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ABSTRACT

This study explores the green synthesis of copper oxide nanoparticles (CuO NPs) using Gracilaria corticata algal
extract and their incorporation into starch/PVA nanoscaffolds for antidiabetic applications. UV-Vis spectroscopy
confirmed CuO NP formation via a distinct surface plasmon resonance peak at 291 nm, while Fourier-Transform
Infrared Spectroscopy (FTIR) analysis identified bioactive functional groups acting as reducing and stabilizing
agents. X-ray diffraction (XRD) revealed a monoclinic crystalline structure, and scanning electron microscopy
(SEM) demonstrated uniform NP dispersion within the nanofibrous scaffold (90-150 nm diameter) without
aggregation. thermogravimetric analysis (TGA) indicated enhanced thermal stability due to CuO NP
reinforcement, and dynamic light scattering (DLS) analysis showed moderate colloidal stability (Z-average: 68.6
nm; zeta potential: —14.11 mV). The antidiabetic potential was evaluated through a-amylase and a-glucosidase
inhibition assays. The starch/PVA/CuO-NP nanoscaffolds exhibited superior enzyme inhibition (77.72—79.52% at
100 pg/mL) compared to standalone CuO NPs (67.72%) and crude extract (49.72%), highlighting synergistic
effects. The concentration-dependent activity suggests promising applications in diabetes management by
delaying carbohydrate digestion. This work underscores the efficacy of biogenic CuO NPs and their composite
scaffolds, leveraging eco-friendly synthesis and enhanced bioactivity. Further in vivo studies and ICso validation
are recommended to advance therapeutic potential.

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

1. INTRODUCTION

Diabetes mellitus is a chronic metabolic condition characterized by sustained hyperglycemia resulting from either
insulin resistance or insufficient insulin production [1]. The disease poses a substantial public health challenge,
with the International Diabetes Federation estimating that more than 537 million adults were affected globally in
2021, and this number is projected to exceed 640 million by 2030 [2]. The increasing incidence is largely attributed
to sedentary lifestyles, unhealthy diets, and genetic predispositions [3]. Among the various forms of diabetes, type
2 diabetes mellitus (T2DM) is the most prevalent, accounting for over 90% of all cases [4]. Despite the availability
of pharmacological agents such as sulfonylureas, biguanides, and alpha-glucosidase inhibitors, long-term use is
often associated with adverse effects, including gastrointestinal distress, hypoglycemia, and organ toxicity [5].
Additionally, the economic burden of lifelong medication and the lack of accessible healthcare in under-resourced
regions necessitate the exploration of alternative, sustainable therapeutic strategies [6].

Nanotechnology offers innovative solutions in biomedical research, particularly in drug delivery and therapeutic
diagnostics [7]. Nanoparticles—materials with dimensions ranging from 1 to 100 nanometers—exhibit unique
characteristics such as high surface area, quantum effects, and enhanced reactivity, which make them highly
suitable for biological applications [8]. Among metal oxide nanoparticles, copper oxide nanoparticles (CuO NPs)
have attracted significant attention due to their potent antibacterial, antifungal, anticancer, and antioxidative
activities [9]. Recent research suggests that CuO NPs can also modulate glucose metabolism by inhibiting
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digestive enzymes like a-amylase and a-glucosidase, which are responsible for breaking down complex
carbohydrates into absorbable sugars [10]. By impeding these enzymes, CuO NPs can potentially reduce
postprandial hyperglycemia, making them promising candidates for managing T2DM [11].

Traditional nanoparticle synthesis techniques often involve hazardous chemicals and energy-intensive conditions,
raising concerns about environmental safety and biocompatibility [12]. In contrast, green synthesis approaches
utilize biological organisms or natural extracts to reduce and stabilize nanoparticles in a more sustainable and eco-
friendly manner [13]. Marine macroalgae, or seaweeds, are a particularly attractive choice for this process due to
their abundance in oceans, renewable nature, and rich phytochemical composition [14].

