of gold to improve surface conductivity
and obtain clear micrographs. SEM images were analyzed to measure fiber diameters, nanoparticle distribution,
and surface structure [37].

2.5.5. Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed using a PerkinElmer TGA 8000 to evaluate the stability of the
nanofiber composites. Roughly 5 mg of each sample was heated from ambient temperature to 550 °C at a
controlled rate of 15 °C/min under a nitrogen atmosphere. TGA curves provided insight into moisture loss,
polymer degradation, and residual mass [38].

2.5.6. Particle size and zeta potential

The hydrodynamic size distribution and surface charge of CuO NPs were measured using a Malvern Zetasizer
Ultra. Zeta potential values were used to evaluate the colloidal stability, where higher absolute values suggested
strong electrostatic repulsion and stable dispersions [39].

All experimental datasets are publicly accessible in the Mendeley Data repository, DOI: 10.17632/jrs2y2hp7v.2.

2.6. In vitro anticancer activity

2.6.1. Cell procurement and culture

HT-29 colon cancer cells and MCF-7 breast cancer cells were sourced from the National Centre for Cell Science
(NCCS), Pune, India. Both cell lines were maintained according to NCCS guidelines in Minimum Essential
Medium (MEM) supplemented with 10% FBS and incubated at 37 °C in a 5% CO:-humidified environment [26].
2.6.2. MTT assay for cell viability

HT-29 and MCF-7 cell lines, procured from the National Centre for Cell Science (NCCS), Pune, were used as
authenticated models for evaluating anticancer effects. Cells were plated at a density of 5 x 10° cells per well in
96-well plates and allowed to settle overnight. Treatments with S. muticum extract, CuO nanoparticles, and
starch/PVA/CuO nanoscaffolds were applied at concentrations of 6.25, 12.5, 25, 50, and 100 pg/mL, each in
triplicate, and cultures were incubated for 24 hours at 37 °C in a 5% CO. atmosphere. After treatment, 20 pL of
MTT reagent was added to each well and left for 4 hours to allow for formazan formation. The resulting crystals
were dissolved in 200 pL of DMSO, and absorbance was measured at 570 nm. Experiments were repeated thrice
independently for reproducibility. Mean absorbance values and standard deviations were calculated for data
analysis [40].

2.7. Statistical analysis

Data analysis was carried out using SPSS 25.0 and GraphPad Prism 9.0. Results from triplicate assays are
presented as mean + standard deviation. Group differences were evaluated using one-way ANOVA with Tukey’s
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or Dunnett’s post-hoc comparisons where applicable, considering p < 0.05 as statistically significant. Normality
was examined using the Shapiro—Wilk test, and datasets that failed this criterion were log-transformed prior to
further analysis. Pearson’s correlation was used to explore associations between variables, and all findings were
interpreted within a 95% confidence interval [41].

3. RESULTS

3.1. UV-visible spectroscopy

UV-Visible spectra for both the S. muticum extract and the synthesized CuO nanoparticles were obtained using a
JASCO V-730 spectrophotometer across 200—800 nm with a 1 nm interval (Fig. 1). The extract showed
characteristic absorption linked to its bioactive compounds, whereas the CuO nanoparticles displayed a clear
plasmon-related peak at about 270 nm, confirming their successful formation. The absorbance value at this peak
was measured at 0.4776, confirming successful synthesis of CuO NPs. Instrument parameters, including a slit
width of 1.0 nm, scan speed of 1000 nm/min, and automatic filter adjustments, contributed to accurate spectral
capture. These findings highlight the unique optical signatures of CuO NPs compared to the original marine extract,
verifying their nanoscale generation.
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Fig. 1. UV-Visible absorption spectra comparing the S. muticum extract with the synthesized CuO
nanoparticles.

