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ABSTRACT

This study developed starch/PVA electrospun nanoscaffolds incorporating Padina tetrastromatica-synthesized
CuO nanoparticles (NPs) and evaluated their physicochemical and anticancer properties. UV-Vis, Fourier-
transform infrared spectroscopy (FTIR), and X-ray diffraction (XRD) confirmed CuO NP formation (monoclinic
phase) and scaffold integration, while Scanning electron microscopy (SEM) revealed a porous, fibrous structure.
Thermogravimetric analysis (TGA) indicated stability up to 300°C, and Dynamic light scattering (DLS) showed
NPs with 108 nm size and -22.13 mV zeta potential. In vitro MTT assays against HT-29 and MCF-7 cells
demonstrated concentration-dependent cytotoxicity, with nanoscaffolds exhibiting the highest potency (ICso: 10—
15 pg/mL) compared to CuO NPs (15-25 pg/mL) and algal extract (3045 pg/mL). The nanoscaffolds’ enhanced
efficacy is attributed to synergistic effects of CuO NPs and the polymeric matrix, facilitating efficient drug
delivery. These results underscore the potential of green-synthesized nanoscaffolds as a biocompatible and
effective platform for anticancer therapy.

KEYWORDS: Padina tetrastromatica, Green synthesis, CuO NPs, Starch/PVA/CuO-NPs nanoscaffolds,
Anticancer activity.

1. INTRODUCTION

In recent years, the intersection of nanotechnology and biomedicine has ushered in a new era of innovative
materials designed to improve cancer diagnosis and treatment [1]. Among the diverse nanomaterials explored,
copper oxide nanoparticles (CuO NPs) have garnered considerable attention due to their unique physicochemical
properties, biocompatibility, and potent bioactivities, including antimicrobial, antioxidant, and anticancer effects
[2]. Their multifaceted functionality makes CuO NPs promising candidates for cancer therapeutics, particularly
as drug delivery agents or as components of advanced scaffold systems that support tissue regeneration while
exerting cytotoxic effects on tumor cells [3].

Despite their potential, traditional chemical synthesis methods for CuO NPs often involve hazardous reagents and
generate toxic by-products, raising environmental and safety concerns [2]. To overcome these limitations, green
synthesis approaches have emerged as sustainable alternatives, utilizing biological resources such as plant extracts,
microorganisms, and marine algae to reduce metal ions into nanoparticles under mild conditions [4]. This
bioinspired synthesis not only minimizes ecological footprints but also imparts intrinsic bioactive molecules onto
the nanoparticle surface, enhancing stability and biological efficacy [5].

Among the rich sources of natural bioactives, marine macroalgae have attracted significant interest for
nanoparticle synthesis due to their abundant phytochemicals, including polyphenols, polysaccharides, proteins,
and pigments, which act as reducing and capping agents [6]. Brown macroalgae, in particular, contain fucoidans,
alginates, and other compounds with well-documented antioxidant and anticancer properties [7]. Padina
tetrastromatica, a widely distributed brown alga found along the Indian coastline, has been shown to possess
diverse bioactivities, making it an ideal candidate for green synthesis of CuO NPs [8]. Utilizing ultrasonic-assisted
extraction (UAE) methods further enhances the yield and activity of algal bioactives by efficiently disrupting cell
walls, leading to enriched extracts that can facilitate nanoparticle formation [9].

While nanoparticles possess impressive individual capabilities, their integration into polymeric nanofibrous
scaffolds combines the advantages of nanotechnology and biomaterials science [10]. Electrospinning technology
allows the fabrication of continuous nanofibers with high surface area-to-volume ratios, tunable porosity, and
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structural resemblance to native extracellular matrix (ECM) [11]. These features are critical for applications in
tissue engineering and localized cancer therapy, where scaffolds can act as platforms for controlled drug release
and cell interaction [12].

Polyvinyl alcohol (PVA) is a synthetic, biocompatible polymer extensively used in electrospinning due to its
hydrophilicity, mechanical strength, and film-forming ability [13]. However, its inherent limitations in biological
functionality necessitate blending with natural polymers. Starch, a biodegradable polysaccharide abundant in
nature, complements PVA by enhancing scaffold biocompatibility and biodegradability [14]. Incorporating starch
within PVA matrices improves mechanical properties and provides sites for nanoparticle binding, which is
essential for developing stable nanocomposites [15].