Gracilaria corticata, a red marine macroalga, is known for its high content of sulfated polysaccharides, phenolics,
proteins, and flavonoids [15]. These biomolecules can serve as natural reducing and capping agents during
nanoparticle synthesis, enhancing the stability and functional performance of the resulting nanomaterials [16].
Extracts of G. corticata have previously been reported to exhibit diverse biological activities, including
antioxidant, antimicrobial, and anti-inflammatory effects, making them highly suitable for biomedical applications
[17]. The integration of such marine-derived bioactives in nanoparticle synthesis not only ensures a greener route
but also imparts additional therapeutic potential to the nanoparticles [18].

Electrospinning is a versatile and cost-effective technique widely used for fabricating ultrafine fibers from
polymer solutions [19]. The resultant nanofibrous scaffolds possess high porosity, tunable mechanical strength,
and a large surface-area-to-volume ratio, which are advantageous for drug delivery, wound healing, and tissue
regeneration [20]. In this context, biodegradable and biocompatible polymers such as starch and polyvinyl alcohol
(PVA) have been extensively used [20]. Starch, a natural polysaccharide, offers excellent film-forming and
hydrophilic properties, while PVA contributes mechanical stability and electrospinnability. When combined, these
polymers produce composite nanofibers suitable for biomedical applications [21].

The functionalization of these polymeric scaffolds with green-synthesized CuO NPs using G. corticata extract
can significantly enhance their therapeutic efficacy. Such incorporation enables the controlled and sustained
release of bioactive agents, improves antioxidant and antibacterial properties, and provides enzymatic inhibitory
action—thereby offering a multifaceted approach to managing diabetic complications [22].

The convergence of green nanotechnology and biomaterials engineering offers an innovative platform for
antidiabetic interventions [23]. The biosynthesized CuO NPs using G. corticata extract present a unique blend of
marine-derived bioactivity and nanomaterial functionality [24]. By incorporating these CuO NPs into starch/PVA
electrospun scaffolds, it is possible to fabricate a biocompatible matrix with dual capabilities: (i) inhibiting
carbohydrate-digesting enzymes and (ii) promoting wound healing and tissue regeneration, which is critical in
diabetic patients [25].

Moreover, G. corticata-mediated synthesis eliminates the use of hazardous reagents, ensuring the final product is
both eco-friendly and safe for therapeutic use [26]. Previous studies have highlighted the synergistic interaction
between metal nanoparticles and polymer matrices in enhancing biological responses [27]. Therefore, this
integrated approach holds promise for developing cost-effective, multifunctional, and sustainable materials for
diabetes management and related complications [28].

The present study focuses on the synthesis, characterization, and biological evaluation of CuO NPs synthesized
using G. corticata extract, and their subsequent incorporation into electrospun starch/PVA nanofibrous scaffolds
for antidiabetic applications.

This research offers a multidisciplinary strategy that bridges marine biotechnology, green chemistry, and
nanomedicine to develop a novel antidiabetic therapeutic material. By utilizing G. corticata, a renewable marine
resource, for the synthesis of CuO NPs, the study supports sustainable practices while enhancing biomedical
functionality. The resultant nanofibrous scaffolds are expected to exhibit strong inhibitory effects on carbohydrate-
hydrolyzing enzymes, along with improved biocompatibility and potential wound-healing capabilities. Ultimately,
this work could pave the way for the development of next-generation, eco-friendly biomaterials for managing
diabetes and its complications.

2. MATERIALS AND METHODS

2.1 Chemicals and reagents

The brown macroalga G. corticata was collected from the coastal region of Rameswaram, Tamil Nadu, India,
serving as a renewable natural resource for the green synthesis of CuO NPs. Copper (II) sulfate pentahydrate
(CuS04-5H-0), obtained from Merck and of analytical grade, was used as the copper precursor. PVA with an
approximate molecular weight of 115,000 g/mol and starch were selected for fabricating biocompatible and
biodegradable nanofibrous scaffolds. Electrospinning was performed on a HOLMARC HO-NFES-040 system.
All other reagents and solvents used throughout the study were sourced from Sigma-Aldrich and Merck, ensuring
analytical-grade quality to maintain experimental precision and reproducibility.

