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ABSTRACT

This study presents the sustainable development of starch/PVA electrospun nanoscaffolds loaded with biogenic
copper oxide nanoparticles (CuO NPs) synthesized using Chondracanthus exasperatus (red marine macroalgae)
extract via an ultrasonic-assisted green method. The physicochemical properties of the nanoscaffolds were
systematically characterized using UV-Vis spectroscopy, Fourier-transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), Scanning electron microscopy (SEM), Thermogravimetric analysis (TGA), and Dynamic light
scattering (DLS). UV-Vis analysis confirmed CuO NP formation with a distinct surface plasmon resonance peak
at 305 nm, while FTIR revealed stable interactions between CuO NPs and the polymer matrix. XRD confirmed
the monoclinic tenorite structure of CuO NPs (crystallinity index: 51.1%), with scaffold incorporation reducing
crystallinity to 20.2%. SEM images showed uniform, bead-free nanofibers (100—150 nm diameter) with well-
dispersed CuO NPs (100-200 nm), while TGA demonstrated enhanced thermal stability (35% residual mass at
550°C). Zeta potential measurements (—22.28 mV) indicated excellent colloidal stability. The anticancer efficacy
was evaluated against HT-29 colon and MCF-7 breast cancer cells via MTT assay. The nanoscaffolds exhibited
superior cytotoxicity, with ICso values of 12.5 pg/mL (HT-29) and 25 pg/mL (MCF-7), outperforming standalone
CuO NPs (ICso: 25 pg/mL) and algal extract (ICso: 50 pg/mL). Dose-dependent responses highlighted the
scaffold’s enhanced drug delivery potential, likely due to improved cellular uptake and sustained CuO NP release.
These findings underscore the nanoscaffold’s promise as an eco-friendly, high-efficiency platform for targeted
cancer therapy, warranting further preclinical exploration.

KEYWORDS: Chondracanthus exasperatus, Green synthesis, CuO nanoparticles, starch/PVA nanoscaffolds,
Anticancer activity.

1. INTRODUCTION

In recent years, the interdisciplinary field of nanobiotechnology has witnessed transformative advancements in
the synthesis of metal oxide nanoparticles and their integration into polymeric scaffolds for therapeutic
applications [1]. Among various engineered materials, copper oxide nanoparticles (CuO NPs) have attracted
significant interest due to their notable physicochemical stability, cost-effectiveness, and promising biomedical
functionalities, including antimicrobial, antioxidant, and anticancer properties [2]. However, traditional chemical
and physical methods for nanoparticle synthesis often require hazardous reducing agents and high energy input,
leading to ecological and biological safety concerns [3]. To address these limitations, researchers have shifted
toward green nanotechnology approaches that utilize plant or marine-derived bioresources as biogenic reducing
and stabilizing agents [4]. This sustainable pathway not only minimizes environmental impact but also enhances
the biocompatibility of the resulting nanoparticles [5].
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Marine macroalgae, especially red algae such as Chondracanthus exasperatus, represent an untapped reservoir of
bioactive compounds capable of reducing metal ions and stabilizing nanoparticles [6]. These macroalgae are rich
in polysaccharides, flavonoids, phenolics, and other secondary metabolites that facilitate the eco-friendly
synthesis of nanomaterials [7]. C. exasperatus, commonly found in the coastal waters of Tamil Nadu, India, has
demonstrated high biopotential due to its diverse phytochemical profile. When used in ultrasonic-assisted
extraction, this red macroalga can release a concentrated pool of bioactives under controlled temperature and
pressure, making it ideal for rapid and efficient nanoparticle synthesis [8]. Moreover, the application of ultrasonic
energy enhances cell disruption and improves the mass transfer of intracellular contents, thus increasing the
overall yield and activity of the extracted phytoconstituents [9].

Parallel to nanoparticle development, the fabrication of biodegradable and biocompatible nanofiber scaffolds via
electrospinning has revolutionized the design of advanced drug delivery systems [10]. Electrospun nanofibers
possess high surface area-to-volume ratios, porosity, and structural similarity to natural extracellular matrices
(ECM), making them suitable platforms for cell attachment, proliferation, and controlled release of therapeutics
[11]. Polyvinyl alcohol (PVA), a hydrophilic and non-toxic synthetic polymer, is frequently employed in
electrospinning due to its excellent spinnability, film-forming capacity, and compatibility with biological tissues
[12]. However, PVA alone lacks the desired rate of biodegradability for short-term biomedical applications [13].
To overcome this, blending PVA with natural polymers such as starch can improve the scaffold's degradability,
mechanical strength, and ecological safety while maintaining fiber-forming properties [14].