Combining CuO NPs biosynthesized using P. tetrastromatica extract with starch/PVA nanofibers presents a
promising strategy for creating multifunctional scaffolds with enhanced anticancer efficacy and favorable
physicochemical characteristics [16]. The CuO NPs embedded within the nanofibers can exert localized cytotoxic
effects on cancer cells, while the biocompatible polymer matrix supports cellular interactions and maintains
scaffold integrity [17]. Such hybrid scaffolds are especially attractive for cancer treatment modalities requiring
minimal systemic toxicity and targeted therapeutic action [18].

However, to realize the full potential of these composite nanofibrous scaffolds, comprehensive characterization
is necessary [19]. Physicochemical analyses such as UV-Visible spectroscopy, Fourier-transform infrared (FTIR)
spectroscopy, X-ray diffraction (XRD), scanning electron microscopy (SEM), and thermogravimetric analysis
(TGA) provide insights into nanoparticle formation, polymer-nanoparticle interactions, crystallinity, morphology,
and thermal stability [20]. Additionally, dynamic light scattering (DLS) and zeta potential measurements elucidate
nanoparticle size distribution and colloidal stability, critical factors influencing biological behavior [21].

In vitro anticancer activity evaluation using well-established human cancer cell lines, such as HT-29 (colon
adenocarcinoma) and MCF-7 (breast cancer), offers preliminary yet vital data on the cytotoxic potential and dose-
dependent effects of the scaffolds compared to free nanoparticles and algal extracts alone [22]. MTT assays
facilitate quantification of cell viability and proliferation, helping to assess therapeutic efficacy and potential
selectivity [23].

The present study aims to harness the green synthesis capabilities of ultrasonic-assisted P. fetrastromatica extracts
for producing CuO NPs and incorporate them into starch/PVA electrospun nanofibers to fabricate novel bioactive
scaffolds [24]. These scaffolds are meticulously designed and characterized for their physicochemical properties
and evaluated for anticancer activity against human cancer cell lines [25]. This multidisciplinary approach bridges
marine biotechnology, nanomaterials engineering, and cancer biology to develop environmentally friendly,
effective nanoscaffolds with translational potential in cancer therapy [26].

By integrating renewable marine resources, green chemistry, and advanced nanofabrication techniques, this
research contributes to the expanding field of sustainable nanomedicine [27]. The findings not only enhance
understanding of the interactions between biogenic CuO nanoparticles and polymer matrices but also pave the
way for future development of multifunctional biomaterials tailored for oncology applications. The novel
nanoscaffolds reported here hold promise for improving localized cancer treatment, reducing side effects, and
advancing the design of smart therapeutic platforms.

2. MATERIALS AND METHODS

2.1. Materials

The brown marine macroalga P. tetrastromatica was collected from the coastal region of Rameswaram, Tamil
Nadu, India, for use in the green synthesis of CuO NPs. Copper(I) sulfate pentahydrate (CuSOa4-5H20; Sigma-
Aldrich) was utilized as the metal salt precursor. PVA with an approximate molecular weight of 115,000 was
selected as the primary polymer matrix for electrospinning, and native starch sourced locally was added to enhance
the scaffold’s mechanical properties. All reagents, including ethanol and Milli-Q water (Merck, Sigma-Aldrich),
were of analytical grade. Nanofiber fabrication was performed using a HOLMARC HO-NFES-040
electrospinning setup coupled with a precision syringe pump. Characterization techniques employed included
UV-Vis spectrophotometry (VIS SPEC V-730), FTIR(PerkinElmer Spectrum Two), XRD (Bruker D8 Advance),
SEM (JEOL JSM-IT800 NANO), DLS and zeta potential analysis (Malvern Zetasizer Ultra), and TGA
(PerkinElmer TGA 8000). HT-29 and MCF-7 cells were obtained from the National Centre for Cell Science
(NCCS), Pune, India, which provided authenticated and contamination-free cell stocks for biological
investigations focused on anticancer activity.

