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ABSTRACT

This study reports the green synthesis of copper oxide nanoparticles (CuO NPs) using Gracilaria corticata red
algal extract and their incorporation into starch/polyvinyl alcohol (PVA) electrospun nanoscaffolds for enhanced
anticancer applications. UV-Vis spectroscopy confirmed nanoparticle formation with a distinct surface plasmon
resonance peak at 291 nm, while Fourier-transform infrared spectroscopy (FTIR) analysis revealed functional
groups from algal phytochemicals that stabilized the CuO NPs. X-ray diffraction (XRD) confirmed the monoclinic
crystalline structure of CuO NPs, and Scanning electron microscopy (SEM) demonstrated uniform fiber
morphology (90-150 nm) with well-dispersed nanoparticles. Thermogravimetric analysis (TGA) indicated
improved thermal stability, with degradation onset at 265.25°C. Dynamic light scattering (TGA) showed CuO
NPs with an average size of 68.6 nm and a zeta potential of -14.11 mV, suggesting moderate colloidal stability.
The anticancer efficacy was evaluated against HT-29 (colon cancer) and MCF-7 (breast cancer) cells via MTT
assay. The starch/PVA/CuO-NPs nanoscaffolds exhibited the highest cytotoxicity, with IC50 values of ~10 pg/mL
(HT-29) and ~20 pg/mL (MCF-7), outperforming standalone CuO NPs (IC50 ~15 pg/mL and ~25 pg/mL,
respectively) and algal extract (IC50 ~50 pg/mL and ~40 pg/mL). These results highlight the scaffold’s superior
anticancer activity, likely due to synergistic effects between CuO NPs and the polymer matrix. The study
demonstrates the potential of biocompatible, algae-mediated nanoscaffolds as a promising platform for cancer
therapy, warranting further in vivo exploration.

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

1. INTRODUCTION

Nanotechnology has revolutionized the field of biomedical engineering by enabling the development of advanced
nanomaterials with unique physicochemical properties tailored for therapeutic applications [1]. Among these,
metal oxide nanoparticles have gained considerable attention due to their multifunctional roles in drug delivery,
antimicrobial activity, and notably, anticancer therapy [2]. Copper oxide nanoparticles (CuO NPs), in particular,
have emerged as promising agents owing to their intrinsic biological activities, including reactive oxygen species
(ROS) generation, which can selectively induce cytotoxicity in cancer cells [3]. However, conventional chemical
synthesis methods of CuO NPs often involve hazardous reagents and harsh conditions, raising concerns about
their biocompatibility and environmental impact [4]. This has catalyzed interest in green synthesis approaches
that utilize natural biological resources as reducing and stabilizing agents, offering eco-friendly, cost-effective,
and scalable alternatives [5].

Marine macroalgae are a rich and renewable source of diverse bioactive compounds, including polysaccharides,
polyphenols, and pigments, which can act as natural reducing agents during nanoparticle synthesis [6]. The red
seaweed Gracilaria corticata is abundant in coastal regions and has been extensively studied for its
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pharmacological potentials, including antioxidant, antimicrobial, and anticancer properties [7]. Its unique
biochemical composition makes it an ideal candidate for ultrasonic-assisted extraction (UAE) of bioactive
compounds, which improves yield and efficiency by disrupting the algal cell walls through cavitation effects [8].
Incorporating G. corticata extracts in nanoparticle synthesis not only facilitates green reduction but also imparts
additional biofunctionalities to the resulting nanoparticles [9].

Parallel to the synthesis of functional nanoparticles, the development of biocompatible and biodegradable
scaffolds capable of supporting cellular growth and targeted drug delivery remains a cornerstone of tissue
engineering and cancer therapeutics [10]. Electrospinning technology has gained prominence for fabricating
nanofibrous scaffolds that closely mimic the native extracellular matrix (ECM) architecture [11]. Blending natural
polymers like starch, a polysaccharide known for its biodegradability and non-toxic nature, with synthetic
polymers such as polyvinyl alcohol (PVA) can yield composite scaffolds that combine mechanical strength with
biological compatibility [12]. Starch/PVA electrospun nanofibers offer a hydrophilic environment conducive to
cell attachment and proliferation, making them excellent candidates for biomedical applications [13].
Embedding green-synthesized CuO NPs within starch/PVA nanofibrous scaffolds opens new avenues for
developing multifunctional platforms that integrate structural support with anticancer activity [14]. This
composite approach ensures controlled nanoparticle release and enhanced interaction with cancer cells, improving
therapeutic efficacy while minimizing systemic toxicity [15]. Moreover, electrospun nanoscaffolds facilitate
sustained bioavailability and localized action of nanoparticles, which is crucial for effective cancer treatment [16].
Despite the potential, there is limited literature exploring the combination of green CuO NPs synthesized from
marine algae with starch/PVA nanofibers for anticancer applications, highlighting the novelty and relevance of
this research [17].