Starch, a polysaccharide obtained from renewable plant sources, has been increasingly integrated into scaffold
formulations for tissue engineering and cancer therapy [15]. Its inherent biocompatibility, biodegradability, and
reactive hydroxyl groups enable functional modification and synergistic blending with synthetic polymers [16].
The inclusion of starch into PVA matrices promotes hydrogen bonding interactions, enhancing fiber integrity and
reducing the brittleness commonly observed in single-component systems [17]. Furthermore, starch provides a
supportive medium for nanoparticle embedding, which stabilizes the nanoparticles and prevents agglomeration
during electrospinning and storage [18].

In the present study, we developed a sustainable, electrospun starch/PVA nanofibrous scaffold loaded with green-
synthesized CuO NPs obtained from ultrasonic-assisted extracts of C. exasperates [19]. The biogenic synthesis of
CuO NPs was achieved through the reduction of copper sulfate using phytochemicals from the red macroalgae
extract, with sonication enhancing both extract potency and nanoparticle formation kinetics [20]. The resulting
CuO NPs were incorporated into a PVA/starch blend and electrospun into nanofibrous matrices under optimized
process conditions [21]. The integrated platform is proposed as a multifunctional nanoscaffold for biomedical
applications, particularly in the field of cancer therapeutics [22].

This study explores the physicochemical properties and anticancer potential of the fabricated nanoscaffolds,
focusing on their structural, morphological, and thermal characteristics [23]. Comprehensive characterization was
performed using UV—Vis spectroscopy, Fourier-transform infrared spectroscopy (FTIR), X-ray diffraction (XRD),
scanning electron microscopy (SEM), thermogravimetric analysis (TGA), and zeta potential measurements [24].
These analyses elucidated the successful nanoparticle formation, functional group interactions, fiber morphology,
crystallinity, thermal stability, and colloidal behavior of the scaffold systems [25].

The biological efficacy of the CuO-loaded scaffolds was further evaluated against human cancer cell lines,
specifically HT-29 (colon adenocarcinoma) and MCF-7 (breast adenocarcinoma), using the MTT cytotoxicity
assay [26]. The rationale for selecting these cell lines lies in the growing burden of colon and breast cancers
globally, which demand alternative treatment modalities with higher selectivity and reduced systemic toxicity [27].
CuO NPs have been previously reported to induce oxidative stress, DNA fragmentation, and apoptosis in various
cancer models, thus offering a promising route for targeted therapeutic interventions [28]. The synergistic effect
of biogenic CuO NPs and starch-based polymer matrices is expected to enhance cellular uptake and cytotoxic
response, paving the way for a new generation of anticancer delivery scaffolds [29].

Moreover, the integration of ultrasonic-assisted green synthesis and electrospinning represents a holistic and
scalable strategy for the development of bioactive nanomaterials [30]. It aligns with the principles of green
chemistry and sustainable material engineering, minimizing ecological risks while maximizing therapeutic value
[31]. The novelty of this research lies in the unique combination of C. exasperatus-mediated CuO NP synthesis
and the fabrication of starch/PVA nanoscaffolds, which has not been extensively reported in prior literature [32].

This investigation presents a green, economical, and efficient approach to produce functionalized nanoscaffolds
with dual roles—structural support and active anticancer activity. The outcomes of this study are anticipated to
contribute to the growing body of research on eco-friendly nanomaterials for cancer therapy and open new avenues
for the use of marine resources in biomedical applications.
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2. MATERIALS AND METHODS
2.1 Reagents and raw materials

This investigation employed C. exasperatus, a species of brown algae collected from Rameswaram’s coastal
waters in Tamil Nadu, to act as a biogenic reducer for CuO NP formation. The algal material was selected for its
abundance of natural phytochemicals capable of reducing metal ions. Copper (II) sulfate pentahydrate (analytical
grade; Merck, Germany) was used as the copper source. For nanofiber fabrication, PVA (Mw ~115,000 g/mol)
and starch were chosen. PVA was preferred for its electrospinning capability and biological compatibility, while
starch imparted degradability and synergistic fiber formation when blended with synthetic polymers.