3.2. FTIR spectroscopy

FTIR spectra of the CuO NPs and starch/PVA nanoscaffolds were collected in ATR mode with a PerkinElmer
Spectrum Two spectrometer, scanning from 4000 to 400 cm™ at 4 cm ™ resolution (Fig. 2). The CuO NPs showed
broad O-H stretching vibrations centered at 3277 cm™, accompanied by absorption bands near 2700 and 2500
cm!, which suggest C—H stretching and possible carbonyl functional groups. The starch/PVA scaffold exhibited
pronounced C=0 stretching at 1500 cm™ and a notable peak around 840 cm™ attributed to glycosidic bond
vibrations. Bands below 1000 cm™, particularly near 600 cm™, corresponded to Cu—O bonding, affirming the
successful incorporation of copper oxide within the polymeric network. Overall, these spectral signatures confirm
both the preservation of key functional groups and the effective embedding of CuO NPs into the nanofiber matrix.
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Fig. 2. FTIR profiles of the synthesized CuO nanoparticles and the corresponding starch/PVA
nanoscaffolds containing CuO nanoparticles.

Transmittance %

Genetics and Molecular Research 25 (16s): 2026 4



3.3. XRD analysis

XRD patterns were obtained using a Bruker D8 Advance diffractometer with CuKa radiation (A = 1.5406 A),
scanning 26 angles from 5° to 90°. The CuO NPs exhibited prominent diffraction peaks at 32.7° (110), 35.3° (002),
38.3°(111), and 48.1° (202), characteristic of a monoclinic crystalline structure and matching the JCPDS card no.
05-0661. The starch/PVA electrospun scaffold displayed semicrystalline diffraction peaks at 19.3°, 21.4°, and
23.5°, with additional reflections near 26.5° and 29.5° (Fig. 3) attributable to the influence of the incorporated
CuO NPs. The interplanar d-spacing was calculated as 2.73 A for CuO NPs and 4.60 A for the scaffolds,

corroborating the crystalline integrity of the nanoparticles and their homogeneous dispersion throughout the
polymer matrix.
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Fig. 3. X-ray diffraction patterns of the prepared CuO nanoparticles and the nanoscaffolds incorporating
CuO nanoparticles.

3.4. SEM analysis

SEM images acquired with the JEOL JSM-IT800 NANO microscope revealed morphological differences between
pure CuO NPs and the starch/PVA composite nanoscaffolds (Fig. 4). CuO NPs appeared as aggregated clusters
displaying spherical to irregular shapes, while the nanofiber scaffold exhibited a porous, fibrous architecture with
a relatively smooth surface and minor bead formations. Nanoparticles were uniformly dispersed on the scaffold
surface, demonstrating effective loading and integration. The scaffold’s porous nature and fibrous morphology
suggest its suitability for biomedical applications that require high surface area and mechanical support.

Fig. 4. Scanning electron micrographs showing the morphology of the synthesized CuO nanoparticles and
the surface structure of the CuO-infused nanoscaffolds.
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3.5.TGA

Thermal stability and decomposition behavior of the nanocomposite scaffolds were investigated using under
nitrogen atmosphere from 25°C to 550°C (Fig. 5). The weight loss profile showed three distinct phases: initial
moisture evaporation below 150°C, main degradation of polymer components beginning at 243.0°C and peaking
at 349.6°C, and a residual mass of approximately 51.9%. The significant mass loss between 200°C and 400°C
corresponds primarily to starch and PVA polymer decomposition. The substantial residual mass indicates the

presence of thermally stable crosslinked structures or inorganic content such as CuO NPs, confirming that the
scaffold maintains structural integrity up to around 243°C.
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Fig. 5. Thermogravimetric analysis illustrating the degradation profile of the nanoscaffolds containing
CuO nanoparticles.