Physicochemical characterization plays a pivotal role in elucidating the structural, morphological, and thermal
properties of synthesized nanomaterials and their composites [18]. Techniques such as UV-Visible spectroscopy
confirm nanoparticle formation through characteristic surface plasmon resonance [19], while Fourier-transform
infrared (FTIR) spectroscopy reveals molecular interactions and functional group involvement in nanoparticle
stabilization and scaffold integration [20]. X-ray diffraction (XRD) analysis provides insights into crystalline
phases and purity of CuO NPs, whereas scanning electron microscopy (SEM) visualizes fiber morphology and
nanoparticle distribution within the scaffold matrix [21]. Thermal gravimetric analysis (TGA) evaluates thermal
stability essential for biomedical applications [22], and dynamic light scattering (DLS) alongside zeta potential
measurements ascertain particle size distribution and colloidal stability, which directly influence biological
activity and biocompatibility [23].

In vitro anticancer assays using human cancer cell lines such as HT-29 (colon adenocarcinoma) and MCF-7 (breast
adenocarcinoma) offer preliminary validation of the therapeutic potential of the synthesized nanocomposites [24].
Evaluating cell viability via MTT assays following treatment with the nanoscaffolds helps determine cytotoxic
concentrations and provides mechanistic insights into the mode of action, including ROS-mediated apoptosis or
necrosis pathways [25]. The combinational effect of starch/PVA scaffolds and CuO NPs is hypothesized to
enhance anticancer efficacy by synergistically leveraging the scaffold's biocompatibility and the nanoparticles’
cytotoxicity [26].

This study aims to fabricate biocompatible starch/PVA electrospun nanofibrous scaffolds incorporated with CuO
NPs green-synthesized through an UAE process using G. corticata extract [27]. The objectives include
comprehensive physicochemical characterization to confirm successful nanoparticle synthesis and scaffold
integration, and evaluation of anticancer activity against human colon and breast cancer cell lines [28]. The
ultrasonic-assisted green synthesis method not only offers an eco-friendly alternative to conventional nanoparticle
fabrication but also leverages marine biomass as a sustainable resource [29]. The incorporation of CuO NPs into
starch/PVA nanoscaffolds is expected to create a multifunctional material with promising applications in targeted
cancer therapy.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

The brown seaweed G. corticata was collected from the coastal region of Rameswaram, Tamil Nadu, India,
serving as a green and renewable source for the biosynthesis of CuO NPs. Analytical-grade copper (II) sulfate
pentahydrate (CuSOa4-5H20) procured from Merck was employed as the copper ion precursor. PVA, with a
molecular weight near 115,000 g/mol, together with starch, was utilized to prepare biocompatible and
biodegradable nanofibrous scaffolds. Electrospinning procedures were executed using a HOLMARC HO-NFES-
040 apparatus. All other solvents and reagents were obtained from Sigma-Aldrich and Merck, ensuring analytical-
grade quality for experimental reproducibility. Characterization techniques for CuO NPs and nanofibrous
scaffolds included UV-Visible spectroscopy, FTIR, XRD, SEM, DLS, zeta potential measurements, and TGA.
The anticancer potential was evaluated using established in vitro bioassays.

2.2 Collection and processing of marine algae

The brown macroalga G. corticata was harvested from the intertidal zone along the shores of Rameswaram.
Immediately after collection, samples were stored in cooled containers to preserve bioactive compounds. The
algal material was thoroughly rinsed with tap water to remove dirt and epiphytes, followed by multiple washes
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with distilled water to eliminate salt residues. Approximately 100 g of the cleaned seaweed was chopped into
small fragments and air-dried at ambient room temperature for two weeks. Once dried, the biomass was pulverized
into a fine powder using a mechanical grinder and stored in sealed containers under cool, dry conditions until
further use.