2.2 Algal biomass collection and preparation

Fresh C. exasperatus specimens were manually gathered from Rameswaram’s intertidal zones during low tide.
The collected Chondracanthus exasperates 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-018. This authentication ensures botanical accuracy and
standardization of the study material. Samples were immediately transported to the laboratory in sterile, chilled
containers to retain phytochemical integrity. In the lab, algae were washed with tap water to eliminate sand and
epiphytes, followed by rinsing with distilled water to remove residual salts. The cleaned biomass (100 g) was
chopped, air-dried in the shade at 28 & 2°C for about 14 days, and ground into a fine powder. The powder was
sieved for uniformity and stored in moisture-proof, sealed containers.

2.3 Ultrasonic-assisted extraction of bioactives

Bioactive compounds were isolated using ultrasonic-assisted extraction, which facilitates cellular breakdown and
improved extraction yield. Two grams of powdered algae were mixed with 50 mL Milli-Q water in a 100 mL
borosilicate beaker and subjected to sonication using a LABQUEST ultrasonic cleaner (Borosil, Serial No.
941032329018) at 60°C for 45 minutes. The solution was filtered using Whatman No. 1 filter paper. The clear
filtrate, containing phenolics, flavonoids, and polysaccharides, was used immediately or refrigerated at 10°C. A
fraction was freeze-dried for long-term storage [33, 34].

2.4 Biosynthesis of CuO NPs

To produce CuO NPs, 10 mL of algal extract (10 mg/mL) was gradually introduced into 50 mL of 0.1 M copper
sulfate solution at a 5:1 volume ratio (salt:extract) while stirring at 650 rpm and 60°C for 2 hours. A visual shift
from blue to bluish-green indicated successful Cu2+ ion reduction. Nanoparticles were collected via centrifugation,
washed thrice with distilled water, and freeze-dried for 48 hours to obtain a stable nanopowder for scaffold
fabrication [35].

2.5 Electrospinning of CuO-embedded nanofibers

A 15% (w/w) PVA aqueous solution was prepared by stirring at 50°C. Upon full dissolution, 100 mg each of starch
and CuO NPs were incorporated, and the solution was stirred for 2.5 hours for uniform dispersion. The
homogenous mixture was transferred into a 10 mL syringe with a 0.84 mm inner diameter stainless-steel needle.
Electrospinning was conducted using a HOLMARC HO-NFES-040 setup at 11.5 kV voltage, 0.4 mL/h feed rate,
and a 12.3 cm distance between needle and collector. The process was run for 6—8 hours at 25 + 2°C. The resulting
fibers were gathered on aluminum foil and stored in desiccators [12, 36, 37].

2.6 Characterization of synthesized materials
2.6.1 UV-visible spectroscopy

The optical characteristics and confirmation of nanoparticle formation were assessed using a VIS SPEC V-730
UV-Vis spectrophotometer scanning 200—800 nm, with deionized water as blank. Peaks between 270-300 nm
confirmed CuO NP synthesis through surface plasmon resonance (SPR) [38].

2.6.2 FTIR spectroscopic analysis

FTIR spectra were obtained using a PerkinElmer Spectrum Two spectrometer in ATR mode to identify functional
groups. CuO NPs and loaded scaffolds were scanned from 4000—400 cm™ at 4 cm™ resolution with 64 scans.
Absorption bands linked to O—-H, C=0, N-H, and Cu—O confirmed phytochemical involvement and matrix
integration [39].
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2.6.3 XRD analysis

Crystallographic evaluation was performed with a Bruker D8 Advance diffractometer using CuKa radiation (A =
1.5406 A) at 40 kV and 40 mA. Data were collected over a 20 range of 5°-90° at 0.029649° increments. Diffraction
peaks identified monoclinic CuO structures, and broadened peaks in scaffolds confirmed nanoparticle
incorporation [40].

2.6.4 SEM analysis

Surface morphology of electrospun fibers was visualized using a JEOL JSM-IT800 NANO SEM. Samples were
gold-coated to enhance conductivity. SEM imaging showed uniform, beadless fibers with evenly embedded CuO
NPs in the scaffold matrix [41].

2.6.5 TGA

Thermal behavior was analyzed with a PerkinElmer TGA 8000. Samples (~5 mg) were placed in aluminum
crucibles and heated from room temperature to 550°C at 15°C/min under nitrogen. TGA curves exhibited moisture
loss, polymer decomposition, and residue stabilization. Nanoparticle-laden fibers demonstrated improved thermal
stability [42].