2.2. Marine macroalgae collection

Samples of P. tetrastromatica were handpicked from intertidal zones along the Rameswaram coastline. The
collected Padina tetrastromatica 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-015. This authentication ensures botanical accuracy and
standardization of the study material. The collected biomass was initially rinsed under tap water to remove sand,
epiphytes, and debris, followed by several thorough washes with distilled water to eliminate residual salt and
contaminants. Approximately 100 grams of the cleaned seaweed were cut into smaller portions to facilitate even
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drying. These were then air-dried for about two weeks in a shaded, well-ventilated environment to maintain the
integrity of bioactive compounds. Once completely dried, the material was pulverized into a uniform fine powder
using an electric grinder to standardize particle size for extraction purposes.

2.3. Ultrasound-Assisted Extraction (UAE)

For bioactive compound extraction, 2 g of powdered P. tetrastromatica was dispersed in 50 mL of Milli-Q water.
The mixture underwent ultrasonication in a LABQUEST ultrasonic bath (Borosil; Serial No. 941032329018) at
60°C for 45 minutes. Cavitation effects from the ultrasound facilitated cell wall disruption, enhancing intracellular
compound release. Post-sonication, the extract was cooled to room temperature and filtered through sterile
Whatman No. 1 filter paper. The filtrate was stored at 10°C for immediate use, while an aliquot was freeze-dried
and sealed for long-term storage [28, 29].

2.4. Biosynthesis of CuO NPs

CuO NPs were biosynthesized through a green route using the algal extract as both the reducing and capping
agent. Ten milligrams of freeze-dried P. tetrastromatica extract was dissolved in 10 mL of Milli-Q water and
combined with 50 mL of 0.1 M CuSOa4-5H-0 in a 5:1 volume ratio. This mixture was magnetically stirred at 650
rpm and maintained at 60°C for 2 hours. The reaction progress was indicated by a color change from blue to a
bluish-green hue, signaling the reduction of Cu?" ions. The precipitated CuO NPs were collected by centrifugation,
washed thrice with distilled water to remove impurities, and lyophilized for 48 hours. The dried nanopowder was
preserved in desiccators for further application [30].

2.5. Electrospinning of CuO-starch/PVA nanofibers

Composite nanofibrous mats embedded with CuO NPs were prepared via electrospinning. A 15% (w/w) aqueous
PVA solution was first prepared with constant stirring until completely dissolved. Subsequently, 100 mg each of
starch and CuO NPs were added to the solution. The blend was heated to 50°C and stirred continuously for 2.5
hours to ensure uniform nanoparticle distribution. The final homogenous solution was transferred into a syringe
fitted with a stainless steel needle (0.84 mm inner diameter) and placed in a HOLMARC HO-NFES-040
electrospinning machine. Electrospinning was conducted at room temperature under optimized parameters: 11.5
kV applied voltage, 12.3 cm distance between the needle and collector, and a flow rate of 0.4 mL/h. The process
lasted between 6 and 8 hours, resulting in nanofiber mats that were peeled from aluminum foil and stored in a
desiccator [31-33].

2.6. Characterization of nanoparticles and nanofiber scaffolds

2.6.1. UV-visible spectroscopy

UV-Vis absorption spectra of synthesized CuO NPs were recorded using a VIS SPEC V-730 spectrophotometer
over the wavelength range of 200 to 800 nm, with deionized water as the reference blank. Characteristic
absorbance peaks, attributed to surface plasmon resonance, confirmed nanoparticle synthesis [34].

2.6.2. FTIR spectroscopy analysis

FTIR spectra for the CuO NPs and composite nanofibers were acquired using a PerkinElmer Spectrum Two FTIR
spectrometer equipped with an ATR accessory. Scanning was performed over 4000 to 400 cm™ at a spectral
resolution of 4 cm™, averaging 64 scans per sample. Spectra displayed functional groups such as hydroxyl,
phenolic, carboxylate, and Cu—O bond vibrations, indicating successful integration of the bioactive components
and nanoparticles in the scaffold [35].

2.6.3. XRD analysis

The crystallinity and phase purity of CuO NPs and composite scaffolds were evaluated with a Bruker D8 Advance
X-ray diffractometer utilizing CuKa radiation (L= 1.5406 A). Scans were conducted from 5° to 90° 20 with a step
size of 0.029649°, under 40 kV and 40 mA settings. Diffractogram peaks were matched with standard JCPDS
files to verify CuO formation and incorporation [8].