2.3 UAE of bioactive compounds

Bioactive molecules were extracted from the powdered G. corticata using UAE to improve extraction efficiency
by disrupting algal cell walls. A sample of 2 g dried algal powder was suspended in 50 mL Milli-Q water within
a 100 mL borosilicate beaker. The suspension was sonicated at 60°C for 45 minutes in a LABQUEST ultrasonic
cleaner (Borosil; Serial No. 941032329018). The resulting mixture was filtered through sterilized Whatman No.
1 filter paper, and the clear filtrate was stored at 10°C. A portion of this extract was freeze-dried and reserved for
the synthesis of CuO NPs [30, 31].

2.4 Green synthesis of CuO NPs

Biosynthesis of CuO NPs was conducted by mixing the algal extract with a copper salt solution. An aqueous
solution of 0.1 M CuSOs-5H-0 (50 mL) was combined with 10 mL of algal extract (10 mg/mL), maintaining a
precursor-to-extract volumetric ratio of 5:1. The mixture was stirred magnetically at 650 rpm and heated at 60°C
for 2 hours. The shift in color from deep blue to bluish-green indicated the reduction of Cu?** ions mediated by
phytochemicals. The CuO NPs formed were washed thrice using double-distilled water and subsequently freeze-
dried for 48 hours, yielding a fine powder used for scaffold fabrication and biological assays [32].

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

Nanofibrous mats were fabricated by electrospinning a starch-PVA blend infused with biosynthesized CuO NPs.
A 15% (w/w) PVA solution was prepared by dissolving the polymer in Milli-Q water under continuous stirring at
50°C. Then, 100 mg starch and 100 mg CuO NPs were incorporated and stirred for 2.5 hours at 50°C to ensure
homogeneous mixing. This viscous solution was loaded into a 10 mL syringe fitted with a stainless steel needle
(0.84 mm inner diameter). Electrospinning was performed on the HOLMARC HO-NFES-040 instrument with
parameters set at 11.5 kV voltage, 12.3 cm needle-to-collector distance, and 0.4 mL/h flow rate. The process
occurred at room temperature for 6 to 8 hours. The resultant nanofibrous mats were collected and kept in
desiccators to maintain their morphology [33-35].

2.6 Physicochemical characterization

2.6.1 UV-visible spectroscopy

Absorption spectra of the algal extract, synthesized CuO NPs, and CuO-loaded starch/PVA nanofibers were
measured using a VIS SPEC V-730 spectrophotometer over the 200-800 nm wavelength range. Deionized water
was used as the blank. Absorption peaks between 270 and 300 nm corresponded to the surface plasmon resonance
of CuO NPs, confirming their successful formation [36].

2.6.2 FTIR spectroscopy analysis

Functional groups and molecular interactions were identified by FTIR analysis using a PerkinElmer Spectrum
Two instrument in attenuated total reflectance (ATR) mode. Spectra were recorded from 4000 to 400 cm™ with a
resolution of 4 cm™, averaging 64 scans per sample. Characteristic peaks related to hydroxyl (O-H), carbonyl
(C=0), amide groups, and metal-oxygen (Cu—O) vibrations confirmed nanoparticle integration into the scaffold
matrix [37].

2.6.3 XRD analysis

Crystalline structure of CuO NPs and composite scaffolds was examined by XRD using a Bruker D8 Advance
diffractometer with CuKa radiation (A = 1.5406 A), operated at 40 kV and 40 mA. Diffraction patterns were
recorded from 20 = 5° to 90° with a step size of 0.029649°. Sharp peaks corresponding to monoclinic CuO phases
validated nanoparticle crystallinity, while peak shifts in the composites indicated successful embedding [38].
2.6.4 SEM imaging

Surface morphology and distribution of CuO NPs within the scaffolds were analyzed by SEM (JEOL JSM-IT800
NANO). Samples were sputter-coated with gold before imaging. Micrographs demonstrated uniform nanofibers
with minimal bead formation and even nanoparticle dispersion [39].

2.6.5 TGA

Thermal stability was assessed using a PerkinElmer TGA 8000. Approximately 5 mg of sample was heated under
nitrogen atmosphere from room temperature to 550°C at a heating rate of 15°C/min. Weight loss curves identified
moisture evaporation, polymer degradation, and composite breakdown. CuO-containing scaffolds exhibited
improved thermal resistance compared to controls [40].