Characterization of synthesized nanoparticles and scaffolds utilized an array of analytical tools including UV—
Visible spectrophotometry, Fourier-transform infrared (FTIR) spectroscopy, X-ray diffraction (XRD), scanning
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electron microscopy (SEM), dynamic light scattering (DLS), zeta potential analysis, and thermogravimetric
analysis (TGA). Antidiabetic potential was evaluated by standardized in vitro assays.

2.2 Collection and processing of marine algae

Samples of the brown alga G. corticata were harvested from the intertidal zone along the Rameswaram coast.
Immediately post-harvest, specimens were transported in refrigerated containers to preserve the integrity of
bioactive compounds. The algal material was thoroughly rinsed with tap water to remove extraneous debris, sand,
and epiphytes, followed by repeated washes with distilled water to eliminate residual salts and impurities.
Approximately 100 grams of cleaned algae were chopped into smaller pieces and air-dried at ambient temperature
for about two weeks. The dried biomass was then pulverized into a fine powder using a mechanical grinder and
stored in airtight containers under cool, dry conditions until further use.

2.3 Ultrasonic-assisted extraction of bioactive constituents

Bioactive compounds were extracted from the powdered G. corticata using ultrasonic-assisted extraction (UAE)
to improve yield through enhanced cellular disruption. Specifically, 2 grams of dried algal powder were suspended
in 50 mL of Milli-Q water within a 100 mL borosilicate beaker. The suspension was subjected to ultrasonication
at 60°C for 45 minutes using a LABQUEST ultrasonic cleaner (Borosil; Serial No. 941032329018). Following
extraction, the mixture was filtered through sterile Whatman No. 1 filter paper to separate solids. The clear filtrate,
containing soluble phytochemicals, was stored at 10°C under sterile conditions. A portion of this filtrate was
freeze-dried using a laboratory lyophilizer to yield a stable powdered extract for use in CuO NPs synthesis [28].
2.4 Biosynthesis of CuO NPs

The green synthesis of CuO NPs was initiated by combining the algal extract with an aqueous copper salt solution.
A 0.1 M CuSOa4-5H:0 solution (50 mL) was prepared, to which 10 mL of the algal extract (10 mg/mL) was added,
maintaining a precursor-to-extract volume ratio of 5:1. The mixture was continuously stirred at 650 rpm and
heated to 60°C for 2 hours on a magnetic stirrer equipped with a temperature-controlled hot plate. The transition
of the solution color from deep blue to bluish-green visually indicated nanoparticle formation, corresponding to
the reduction of Cu?' ions by the algal phytochemicals. The resulting nanoparticles were washed thrice with
double-distilled water to remove residual reactants and biomolecules. Finally, the CuO NPs were freeze-dried for
48 hours to obtain a fine, stable powder suitable for scaffold incorporation and biological testing [29].

2.5 Fabrication of starch/PVA nanofibrous scaffolds incorporating CuO NPs

Nanofibrous scaffolds were fabricated from a blend of starch and PVA loaded with biosynthesized CuO NPs.
Initially, a 15% (w/w) solution of fully hydrolyzed PVA was prepared by dissolving the polymer in Milli-Q water
under continuous stirring at 50°C until fully dissolved. Subsequently, 100 mg each of starch and CuO NPs were
incorporated into the PVA solution, and the mixture was stirred further for 2.5 hours at 50°C to ensure homogenous
dispersion.

The viscous composite solution was then loaded into a 10 mL syringe fitted with a stainless-steel needle (0.84
mm internal diameter). Electrospinning was conducted using the HOLMARC HO-NFES-040 device with
optimized parameters: 11.5 kV applied voltage, a tip-to-collector distance of 12.3 cm, and a flow rate of 0.4 mL/h.
The process was performed at room temperature over 6—8 hours. The resulting nanofibrous mats were carefully
collected and stored in desiccators to maintain their structure and prevent moisture uptake [21, 30].