3.6. Zeta potential and particle size analysis

Dynamic light scattering (DLS) measurements determined the hydrodynamic diameter of the biosynthesized CuO
NPs to be 92.1 nm with a polydispersity index (PDI) of 0.8444, suggesting a moderately broad size distribution
(Fig. 6). The zeta potential analysis revealed a negative surface charge of —12.62 mV, with prominent peaks at
—20.85 mV and —8.99 mV (Fig. 7), indicating moderate colloidal stability primarily due to electrostatic repulsion.
The system’s conductivity was recorded at 0.07909 mS/cm, and a quality factor of 5.109 underscored the

reliability of measurements. Collectively, these parameters reflect that the synthesized CuO NPs possess sufficient
stability for suspension and incorporation into polymer matrices.
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Fig. 6. Dynamic light scattering profile showing the particle size distribution of the synthesized CuO
nanoparticles.
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Fig. 7. Zeta potential measurement depicting the surface charge and stability of the synthesized CuO
nanoparticles.

3.7. In vitro anticancer activity

The anticancer potential of the S. muticum extract, CuO nanoparticles, and the starch/PVA/CuO-NP scaffolds was
assessed in vitro using the MTT assay on HT-29 colon cancer cells and MCF-7 breast cancer cells (Fig. 8). All
treatments produced a concentration-dependent decline in cell viability, though their effectiveness varied across
the three formulations. Against the HT-29 cell line, the algal extract exhibited moderate cytotoxicity, reducing
cell viability from 100% (control) to 35.25% at the highest tested concentration of 100 pg/mL. The half-maximal
inhibitory concentration (ICso) for the algal extract was calculated to be approximately 30 pg/mL, indicating its
ability to induce significant cell death at moderate doses. In comparison, CuO NPs displayed stronger anticancer
activity, lowering cell viability to 24.83% at 100 ug/mL, with an IC50 value of 18 ug/mL. This suggests that the
metallic nanoparticles possess enhanced cytotoxic properties compared to the crude algal extract. However, the
most potent effect was observed with the starch/PVA/CuO-NPs nanoscaffolds, which reduced HT-29 cell viability
to just 17.88% at 100 ug/mL and exhibited an IC50 of 12 pg/mL. This remarkable efficacy highlights the
advantage of the nanoscaffold formulation in improving the delivery or bioavailability of the active components.
Similarly, in MCF-7 breast cancer cells, the algal extract reduced cell viability to 49.05% at 100 pg/mL, with an
IC50 value of 40 ug/mL. While this indicates a measurable anticancer effect, it was less pronounced than that of
the other formulations. CuO NPs demonstrated greater cytotoxicity, decreasing viability to 40.47% at the same
concentration, with an IC50 of 28 ug/mL. Once again, the starch/PVA/CuO-NPs nanoscaffolds outperformed
both the extract and the standalone nanoparticles, achieving a viability reduction to 27.42% at 100 pg/mL and an
IC50 of 20 pg/mL. These findings suggest that the nanoscaffold system enhances the therapeutic potential of CuO
NPs, possibly through improved cellular uptake or sustained release mechanisms.
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Fig. 8. Comparative anticancer effects of the S. muticum extract, CuO nanoparticles, and
starch/PVA/CuO-NP nanoscaffolds on cancer cell lines.

The comparative analysis of IC50 values across both cell lines reveals a consistent trend: the starch/PVA/CuO-
NPs nanoscaffolds exhibit the highest anticancer activity, followed by CuO NPs, and then the algal extract. This
hierarchy suggests that the nanoscaffold formulation not only enhances the efficacy of CuO NPs but also provides
a more effective therapeutic approach than the crude extract alone. The improved performance of the
nanoscaffolds could be attributed to their structural properties, such as increased surface area, controlled release
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kinetics, or enhanced interaction with cancer cells. These results underscore the potential of starch/PVA/CuO-
NPs nanoscaffolds as a promising candidate for further development in cancer therapy, warranting additional
studies to elucidate their mechanisms of action and evaluate their performance in in vivo models.