2.6.4. SEM analysis

Surface morphology and nanoparticle distribution within the nanofibers were examined via a JEOL JSM-IT800
NANO SEM. Samples were sputter-coated with gold to enhance electrical conductivity before imaging. SEM
micrographs revealed uniform fibers with well-embedded nanoparticles and a porous microstructure, confirming
scaffold integrity [36].

2.6.5. TGA

Thermal stability and compositional changes were assessed using PerkinElmer TGA 8000. Approximately 5 mg
of each sample was heated from room temperature to 550°C at a rate of 15°C/min under nitrogen flow. Weight
loss patterns corresponded to moisture evaporation, polymer degradation, and residue formation, providing
insights into scaffold thermal behavior [37].

2.6.6. Particle size and zeta potential

DLS and zeta potential analyses were performed using a Malvern Zetasizer Ultra to measure nanoparticle size
distribution and surface charge, respectively. High absolute zeta potential values suggested good colloidal stability
by preventing particle agglomeration in aqueous dispersion [38].

All raw and processed data are accessible in the Mendeley Data repository via DOI:10.17632/ddbgepm32x.2.
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2.7. In Vitro anticancer activity

2.7.1. Cell lines and culture conditions

Human colon 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 with 5% CO: atmosphere [39].

2.7.2. MTT assay for cell viability

HT-29 and MCF-7 cells were seeded in 96-well plates at a density of 5 x 10° cells per well and incubated overnight
for adherence. Cells were treated with varying concentrations (6.25, 12.5, 25, 50, and 100 pg/mL) of algal extract,
CuO NPs, and starch/PVA/CuO nanoparticle nanoscaffolds, in triplicates, followed by incubation for 24 hours at
37°C and 5% CO2. Subsequently, MTT reagent was added to each well and incubated for 4 hours. The resultant
formazan crystals were solubilized in 200 uL of dimethyl sulfoxide (DMSO), and absorbance was recorded at
570 nm using a spectrophotometer. Experiments were performed in triplicate independently, and mean values
with standard deviations were calculated [40].

2.8. Statistical analysis

Statistical evaluations were carried out using SPSS v25.0 and GraphPad Prism 9.0 software. Experimental results
from triplicate trials are expressed as mean + standard deviation. Group differences were assessed by one-way
ANOVA followed by post-hoc tests such as Tukey’s or Dunnett’s where appropriate. Statistical significance was
set at p < 0.05. Pearson correlation coefficients were calculated to analyze variable relationships. Data normality
was tested using the Shapiro—Wilk method; datasets failing normality were logarithmically transformed before
analysis. A 95% confidence interval was applied for all statistical interpretations [41].

3. RESULTS

3.1. UV-visible spectroscopy

The UV-Vis spectra (Fig. 1) of P. tetrastromatica extract and the synthesized CuO NPs were recorded using a
JASCO V-730 spectrophotometer within the 200-800 nm wavelength range, capturing data points every 1 nm
with a bandwidth of 1.0 nm. The CuO NPs displayed a distinct absorption peak at 273 nm (absorbance: 0.547),
attributed to surface plasmon resonance (SPR), confirming nanoparticle formation. In contrast, the algal extract
did not show a notable absorption peak, revealing distinct optical properties. Measurements were acquired at a
scan rate of 1000 nm/min with baseline correction applied to enhance precision. This spectral evaluation highlights
the utility of UV-Vis spectroscopy in verifying nanoparticle synthesis and differentiating the optical profiles of
biological extracts.

16 332 nm

N
L

—— Extract
CuO NPs

o
A

Absorbance (a.u.)
o o o
& o o

o
N
L

(=]
o

L)

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 1. UV—Visible spectral profiles of algal extract and CuO NPs.

3.2. FTIR spectroscopy analysis

FTIR spectra (Fig. 2), acquired on a PerkinElmer Spectrum IR instrument over the range of 4000—400 cm™, were
used to characterize chemical functional groups present in CuO NPs and starch/PVA nanoscaffolds. The CuO
NPs exhibited characteristic absorption bands at 602.84 cm™ and 433.39 cm™, corresponding to Cu—O stretching
modes, confirming metal-oxygen bonding. Peaks at 3136.73 cm™ (O-H stretching) and 1654.94 cm™ (C=0
stretching) suggested the presence of organic residues. The nanoscaffolds showed signature peaks at 3297.44 cm™
(O-H stretch), 1424.21 cm™ (C-H bending), and 1108.87 cm™ (C—-O-C stretching), consistent with
polysaccharide and PVA components. Additional bands below 1000 cm™ (940.79 cm™ and 601.52 cm™) indicated
polymer-metal interactions, confirming successful CuO NP incorporation within the scaffold matrix.
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.