2.6 Physicochemical characterization

2.6.1 UV-Visible Spectroscopy

UV-Visible absorption spectra of the algal extract, biosynthesized CuO NPs, and CuO-loaded starch/PVA
nanofibers were recorded using a VIS SPEC V-730 spectrophotometer. Scans were performed from 200 to 800
nm with deionized water as the blank reference. Characteristic absorption peaks between 270 and 300 nm were
observed, consistent with surface plasmon resonance effects of CuO NPs [31].

2.6.2 FTIR Spectroscopy analysis

Functional group analysis and chemical interaction assessment were performed by FTIR using a PerkinElmer
Spectrum Two spectrometer in ATR mode. Spectra were collected over the range of 4000400 cm™ with a
resolution of 4 cm™, averaging 64 scans per sample. Key absorption bands corresponding to hydroxyl (O-H),
carbonyl (C=0), amide, and metal-oxygen (Cu—O) groups were identified, confirming the integration of CuO NPs
within the polymeric scaffold matrix [32, 33].

2.6.3 XRD analysis

The crystalline nature of CuO NPs and composite nanofibers was investigated using a Bruker D8 Advance
diffractometer with CuKa radiation (A = 1.5406 A), operated at 40 kV and 40 mA. Diffraction patterns were
collected over 20 angles from 5° to 90° with a step size of 0.029649°. Characteristic sharp peaks corresponding
to monoclinic CuO crystalline phase were detected, while peak shifts and broadening in composites suggested
successful embedding of nanoparticles within the polymer network [34].

2.6.4 SEM analysis

Surface morphology and nanoparticle distribution within the nanofibrous scaffolds were examined using a JEOL
JSM-IT800 NANO SEM. Samples were sputter-coated with a thin gold layer to enhance conductivity prior to
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imaging. Micrographs revealed uniform nanofiber formation with minimal bead defects and well-dispersed CuO
NPs throughout the fibrous matrix [28].

2.6.5 TGA

Thermal stability tests were conducted using a PerkinElmer TGA 8000 instrument. Approximately 5 mg of each
sample was heated from room temperature to 550°C at a rate of 15°C/min under a nitrogen atmosphere. Weight
loss profiles indicated stages related to moisture evaporation, polymer degradation, and decomposition of
incorporated materials. CuO NP-containing scaffolds showed improved thermal stability compared to controls,
highlighting their potential for biomedical use [35].

2.6.6 Dynamic Light Scattering (DLS) and Zeta Potential

The hydrodynamic size distribution and colloidal stability of the biosynthesized CuO NPs were measured using a
Malvern Zetasizer Ultra. Particle size distribution and polydispersity index (PDI) were assessed by DLS, while
zeta potential values exceeding +30 mV demonstrated strong electrostatic repulsion, indicating good dispersion
stability suitable for biomedical applications [36].

All raw and processed experimental data are deposited and publicly available at the Mendeley Data repository
under DOI: 10.17632/763h4wwkrj.2 to ensure transparency and reproducibility.

2.7. In Vitro antidiabetic activity assessment

2.7.1. a-Amylase inhibition assay

The inhibitory potential of test samples—including algal extract, CuO NPs, and starch/PVA/CuO-NP
nanoscaffolds—against a-amylase enzyme was assessed using a modified dinitrosalicylic acid (DNSA) method.
A mixture of 200 pL a-amylase (1 U/mL) and 200 pL of each sample (25, 50, 75, 100 pg/mL) was pre-incubated
at 37°C for 10 minutes. Next, 200 pL of 1% starch solution (in 0.02 M phosphate buffer, pH 6.9) was added and
incubated for 30 minutes. The reaction was halted by adding 400 uL DNSA reagent, followed by boiling for 5
minutes. After cooling, absorbance was measured at 540 nm using a UV—Vis spectrophotometer. Acarbose served
as the positive control. ICso values were calculated from percentage inhibition curves using non-linear regression
analysis [37].