2.6.6 DLS and zeta potential

Hydrodynamic diameter and surface charge of CuO NPs were measured with a Malvern Zetasizer Ultra. DLS
analysis provided particle size distribution and polydispersity index (PDI), while zeta potential measurements
assessed colloidal stability. Values exceeding £30 mV indicated strong repulsive forces, supporting nanoparticle
stability for biomedical applications [21].

All raw and processed data have been uploaded to the Mendeley Data repository (DOI: 10.17632/763h4wwkrj.2)
for transparency and reproducibility.

2.7 In vitro anticancer activity

2.7.1 Cell lines procurement and culture
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Human colon adenocarcinoma (HT-29) and breast cancer (MCF-7) cell lines were obtained from the National
Center for Cell Science (NCCS), Pune, India. Cells were cultured according to supplied protocols in Minimum
Essential Medium (MEM) supplemented with 10% fetal bovine serum (FBS) and incubated at 37°C in a
humidified 5% CO. atmosphere [24].

2.7.2 MTT assay for cell viability

HT-29 and MCF-7 cells were seeded into 96-well plates at a density of 5 x 10° cells/well and allowed to adhere
overnight. Cells were then exposed to varying concentrations (6.25, 12.5, 25, 50, and 100 pg/mL) of algal extract,
CuO NPs, and starch/PVA/CuO nanoscaffolds, each tested in triplicate, for 24 hours at 37°C with 5% CO.. After
treatment, 20 pL of MTT solution was added per well and incubated for 4 hours. Formazan crystals formed were
dissolved in 200 pL dimethyl sulfoxide (DMSO), and absorbance was measured at 570 nm using a microplate
reader. The assay was repeated three times independently to confirm reproducibility. Mean optical density (OD)
values and standard deviations were calculated [41].

2.8 Statistical analysis

All quantitative data were analyzed using SPSS version 25.0 and GraphPad Prism 9.0 software. Results from
triplicate experiments are expressed as mean + standard deviation (SD). One-way analysis of variance (ANOVA)
followed by post-hoc tests (Tukey’s or Dunnett’s) was applied to assess significance between groups, with p-
values < 0.05 considered statistically significant. Pearson correlation coefficients were calculated to determine
relationships between variables. The Shapiro—Wilk test evaluated normality, and data not normally distributed
were log-transformed. Statistical interpretations were made within a 95% confidence interval to ensure robustness
[42].

3. RESULTS

3.1. UV-visible spectroscopy

The UV-Visible spectral assessment (Fig. 1) provided insights into the optical characteristics of both the G.
corticata extract and the green-fabricated CuO NPs. The aqueous extract exhibited a broad absorption range from
200 nm to 800 nm, peaking prominently at 302 nm with an absorbance of 1.268. This broad spectral profile is
characteristic of phytochemicals like polyphenols and flavonoids, which are responsible for reducing and
stabilizing metal ions during nanoparticle formation. In contrast, the CuO NPs demonstrated a distinct surface
plasmon resonance (SPR) peak centered at 291 nm, indicating the presence of nanoparticles due to the collective
oscillation of conduction electrons. Additionally, the CuO NPs showed notable absorbance near 800 nm (1.200),
decreasing progressively toward shorter wavelengths, which aligns with typical behavior of metal oxide
nanoparticles. The absence of sharp features in the extract and the clear SPR peak in the nanoparticle sample
confirm successful biosynthesis of CuO NPs mediated by the G. corticata extract as a natural reducing and
capping agent.

3.2. FTIR spectroscopy analysis

FTIR spectra (Fig. 2) were recorded using a PerkinElmer Spectrum Two spectrometer in ATR mode to identify
functional groups present in the CuO NPs and the nanoscaffold composite. The spectrum for CuO NPs showed
prominent absorption bands related to O—H stretching vibrations and Cu—O bonds, confirming metal-oxygen
linkage formation. The nanoscaffold spectrum revealed ten characteristic peaks, including a broad O—H stretch at
3303.50 cm™, a carbonyl C=0 stretch at 1709.35 cm™', and aliphatic C—H stretching at 2924.80 cm™!, alongside
peaks at 1427.14, 1329.09, 1141.87, 1088.65, 919.75, 843.06, and 601.37 cm™', indicative of polymeric
constituents like amides and polysaccharides. These spectral signatures demonstrate the successful incorporation
of CuO NPs into the polymer matrix, with interactions likely via metal coordination and hydrogen bonding. The
presence of bioactive groups derived from G. corticata suggests its role in stabilizing nanoparticles at the interface.
3.3. XRD analysis