4. DISCUSSION

The optical characterization of the biosynthesized CuO NPs via UV—Visible spectroscopy revealed a distinctive
surface plasmon resonance (SPR) peak at 270 nm, which serves as a critical hallmark confirming nanoparticle
formation. The observed SPR peak, absent in the original S. muticum extract, clearly differentiates the synthesized
nanostructures from the bulk phytochemical components. This characteristic absorption arises from collective
electron oscillations on the nanoparticle surface, validating the successful reduction of copper ions to CuO NPs.
The precise spectral data obtained under controlled instrumental parameters further substantiates the
reproducibility of the biosynthesis process. The shift and intensity of the SPR band indicate nanoscale dimensions
and confirm the optical properties intrinsic to CuO, which are essential for subsequent biological applications [42-
47].

FTIR spectroscopy provided valuable insights into the chemical interactions and structural integrity of the
synthesized nanoparticles and their integration within the starch/PVA nanoscaffolds. The broad O—H stretching
vibration observed near 3277 cm™ in CuO NPs suggests the presence of surface hydroxyl groups or adsorbed
moisture, which can influence nanoparticle stability and surface reactivity. Peaks associated with C—H and
possible carbonyl groups denote residual phytochemical capping agents, implicating bio-organic molecules in the
stabilization of the nanoparticles during synthesis. The scaffold’s FTIR spectra revealed characteristic bands
corresponding to starch and PVA functional groups, with the prominent C=0 stretching vibration at 1500 cm™
confirming the polymeric matrix’s chemical composition. Notably, the Cu—O bond vibration near 600 cm™ is
definitive evidence of CuO NP incorporation within the scaffold, signifying successful physical embedding
without disrupting the polymer network. These spectral observations collectively confirm that the nanocomposite
preserves essential functional groups, which are likely pivotal for biocompatibility and therapeutic efficacy [48-
53].

XRD analysis reinforced the crystalline nature of the synthesized CuO NPs, with diffraction peaks matching the
monoclinic phase outlined in standard reference data (JCPDS 05-0661). The retention of crystalline structure post-
synthesis is crucial for the nanoparticles’ functional properties, including catalytic and biomedical activities. The
semicrystalline nature of the starch/PVA scaffold, as indicated by characteristic peaks at 19.3°, 21.4°, and 23.5°,
suggests partial crystallinity typical of such biopolymer blends, which can influence mechanical strength and
degradation profiles. Importantly, the additional reflections detected near 26.5° and 29.5° in the nanocomposite
confirm the homogeneous dispersion of CuO NPs within the polymer matrix, potentially enhancing scaffold
functionality through synergistic interactions. The calculated d-spacing values further substantiate the retention
of crystallinity and uniform nanoparticle distribution, which are vital for consistent performance in biomedical
contexts [54-59].

SEM imaging elucidated the morphological distinctions between the bare CuO NPs and the composite scaffolds.
The nanoparticles’ aggregated clusters with spherical to irregular shapes align with typical biosynthesis outcomes,
where bio-organic molecules often induce agglomeration. The scaffold’s porous, fibrous structure with minor
bead formations is characteristic of electrospun polymer blends, providing a high surface area that can facilitate
cellular interactions and nutrient exchange. The uniform distribution of CuO NPs on the scaffold surface observed
in SEM images confirms effective loading, an essential factor for ensuring consistent therapeutic effects. The
scaffold morphology, combining porosity with mechanical integrity, suggests suitability for applications such as
tissue engineering or drug delivery, where scaffold architecture critically influences biological response [60-67].
TGA highlighted the thermal stability and decomposition behavior of the nanocomposite scaffold. The three-stage
weight loss profile is typical for polymeric systems containing inorganic fillers. Initial moisture loss below 150°C
reflects surface-adsorbed water, while the major degradation between 243°C and 350°C corresponds to the
breakdown of starch and PV A chains. The significant residual mass (~51.9%) after heating indicates the presence
of thermally stable components, primarily CuO NPs and possibly crosslinked polymer domains formed during
scaffold fabrication. This residual fraction suggests that the nanocomposite can withstand physiological
temperatures without significant structural compromise, which is critical for maintaining scaffold integrity during
biomedical use. The TGA data collectively demonstrate that the scaffold’s thermal resilience is enhanced by
nanoparticle incorporation, which may also improve its durability in clinical applications [68-72].