2.6.6 Dynamic light scattering (DLS) and zeta potential

Hydrodynamic size and stability of CuO NPs were measured using a Malvern Zetasizer Ultra. DLS determined
particle size distribution, and zeta potential readings (>+30 mV) indicated strong colloidal stability, supporting
biomedical application suitability [43]. All raw data and processed files are available on Mendeley Data (DOI:
10.17632/99bn3x4yzb.2).

2.7 In vitro anticancer activity
2.7.1 Cell procurement and culture

HT-29 (colon cancer) and MCF-7 (breast cancer) cell lines were sourced from the National Center for Cell Science
(NCCS), Pune, India, and cultured under standard protocols. Cells were grown in Minimum Essential Medium
(MEM) with 10% FBS at 37°C in a 5% CO: incubator [44].

2.7.2 Cell viability via MTT assay

Cells were seeded in 96-well plates at 5 x 10° cells/well and incubated overnight. Treatments included algal extract,
CuO NPs, and PVA/starch/CuO nanoscaffolds at 6.25-100 pg/mL in triplicate, incubated for 24 h at 37°C with 5%
CO:s. Post-treatment, MTT solution was added and incubated for 4 h. Formazan crystals were solubilized in 200
pL DMSO. Absorbance was measured at 570 nm using a spectrophotometer. The assay was independently
repeated thrice, and mean OD with standard deviation was reported [45].

2.8 Statistical analysis

Experimental outcomes were analyzed using SPSS v25.0 and GraphPad Prism v9.0. Data from triplicates were
expressed as mean + standard deviation. One-way ANOVA followed by Tukey’s or Dunnett’s post-hoc tests
determined group differences. A p-value < 0.05 denoted statistical significance. Pearson’s correlation was applied
to assess variable relationships. The Shapiro—Wilk test checked for normality, with non-normal data log-
transformed. Analyses were interpreted at a 95% confidence level [46].

3. RESULTS AND DISCUSSION
3.1. UV-visible spectroscopy

UV-Visible spectroscopic analysis (Fig. 1) confirmed the green synthesis of CuO NPs (NPs) using the extract of
C. exasperatus. The algal extract exhibited a broad absorption between 200 and 400 nm, which is typical for
polyphenolic and flavonoid compounds, with a notable peak at 267 nm due to n—=n* transitions within aromatic
frameworks. The synthesized CuO NPs presented a unique SPR peak at 305 nm, indicative of collective electron
oscillations characteristic of CuO NPs under light exposure. This blue-shift from the conventional CuO peak near
350 nm signifies the formation of nano-sized particles with uniform dispersion. The absence of absorbance beyond
400 nm suggests negligible aggregation. The distinct separation between the extract (267 nm) and CuO NPs (305
nm) peaks indicates complete reduction of Cu2+ ions. Furthermore, a flat baseline beyond 500 nm confirms
minimal light scattering, reinforcing colloidal stability. These optical observations are consistent with prior
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literature on plant-facilitated CuO NPs and affirm uniform nanoparticle synthesis facilitated by ultrasound-
assisted extraction [47-49].
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Fig. 1. UV-Visible spectral profiles of algal extract and CuO NPs.

3.2. FTIR spectroscopic analysis

FTIR spectroscopy supported the successful biosynthesis of CuO NPs and their inclusion within starch/PVA
nanofibrous composites (Fig. 2). The CuO NP spectrum revealed eight distinct peaks: a broad O—H stretching
(3200-3400 cm™) from alcohols/phenolics, a C=0 stretch at 1635 cm™ reflecting organic residues, and a Cu—O
vibration at 510 cm™ confirming nanoparticle presence. The composite scaffold exhibited seven peaks, notably at
3280 cm™ (O-H), 2920 cm™ (C-H), and 1020 cm™ (C—-O-C) associated with polymeric structures. The absence
of the extract’s carbonyl peak at 1740 cm™ and emergence of a new band at 620 cm™ suggest CuO—PVA bonding.
A reduction from eight to seven bands reflects molecular reorganization during electrospinning. The consistent
Cu-O signal indicates nanoparticle integrity. Collectively, results validate (1) encapsulation of CuO NPs by
phytochemicals, (2) hydrogen bonding between starch and PVA, and (3) stable CuO-polymer interactions crucial
for scaffold cohesion [50-54].
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.
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3.3. XRD analysis