3.3. XRD analysis

XRD patterns (Fig. 3) recorded using a Bruker D8 Advance diffractometer with CuKa radiation (A = 1.5406 A)
validated the crystalline nature of both CuO NPs and starch/PVA nanoscaffolds. The CuO NPs displayed sharp
diffraction peaks between 26 angles of 13.310° and 56.302°, corresponding to the monoclinic tenorite phase
(JCPDS no. 05-0661). The most intense peak at 18.938° (d-spacing: 4.68228 A) reflected pronounced crystallinity.
Conversely, nanoscaffolds exhibited a semi-crystalline structure, with prominent peaks at 21.307° (d = 4.16681
A) and 29.349° (d = 3.04070 A), accompanied by broad amorphous regions. The scaffold’s pattern indicated an
amorphous content of 82.9% and a crystalline fraction of 17.1%. The absence of extraneous peaks confirmed the
purity and composite integrity of the material.
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.
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3.4. SEM analysis

Surface morphology was examined through SEM using a JEOL JSM-IT800 NANO instrument. The CuO NPs
appeared as homogeneously dispersed particles, exhibiting shapes ranging from spherical to irregular (Fig. 4).
The starch/PVA nanoscaffolds revealed a porous, interconnected fibrous network characterized by smooth,
continuous, and bead-free fibers. CuO NPs were uniformly embedded within the polymeric framework without
visible aggregation. The scaffold’s three-dimensional porous morphology supports its suitability for biomedical
applications by facilitating nutrient diffusion and cell infiltration. These structural characteristics confirm effective
electrospinning and nanoparticle incorporation.
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Fig. 4. SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds.

3.5. TGA

Thermal behavior of the starch/PVA nanoscaffolds (Fig. 5) was evaluated via TGA using a PerkinElmer
instrument under nitrogen flow, with heating from 30°C to 550°C at 15°C/min. Initial mass loss below 150°C was
attributed to moisture evaporation. Major thermal degradation commenced at 298.21°C, peaked at 356.55°C, and
concluded by 395.85°C, corresponding to polymeric matrix breakdown. The total mass loss reached 41.912%,
indicating significant organic decomposition. The nanoscaffolds demonstrated thermal stability up to
approximately 300°C, followed by rapid decomposition. These results align with typical thermal profiles for
biopolymer-based materials and help define thermal limits for biomedical usage.
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Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds.

3.6. Zeta potential and particle size analysis

DLS analysis using a Malvern Zetasizer showed that CuO NPs had a hydrodynamic diameter (Z-average) of 108
nm (Fig. 6). Zeta potential measurements revealed an average surface charge of -22.13 mV, with distinct
subpopulations at -30.51 mV and -16.71 mV (Fig. 7), indicative of moderate colloidal stability. The negative
surface charge arises from functional groups on the particle surface, although the zeta potential values below +30
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mV suggest a tendency toward aggregation. The sample exhibited a conductivity of 0.03211 mS/cm and derived
count rates of 1570 kcps. These findings provide important insights into the dispersion stability and potential
biocompatibility of the nanoparticles.
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Fig.7. Zeta-potential analysis of CuO NPs

3.7. In vitro anticancer activity

The in vitro anticancer activity of algal extract, copper CuO NPs, and starch/PVA/CuO-NPs nanoscaffolds was
evaluated against HT-29 colon cancer cells and MCF-7 breast cancer cells using the MTT assay (Fig. 8). The
results demonstrated concentration-dependent cytotoxicity for all tested compounds, with varying degrees of
potency observed across the different formulations.