XRD analysis (Fig. 3) using a Bruker D8 Advance diffractometer detailed the crystalline nature of the synthesized
CuO NPs and the nanoscaffold composite. The CuO NPs exhibited 37 diffraction peaks within the 20 range of
12.852° to 57.284°, with intense reflections at 19.134°, 24.369°, and 15.797°, which match monoclinic CuO as
per JCPDS card 48-1548. These reflections correspond to d-spacing values of 4.63468 A, 3.64963 A, and 5.60549
A, confirming the crystalline purity of the nanoparticles. The nanoscaffold presented 13 diffraction peaks, notably
at 29.445° and 21.346°, indicative of a semi-crystalline architecture composed of approximately 20.2% crystalline
and 79.8% amorphous phases. Broadened peaks, such as the one at 43.067° with a full width at half maximum
(FWHM) of 1.025°, suggested small crystallite sizes and effective dispersion of CuO NPs within the polymer.
Minor peak shifts, like from 35.999° to 36.034°, implied strong interfacial bonding likely mediated by
phytochemicals from the G. corticata extract, enhancing nanoparticle—polymer interactions.

3.4. SEM analysis

Morphological examination (Fig. 4) of CuO NPs embedded within electrospun starch/PVA nanoscaffolds was
conducted using a JEOL JSM-IT800 NANO SEM system. Micrographs displayed a continuous network of fibers
with smooth surfaces, measuring between 90 and 150 nm in diameter. The fibers were free of beads or defects,
indicating successful electrospinning. Spherical CuO NPs, smaller than 100 nm, were homogeneously distributed
across fiber surfaces and embedded within the scaffold without aggregation. This uniform dispersion confirms
effective mixing of nanoparticles with the polymer solution prior to electrospinning. The preserved fibrous
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morphology confirms compatibility between CuO NPs and the starch/PVA matrix. The bioactive compounds in
G. corticata extract likely contributed to nanoparticle stabilization and prevented agglomeration through natural
capping effects.

3.5. TGA

TGA (Fig. 5) of the nanoscaffold, performed using a PerkinElmer thermal analyzer, involved heating from 30°C
to 550°C at a rate of 15°C/min. The resulting thermogram revealed two principal degradation phases: the first
initiating at 265.25°C and peaking at 355.41°C, attributed to the decomposition of organic residues and polymer
components; the second phase starting at 425.38°C with a maximum degradation temperature of 448.38°C,
associated with the breakdown of more thermally stable constituents. The total mass loss was 33.372%, illustrating
the scaffold’s thermal decomposition profile. The relatively high onset of degradation suggests enhanced thermal
stability, likely due to CuO NP reinforcement and potential cross-linking within the polymer. Furthermore,
secondary metabolites from G. corticata may contribute to improved thermal properties by interacting protectively
with polymer chains.

3.6. DLS and zeta potential analysis

The colloidal behavior of biosynthesized CuO NPs was characterized by DLS and zeta potential measurements
using a Malvern Zetasizer. The nanoparticles exhibited a bimodal size distribution with an average hydrodynamic
diameter (Z-average) of 68.6 nm (Fig. 6) and a polydispersity index (PDI) of 0.584, indicating moderate size
heterogeneity. The zeta potential was recorded at -14.11 mV, with distribution peaks at -25.21 mV and -5.514 mV
(Fig. 7), reflecting a moderately negative surface charge which confers partial colloidal stability. This negative
charge is attributed to the biomolecules from the G. corticata extract adsorbed on the nanoparticle surface.
Conductivity was measured at 0.05175 mS/cm, and the wall zeta potential registered -12.73 mV. While the
observed values suggest reasonable dispersion stability, further surface modification may be necessary to optimize
long-term stability, especially for biomedical applications that demand consistent nanoparticle behavior.

3.7. In vitro anticancer activity

The in vitro anticancer activity (Fig. 8) of the algal extract, CuO NPs, and starch/PVA/CuO-NPs nanoscaffolds
was evaluated against HT-29 (colon adenocarcinoma) and MCF-7 (breast cancer) cell lines using the MTT assay.
The results demonstrated concentration-dependent cytotoxicity in both cell lines, with the nanoscaffolds showing
the most potent effects.