XRD analysis (Fig. 3) confirmed the crystalline properties of the biosynthesized CuO NPs and their integration
into the starch/PVA nanofiber matrix. CuO NPs displayed 32 diffraction peaks between 26 values of 12.852° to
57.087°, including key reflections at 19.003° (d = 4.666 A), 24.173° (d = 3.679 A), and 27.314° (d = 3.262 A),
corresponding to monoclinic tenorite (JCPDS 48-1548). A high crystallinity index (51.1%) and narrow FWHM
(0.100°-0.713°) indicated the presence of well-defined nanocrystals. The nanocomposite scaffold exhibited 13
diffraction peaks, including major ones at 29.445° (d = 3.031 A) and 21.420° (d = 4.145 A), reflecting reduced
crystallinity (20.2%) due to polymer incorporation. Peak broadening (FWHM 0.139°-0.579°) suggested
homogenous nanoparticle distribution, and new peaks at 36.146° and 47.338° implied CuO-PVA interactions. The
absence of secondary peaks validated phase purity, while peak shifts (e.g., from 35.297° to 35.998°) pointed to
robust matrix-nanoparticle bonding. These findings substantiate nanoparticle incorporation while preserving
monoclinic structure for functional applications [55-58].
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.

3.4. SEM analysis

SEM micrographs (Fig. 4) highlighted the surface morphology of CuO NPs and their starch/PVA nanofiber
scaffolds. The CuO NPs were spherical, measuring 100-200 nm in diameter, with smooth surfaces and limited
clumping, indicating phytochemical stabilization. Electrospun nanofibers were bead-free and uniform, with
diameters of 100—-150 nm, forming a porous, interconnected structure ideal for tissue regeneration. High-
magnification images confirmed well-dispersed CuO NPs embedded within fiber surfaces. The scaffold
maintained structural stability, with nanoparticle incorporation causing only slight surface coarseness. EDS
mapping showed even copper distribution across the scaffold. Compared to the pristine fibers, the CuO-infused
matrix preserved over 90% of its structural features, while the added surface texture may improve cellular
attachment. These observations affirm that controlled electrospinning parameters enabled uniform nanoparticle
integration and maintained the scaffold's morphological fidelity [59-61].
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Fig. 4; SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds
3.5. TGA

TGA, conducted in nitrogen atmosphere (Fig. 5), revealed that CuO-integrated starch/PVA scaffolds underwent
three stages of degradation, indicating enhanced thermal durability. An initial 8.36% mass loss below 150°C was
attributed to moisture evaporation from hydrophilic groups. Primary decomposition started at 252.14°C and
peaked at 334.73°C (rate: —3.08%/min), corresponding to degradation of starch glycosidic bonds and PVA chains.
The third stage, peaking at 441.57°C (rate: —2.87%/min), was associated with the breakdown of polymer
backbones. Final residual mass at 550°C was 35.00%, exceeding that of control scaffolds, highlighting the
reinforcing effect of CuO NPs. DTG peak shifts of 45.91°C and 104.2°C relative to unmodified samples imply
that CuO acted both as a thermal insulator and as a catalyst for char formation via metal-polymer interplay. These
thermal findings support the scaffold’s suitability for applications up to 250°C, with residual weight corresponding
to theoretical CuO content, indicating even dispersion [62-65].

3.6. Zeta potential and particle size analysis

DLS analysis exhibited a trimodal particle size distribution for green-synthesized CuO NPs, with a Z-average of
169.9 nm and a PDI of 0.615, suggesting moderate size variability (Fig. 6). Approximately 98.26% of the particles
measured under 2 pm, indicating a largely monodisperse system with minor aggregation. Zeta potential analysis
showed an average surface charge of —22.28 mV, with peaks at —30.12 mV and —18.58 mV (Fig. 7), likely
reflecting differential phytochemical surface adsorption. The strong negative surface charge, especially at —30.12
mV, implies significant electrostatic repulsion and thus, colloidal stability. Measurement reliability was affirmed
by DLS count rates of 6040 kcps and zeta count rates of 161,500 kcps, with an intercept of 0.822. A wall potential
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of —10.04 mV suggested minimal cuvette interaction. Collectively, these metrics confirm the eco-friendly

synthesis of stable, moderately monodisperse CuO NPs appropriate for biomedical uses requiring stable nano-bio
interactions [66, 67].
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3.7. In Vitro anticancer activity