Against HT-29 cells, the algal extract exhibited moderate anticancer activity, reducing cell viability from 97.7%
at the lowest concentration (6.25 pug/mL) to 36.45% at the highest concentration (100 pg/mL). The ICso value,
representing the concentration required to inhibit 50% of cell growth, was estimated to be approximately 30-35
pg/mL. In comparison, CuO NPs showed stronger cytotoxic effects, decreasing viability from 82.7% to 26.03%
over the same concentration range, with an ICso of around 15-20 pg/mL. The starch/PVA/CuO-NPs nanoscaffolds

demonstrated the highest efficacy, causing a sharp decline in viability from 79.1% to 19.08%, and achieving an
ICso of approximately 10-12 ug/mL.
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Fig. 8. Anticancer activity analysis of algal extract, CuO-NPs and starch/PVA/CuO-NPs nanoscaffolds

Similar trends were observed in MCF-7 cells, though the overall sensitivity to the compounds was slightly lower.
The algal extract reduced viability from 96.7% to 47.45%, yielding an ICso of about 40—45 pg/mL. CuO NPs
exhibited improved activity, lowering viability from 86.2% to 38.87%, with an ICso of 20-25 pg/mL. Once again,
the nanoscaffolds outperformed the other formulations, decreasing viability from 79.8% to 25.82% and achieving
an ICso of 12—-15 pg/mL.

These findings highlight the superior anticancer potential of starch/PVA/CuO-NPs nanoscaffolds, which exhibited
the lowest ICso values against both cancer cell lines. CuO NPs demonstrated intermediate activity, while the algal
extract showed the least cytotoxicity. The results suggest that the nanoscaffold formulation enhances the delivery
or potency of the active components, making it a promising candidate for further development in cancer therapy.
The study underscores the importance of nanomaterial-based approaches in improving the efficacy of anticancer
agents.

4. DISCUSSION

The UV-Visible spectral analysis clearly substantiates the successful synthesis of CuO NPs using the P.
tetrastromatica extract. The distinct absorption peak observed at 273 nm is indicative of surface plasmon
resonance (SPR), a phenomenon commonly associated with metal and metal oxide nanoparticles due to collective
oscillations of conduction electrons on the nanoparticle surface. This peak confirms the formation of nanoscale
CuO particles, consistent with prior literature reporting characteristic SPR peaks in similar wavelength regions
for copper oxide nanostructures. In contrast, the absence of a defined peak in the algal extract suggests the lack
of nanoparticle formation in the raw biological material, emphasizing the distinct optical signatures of
nanoparticles versus bulk biological compounds. The precise wavelength range and scan parameters further
reinforce the reliability of these observations, underscoring UV-Vis spectroscopy as a rapid, non-destructive tool
for monitoring nanoparticle synthesis and differentiation from precursor extracts [42-47].

FTIR spectroscopy provided detailed insights into the chemical environment and bonding within both the
synthesized CuO NPs and the composite starch/PVA nanoscaffolds. The signature absorption bands in the low
wavenumber region at approximately 603 cm™ and 433 cm™ strongly correspond to Cu—O stretching vibrations,
unequivocally confirming the metal-oxygen bonding crucial to CuO’s structural integrity. Meanwhile, the
presence of broad hydroxyl (O—H) and carbonyl (C=0) peaks hints at residual organic moieties, likely originating
from biomolecules within the algal extract that act as reducing and capping agents during nanoparticle formation.
In the composite scaffolds, the characteristic peaks for polysaccharide and PVA components confirm the
successful blending of these biopolymers. Importantly, the appearance of bands below 1000 cm™ associated with
metal-polymer interactions indicates effective incorporation and binding of CuO NPs within the polymeric matrix.
This integration is vital for ensuring uniform dispersion, enhancing the mechanical and functional properties of
the scaffold, and preventing nanoparticle aggregation [48-53].

XRD analysis further confirmed the crystalline nature of the CuO NPs, with the observed peaks matching the
monoclinic tenorite phase, a well-known crystalline form of CuO. The sharp, intense peaks reflect high
crystallinity, essential for consistent physicochemical properties and bioactivity. The starch/PVA nanoscaffolds
exhibited a semi-crystalline structure with predominant amorphous regions, typical for biopolymer blends. The
amorphous content exceeding 80% suggests flexibility and porosity, beneficial for biomedical scaffolds as it can
support cell adhesion and nutrient diffusion. Additionally, the absence of extraneous diffraction peaks indicates
the purity and phase stability of both the nanoparticles and the composite scaffold. These structural insights
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confirm that the electrospinning process preserved the crystallinity of CuO while achieving a composite scaffold
with the desired amorphous-crystalline balance [54-59].