Against HT-29 cells, the algal extract exhibited moderate activity, reducing cell viability from 94.7% at 6.25
pg/mL to 33.45% at 100 pg/mL, with an estimated IC50 of approximately 50 ug/mL. CuO NPs displayed stronger
cytotoxicity, decreasing viability from 79.7% to 23.03% over the same concentration range, yielding an IC50 of
about 15 pg/mL. The starch/PVA/CuO-NPs nanoscaffolds were the most effective, suppressing viability to just
16.08% at 100 pg/mL and achieving an IC50 of roughly 10 pg/mL.

Similar trends were observed in MCF-7 cells. The algal extract reduced viability from 96.5% to 47.25%, with an
IC50 near 40 pg/mL. CuO NPs showed enhanced activity, lowering viability from 86.0% to 38.67% and an IC50
of approximately 25 pg/mL. Once again, the nanoscaffolds outperformed the other treatments, reaching 25.62%
viability at the highest concentration and an IC50 of about 20 pg/mL.

These findings indicate that the starch/PVA/CuO-NPs nanoscaffolds possess the strongest anticancer activity
against both tested cell lines, followed by CuO NPs and then the algal extract. The enhanced efficacy of the
nanoscaffolds suggests their potential as a promising therapeutic approach, warranting further investigation into
their mechanisms and in vivo performance. The IC50 values, while informative, should be confirmed with
additional experiments for precise quantification.

4. DISCUSSION

The present study systematically evaluated the biosynthesis and characterization of CuO NPs using G. corticata
extract and their incorporation into electrospun starch/PVA nanoscaffolds. Each characterization technique
revealed critical insights into the structural, chemical, and biological behavior of the developed nanocomposite,
validating its potential for biomedical applications, particularly anticancer therapy.

UV-Visible spectroscopic analysis provided foundational evidence for the successful biosynthesis of CuO NPs
using G. corticata extract. The aqueous extract exhibited a wide absorption range between 200 and 800 nm, with
a characteristic peak at 302 nm, suggesting the presence of bioactive phytochemicals such as polyphenols,
flavonoids, and terpenoids. These compounds are known for their ability to donate electrons, facilitating the
reduction of metal ions into stable nanoparticles. In comparison, the CuO NPs exhibited a pronounced absorption
peak at 291 nm, indicative of surface plasmon resonance (SPR), a hallmark of nanoscale metal oxides. A secondary
absorption was observed near 800 nm, further supporting the formation of metal oxide nanostructures. The
absence of such defined peaks in the extract and their presence in the nanoparticle spectrum validate the extract’s
dual role as both reducing and capping agent during nanoparticle synthesis [43-45].

FTIR spectroscopy was employed to identify the functional groups involved in nanoparticle formation and
stabilization. The CuO NPs spectrum revealed key absorption bands attributable to O—H and Cu-O stretching,
confirming metal-oxygen bonding. The spectrum of the nanoscaffold showed distinct peaks corresponding to
hydroxyl (O—H), carbonyl (C=0), and aliphatic C—H bonds, along with signatures typical of polysaccharides and
amide groups. The presence of such peaks implies effective incorporation of CuO NPs into the polymeric matrix,
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possibly through hydrogen bonding and electrostatic interactions. These interactions are facilitated by the
phytochemicals from G. corticata, which likely enhance compatibility between the nanoparticles and the
starch/PVA scaffold, stabilizing the system and preventing nanoparticle aggregation [46, 47].

XRD patterns affirmed the crystalline nature of the synthesized CuO NPs. Multiple diffraction peaks matched the
monoclinic phase of CuO, in alignment with JCPDS card no. 48-1548. The presence of sharp and well-defined
peaks at 20 values such as 19.134°,24.369°, and 15.797° confirmed high crystallinity and phase purity. In contrast,
the nanoscaffold composite exhibited broader and less intense peaks, reflecting a semi-crystalline structure with
predominant amorphous content. Notably, a peak shift from 35.999° to 36.034° in the nanoscaffold indicated
strong interfacial interactions between the CuO NPs and the polymer matrix, most likely mediated by the
phytochemicals. These findings underscore the structural integration of the nanoparticles into the scaffold while
maintaining their crystalline nature [21, 48].