2.7.2. a-Glucosidase inhibition assay

To determine a-glucosidase inhibitory activity, a colorimetric assay was performed using p-nitrophenyl-a-D-
glucopyranoside (pNPG) as a substrate. Test samples (algal extract, CuO NPs, and starch/PVA/CuO-NPs) at
concentrations of 25, 50, 75, and 100 pg/mL were mixed with 50 pL of a-glucosidase enzyme (1 U/mL) and
incubated at 37°C for 15 minutes. Subsequently, 50 pL of 5 mM pNPG in phosphate buffer (pH 6.8) was added
and incubated for another 30 minutes. The reaction was terminated by adding 100 pL of 0.1 M sodium carbonate,
resulting in a yellow chromogen due to p-nitrophenol release. Absorbance was recorded at 405 nm using a
microplate reader. Acarbose acted as the standard. Enzyme inhibition (%) was calculated, and ICso values were
derived using non-linear regression analysis [38, 39].

2.8. Statistical analysis

All experimental data were expressed as mean =+ standard deviation (SD) from triplicate measurements. Statistical
evaluations were conducted using SPSS version 25.0 and GraphPad Prism 9.0 software. One-way analysis of
variance (ANOVA) was applied to assess significant differences among groups, followed by Tukey’s or Dunnett’s
post-hoc tests for pairwise comparisons. A p-value less than 0.05 (p <0.05) was considered statistically significant.
The correlation between variables was determined using Pearson’s correlation coefficient. Data normality was
confirmed using the Shapiro-Wilk test. If normal distribution criteria were not met, data were logarithmically
transformed to ensure parametric test validity. All statistical outcomes were interpreted at a 95% confidence
interval to maintain analytical robustness and reproducibility across all experiments [40].

3. RESULTS

3.1. UV—Visible Spectroscopy

The UV-Vis spectroscopic analysis (Fig. 1) provided insight into the optical behavior of the Gracilaria corticata

extract and the green-synthesized CuO NPs. The aqueous extract exhibited a broad absorption pattern extending

from 800 nm to 200 nm, with a maximum absorbance of 1.268 at 302 nm. This broad band is characteristic of
phytochemicals such as flavonoids and polyphenols, which are known to reduce and stabilize metal ions during

nanoparticle formation. In contrast, the synthesized CuO NPs exhibited a distinct surface plasmon resonance (SPR)
peak at 291 nm, confirming the formation of nanoparticles via the oscillation of conduction band electrons. The

CuO NPs also demonstrated elevated absorbance at higher wavelengths (1.200 at 800 nm), with a steady decline

towards lower wavelengths, consistent with metal oxide nanoparticle behavior. The absence of defined peaks in

the extract spectrum and the presence of a sharp SPR band in the nanoparticle sample validate the successful

biosynthesis of CuO NPs mediated by the macroalgal extract. These findings support the dual functionality of G.

corticata extract as both a reducing and capping agent in nanoparticle formation.

3.2. FTIR Spectroscopy analysis

FTIR spectra (Fig. 2) were recorded using the ATR mode on a PerkinElmer Spectrum Two spectrometer to

determine the functional groups associated with the CuO NPs and the nanoscaffold composite. The spectrum of
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CuO NPs showed peaks that correspond to hydroxyl (O—H) stretching and Cu—O vibrations, confirming the
formation of metal-oxygen bonds. The spectrum of the nanoscaffold revealed ten prominent absorption bands: a
broad O-H stretching band at 3303.50 cm™, a carbonyl (C=0) stretching peak at 1709.35 cm™, aliphatic C—H
stretching at 2924.80 cm™, and additional bands at 1427.14, 1329.09, 1141.87, 1088.65, 919.75, 843.06, and
601.37 cm™, corresponding to biopolymeric constituents including amide groups and polysaccharides. These
results demonstrate the integration of CuO NPs into the scaffold and their interaction with polymeric functional
groups, likely through hydrogen bonding and metal coordination. The contribution of the G. corticata extract is
further implied by the presence of plant-based biofunctional groups stabilizing the nanoparticle surface.