DLS and zeta potential analyses provide a comprehensive understanding of nanoparticle size distribution and
colloidal stability—two parameters essential for biomedical applicability. The hydrodynamic diameter of
approximately 92 nm situates the nanoparticles within the optimal size range for cellular uptake and enhanced
permeability. The relatively high polydispersity index (PDI) indicates a moderate size distribution, common in
biosynthesized nanoparticles where natural capping agents influence growth kinetics. The zeta potential value of
—12.62 mV reflects a moderate negative surface charge, sufficient to confer electrostatic repulsion that prevents
rapid aggregation, thereby maintaining nanoparticle dispersion in suspension. The peaks at —20.85 mV and —8.99
mV likely correspond to different surface environments or capping molecules. Combined with the measured
conductivity and quality factor, these findings confirm that the nanoparticles remain stable and well-dispersed,
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prerequisites for successful incorporation into polymer scaffolds and for their interaction with biological systems
[73-77].

The in vitro anticancer efficacy of the algal extract, CuO NPs, and starch/PVA/CuO nanoscaffolds against HT-29
and MCF-7 cell lines revealed a clear trend of increasing cytotoxicity from the crude extract to the nanoparticle
form and finally to the nanoscaffold formulation. The enhanced potency observed with CuO NPs compared to the
extract underscores the value of nanostructuring, which can improve cellular internalization and reactive oxygen
species (ROS) generation, leading to apoptosis induction. The superior anticancer activity of the nanoscaffold
likely arises from improved bioavailability and controlled release kinetics afforded by the polymer matrix, which
can facilitate sustained delivery of CuO NPs to cancer cells. This enhancement is evident from the lower IC50
values obtained with the scaffold, reflecting more effective cell growth inhibition. The porous and fibrous scaffold
morphology, combined with nanoparticle integration, probably facilitates greater interaction with the cell
membrane and penetration, which are critical for anticancer activity. These results suggest the nanocomposite
system holds significant promise as a therapeutic platform, combining the advantages of natural polymers and
metal oxide nanoparticles for targeted cancer treatment [78-80].

Overall, the multidisciplinary characterization—from physicochemical properties to biological activity—
demonstrates the potential of CuO NP-loaded starch/PVA scaffolds as effective anticancer agents. The synergy
between nanoparticle properties and scaffold architecture enables enhanced stability, controlled release, and
superior cytotoxicity, warranting further mechanistic and in vivo investigations to fully harness this
nanocomposite’s therapeutic potential

5. CONCLUSION

This work confirmed that S. muticum extract can serve as an efficient green route for producing CuO nanoparticles,
which were subsequently integrated into starch/PV A nanoscaffolds. Comprehensive characterization verified the
presence of uniformly distributed, crystalline CuO particles with marked optical, structural, and thermal features.
The nanoscaffolds exhibited a porous, fibrous architecture ideal for biomedical applications, ensuring stable
integration of the nanoparticles. Importantly, the in vitro anticancer assessments revealed that the
starch/PVA/CuO nanoscaffolds significantly enhanced cytotoxicity against HT-29 and MCF-7 cancer cell lines
compared to both the crude algal extract and isolated CuO NPs. This improvement highlights the potential of the
nanoscaffold system to improve nanoparticle bioavailability and therapeutic efficacy. Overall, the findings
underscore the promise of these biopolymer-based nanocomposites as effective and sustainable candidates for
anticancer therapy, paving the way for further in-depth biological studies and potential clinical applications.
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