The cytotoxic effects of the algal extract, CuO NPs, and starch/PVA/CuO-NPs nanoscaffolds were evaluated on
the HT-29 human colon adenocarcinoma cell line using the MTT assay (Fig. 8). The results demonstrated a clear
dose-dependent reduction in cell viability across all tested concentrations (6.25—-100 pg/mL). At the lowest
concentration (6.25 pg/mL), the algal extract exhibited minimal cytotoxicity, maintaining 95.3% cell viability,
whereas CuO NPs and nanoscaffolds showed stronger inhibitory effects, reducing viability to 80.3% and 76.7%,
respectively. As the concentration increased, the nanoscaffolds displayed superior anticancer activity, with cell
viability dropping sharply to 43.8% at 12.5 pg/mL and further down to 16.68% at 100 pg/mL. In contrast, the
algal extract required higher doses to achieve significant cytotoxicity, reaching 34.05% viability at 100 pg/mL.
The ICso values (the concentration required to inhibit 50% of cell growth) were extrapolated from the dose-
response curves: Algal extract: ~50 pg/mL, CuO NPs: ~25 pg/mL and Starch/PVA/CuO-NPs nanoscaffolds: ~12.5
pg/mL. These findings indicate that the nanoscaffolds were the most potent, exhibiting nearly twice the efficacy of
CuO NPs and four times that of the crude algal extract against HT-29 cells.
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Fig. 8. Anticancer activity analysis of algal extract, CuO-NPs and starch/PVA/CuO-NPs nanoscaffolds

A similar trend was observed in the MCF-7 breast cancer cell line, though with slightly different sensitivity
patterns. At 6.25 pg/mL, the algal extract showed negligible cytotoxicity (97.1% viability), while CuO NPs and
nanoscaffolds reduced viability to 86.6% and 80.2%, respectively. At higher concentrations, the nanoscaffolds
again outperformed the other treatments, decreasing cell viability to 51.1% at 12.5 pg/mL and 26.22% at 100
pg/mL. The algal extract, while effective, required 100 pg/mL to reduce viability below 50% (47.85%). The ICso
values for MCF-7 cells were: Algal extract: ~50 pg/mL, CuO NPs: ~25 pug/mL and Starch/PVA/CuO-NPs
nanoscaffolds: ~25 ug/mL. Interestingly, while the nanoscaffolds showed the strongest overall cytotoxicity, their
ICso in MCF-7 cells was comparable to that of CuO NPs, suggesting that breast cancer cells may be slightly less
responsive than colon cancer cells to the nanoscaffold formulation.

The results highlight the enhanced anticancer potential of the starch/PVA/CuO-NPs nanoscaffolds compared to

the individual components. The significantly lower ICso values suggest that the nanoscaffold formulation improves

drug delivery, possibly through enhanced cellular uptake or sustained release of cytotoxic CuO NPs. The algal

extract, while effective at higher doses, lacks the targeted efficiency of the nanoformulations. The superior

performance of nanoscaffolds against HT-29 cells (ICso = 12.5 pg/mL) compared to MCF-7 cells (ICso= 25 pg/mL)
may reflect differences in cellular metabolism, drug resistance mechanisms, or nanoparticle internalization rates

between the two cancer types [68-70].

The study confirms that the starch/PVA/CuO-NPs nanoscaffolds exhibit stronger and more dose-dependent
cytotoxicity than either CuO NPs or the algal extract alone. Their ability to achieve significant cell death at lower
concentrations makes them a promising candidate for further preclinical evaluation, particularly in colorectal
cancer therapy. Future studies should explore the underlying mechanisms, long-term toxicity, and in vivo efficacy
to validate their potential for clinical applications.

4. CONCLUSION

This study successfully demonstrated the green synthesis of CuO NPs using C. exasperatus extract and their
effective incorporation into starch/PVA-based nanofibrous scaffolds. Comprehensive characterization through
UV-Vis, FTIR, XRD, SEM, TGA, and DLS analyses confirmed the nanoparticles’ stability, uniformity, and strong
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interaction with the polymeric matrix. The nanoscaffolds exhibited excellent thermal resistance and structural
integrity, crucial for biomedical applications. Notably, in vitro cytotoxicity assays revealed a significantly
enhanced anticancer effect of the CuO-integrated nanoscaffolds against HT-29 and MCF-7 cancer cell lines, with
lower ICso values compared to both the algal extract and CuO NPs alone. The results suggest improved
bioavailability and sustained release properties through scaffold incorporation. Overall, the study presents a cost-
effective, eco-friendly approach to fabricating multifunctional nanoscaffolds with potent anticancer activity. These
findings position the starch/PVA/CuO nanocomposite scaffold as a promising platform for targeted cancer therapy,
warranting further investigation in in vivo models and clinical settings.
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