SEM imaging revealed the morphological characteristics of the electrospun nanoscaffold. The scaffold exhibited
a continuous, bead-free fibrous network, with fiber diameters ranging from 90 to 150 nm, which is ideal for
mimicking natural ECM. Embedded CuO NPs appeared as uniformly dispersed spherical entities under 100 nm,
distributed both within and on the surface of the nanofibers. This uniform dispersion is crucial for consistent
therapeutic activity and highlights the effective blending of nanoparticles with the polymer solution prior to
electrospinning. The smooth surface and homogenous nanoparticle integration suggest excellent compatibility
among the components, further aided by the stabilizing agents present in the algal extract [49, 50].

Thermal stability of the nanoscaffold was evaluated through TGA. The thermogram displayed two major
degradation phases. The first, occurring between 265.25°C and 355.41°C, corresponded to the decomposition of
polymeric and organic residues. The second phase, from 425.38°C to 448.38°C, was attributed to the breakdown
of more stable constituents, possibly cross-linked structures and embedded nanoparticles. The total weight loss
was approximately 33.372%, indicating partial degradation, which is acceptable for biodegradable biomedical
materials. The relatively high degradation onset temperature implies improved thermal resistance, likely due to
nanoparticle reinforcement and potential cross-linking interactions induced by bioactive compounds in G.
corticata [51-53].

DLS and zeta potential analyses were performed to assess the colloidal stability and size distribution of the CuO
NPs. The average hydrodynamic diameter was 68.6 nm with a polydispersity index (PDI) of 0.584, suggesting
moderate uniformity in particle size. The zeta potential of —14.11 mV indicated moderate surface charge, which
confers partial electrostatic stabilization. While these values reflect acceptable short-term stability, surface
modifications or additional capping agents may be necessary for long-term dispersion, especially in complex
biological environments. The negative surface charge likely originates from the phytochemical groups adsorbed
onto the nanoparticles during green synthesis [54, 55].

The anticancer efficacy of the G. corticata extract, CuO NPs, and the starch/PVA/CuO nanoscaffolds was
evaluated against HT-29 (colon) and MCF-7 (breast) cancer cell lines using the MTT assay. All treatments showed
dose-dependent cytotoxicity, with the nanoscaffolds exhibiting the strongest activity. In HT-29 cells, the scaffold’s
IC50 was around 10 pg/mL, compared to 15 pg/mL for CuO NPs and 50 pug/mL for the extract. A similar trend
was seen in MCF-7 cells, with IC50 values of 20 pg/mL for the scaffold, 25 pg/mL for CuO NPs, and 40 pg/mL
for the extract. These findings highlight the synergistic effect of CuO NPs and polymeric support in enhancing
anticancer activity. The improved performance of the scaffold can be attributed to better nanoparticle delivery and
sustained interaction with cancer cells due to the nanofibrous matrix [56, 57].

The comprehensive results from physicochemical and biological evaluations validate the successful green
synthesis of CuO NPs using G. corticata and their efficient integration into a starch/PVA nanoscaffold. The
material demonstrated favorable structural, thermal, and anticancer properties, suggesting promising potential for
future biomedical applications, particularly in targeted cancer therapy.

5. CONCLUSION

The present study successfully demonstrated the green synthesis of copper oxide (CuO) nanoparticles using G.
corticata extract, which served as both a reducing and stabilizing agent. The UV—Vis, FTIR, and XRD analyses
confirmed the formation and crystalline nature of the CuO NPs, while SEM imaging revealed their uniform
dispersion within the starch/PVA electrospun nanoscaffold. The incorporation of CuO NPs enhanced the scaffold’s
thermal stability and maintained its structural integrity. DLS and zeta potential analyses indicated moderate
colloidal stability, influenced by the phytochemicals present in the algal extract. Most importantly, the in vitro
anticancer evaluation showed that the CuO-loaded nanoscaffolds exhibited significant cytotoxicity against HT-29
and MCF-7 cancer cell lines, outperforming both the extract and nanoparticles alone. These findings highlight the
therapeutic potential of the fabricated nanoscaffolds as a biocompatible and eco-friendly platform for targeted
cancer therapy, paving the way for further in vivo evaluations and clinical exploration.
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Fig. 1. UV-Visible spectral profiles of algal extract and CuO NPs.
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.
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Fig. 4. SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds.
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Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds.
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Fig. 8. Anticancer activity of algal extract, CuO-NPs and starch/PVA/CuO-NPs nanoscaffolds
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