SEM offered a direct visualization of the surface morphology and confirmed the nanoscale size and distribution
of the CuO particles. The homogeneous dispersion of nanoparticles ranging from spherical to irregular shapes
within the polymeric network highlights successful nanoparticle incorporation without agglomeration, which is
crucial for maintaining consistent biological activity and mechanical integrity. The porous, interconnected fibrous
architecture of the starch/PVA scaffold mimics the extracellular matrix, facilitating cellular infiltration and
nutrient transport—key parameters for tissue engineering and drug delivery applications. The smooth, bead-free
nature of the fibers attests to the optimized electrospinning conditions, which produced uniform fibers capable of
supporting the structural and functional demands of biomedical scaffolds [60-66].

TGA demonstrated the thermal stability of the starch/PVA/CuO nanoscaffolds, revealing an initial moisture loss
phase followed by a major decomposition event linked to the polymer matrix degradation. The onset of
degradation near 300°C aligns with typical thermal behavior of starch and PVA composites, confirming the
scaffold’s suitability for biomedical applications requiring sterilization or moderate thermal processing. The
considerable organic mass loss also reflects the composite’s biopolymeric composition, ensuring biodegradability,
which is advantageous for temporary implants or controlled release systems. These thermal profiles help delineate
operational temperature ranges, ensuring the scaffold’s structural integrity is maintained during storage and use
[67-71].

DLS and zeta potential measurements provided critical information on nanoparticle size distribution and surface
charge, parameters that influence colloidal stability and biological interactions. The average hydrodynamic size
of approximately 108 nm falls within the optimal range for cellular uptake and enhanced permeability in cancer
therapy. The negative surface charge observed, while moderate, suggests some degree of colloidal stability due to
electrostatic repulsion; however, zeta potential values below 30 mV hint at a potential for particle aggregation
over time, which might be mitigated by surface functionalization or stabilization strategies. The conductivity and
derived count rate values support stable dispersion in aqueous media, an important aspect for biological
applications [72-74].

Most notably, the in vitro anticancer activity assays reveal a clear enhancement of cytotoxic effects when CuO
NPs are integrated into starch/PVA nanoscaffolds. The scaffold formulation exhibited the lowest ICso values
against both HT-29 colon and MCF-7 breast cancer cells, outperforming both the algal extract alone and CuO
NPs in suspension. This increased potency likely arises from improved bioavailability, sustained release, and
enhanced cellular uptake afforded by the nanofibrous scaffold matrix. The concentration-dependent cytotoxicity
confirms the therapeutic potential, with the scaffold likely facilitating better interaction between the nanoparticles
and cancer cells. The differential sensitivities between the two cancer cell lines also underscore the importance of
targeted delivery systems, as cell-specific uptake and response can vary. Collectively, these findings highlight the
promise of combining natural extracts with nanotechnology to develop advanced cancer therapeutics, emphasizing
the role of biopolymer-based scaffolds as effective delivery platforms that can enhance the efficacy of
nanoparticulate agents [75-78].

5. CONCLUSION

This study successfully demonstrated the green synthesis of copper oxide nanoparticles using P. tetrastromatica
extract, confirmed through UV-Vis, FTIR, XRD, and SEM analyses. The integration of CuO NPs into starch/PVA
nanoscaffolds was achieved effectively, as evidenced by structural and chemical characterizations indicating
strong polymer—nanoparticle interactions and maintained crystallinity. The fabricated nanoscaffolds exhibited
favorable thermal stability and a porous, fibrous architecture suitable for biomedical applications. DLS and zeta
potential analyses revealed nanoparticles with optimal size and moderate colloidal stability, essential for
therapeutic delivery. Importantly, the in vitro anticancer assays against HT-29 and MCF-7 cell lines established
that the starch/PVA/CuO nanoscaffolds significantly enhanced cytotoxic effects compared to the algal extract and
CuO nanoparticles alone, indicating improved bioavailability and efficacy. These findings underscore the
potential of biopolymer-based nanocomposites as promising candidates for cancer therapy, combining natural
extracts with nanotechnology to achieve controlled delivery and enhanced therapeutic performance.
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