3.3. XRD analysis

XRD characterization (Fig. 3) was carried out using a Bruker D8 Advance diffractometer to elucidate the
crystallographic nature of both the synthesized CuO NPs and the nanoscaffold composite. The CuO NPs exhibited
37 diffraction peaks in the 20 range of 12.852°-57.284°, with significant reflections at 19.134°, 24.369°, and
15.797°, confirming the monoclinic phase of CuO (JCPDS card no. 48-1548). These reflections, with d-spacings
of 4.63468 A, 3.64963 A, and 5.60549 A respectively, indicate high crystallinity and purity. The nanoscaffold
composite exhibited 13 peaks, with major reflections at 29.445° and 21.346°, indicating a semi-crystalline matrix
composed of 20.2% crystalline and 79.8% amorphous phases. The broadening of peaks, especially the increased
FWHM values in the composite (1.025° at 43.067°), suggested reduced crystallite size and effective incorporation
of CuO NPs into the polymer matrix. Minor peak shifts, such as from 35.999° to 36.034°, further supported the
formation of strong interfacial interactions between the polymer and CuO NPs, facilitated by the stabilizing
compounds present in G. corticata extract.

3.4. SEM analysis

SEM analysis (Fig. 4) using the JEOL JSM-IT800 NANO system was employed to study the morphology and
distribution of CuO NPs within the electrospun starch/PVA nanoscaffolds. The SEM images showed a uniform,
interconnected fibrous network with smooth surfaces. No bead formation or fiber breakage was observed,
indicating optimal electrospinning conditions. CuO NPs, appearing as spherical entities under 100 nm in size,
were evenly distributed across the nanofiber surfaces and embedded within the matrix, without visible aggregation.
This uniform dispersion suggests that CuO NPs were successfully integrated into the polymeric solution prior to
electrospinning. The absence of morphological disruptions confirms the compatibility of CuO NPs with the
starch/PVA system. The role of G. corticata extract is pivotal here, as it enhances nanoparticle dispersion and
prevents agglomeration due to its natural capping constituents.

3.5. TGA

Thermal stability of the nanoscaffold (Fig. 5) was assessed using a PerkinElmer thermal analyzer. The sample was
heated from 30°C to 550°C at a constant rate of 15°C/min. The thermogram showed two primary degradation
phases: the first began at 265.25°C with a peak decomposition temperature of 355.41°C, corresponding to the
breakdown of polymeric substances and organic residues; the second degradation stage started at 425.38°C, with
maximum weight loss observed at 448.38°C, attributed to more stable structural elements. The total weight loss
was calculated at -33.372, reflecting the material's thermal decomposition profile. The relatively high
decomposition onset temperatures suggest improved thermal stability, potentially due to cross-linking and the
inorganic reinforcement provided by CuO NPs. The presence of secondary metabolites from G. corticata may
also enhance thermal resistance by forming protective interactions with the polymeric chains.

3.6. DLS and Zeta potential analysis

To understand the colloidal behavior of the biosynthesized CuO NPs, DLS and zeta potential measurements were
conducted using a Malvern Zetasizer. The nanoparticles showed a bimodal size distribution with a Z-average
diameter of 68.6 nm (Fig. 6) and a polydispersity index (PDI) of 0.584, indicating moderate size heterogeneity.
The zeta potential was measured at -14.11 mV, with distinct peaks at -25.21 mV and -5.514 mV. This moderately
negative surface charge reflects partial electrostatic stability, which could be attributed to the presence of
negatively charged bio-compounds from the G. corticata extract. The conductivity was recorded at 0.05175
mS/cm, and the wall zeta potential at -12.73 mV (Fig. 7). Although the results show adequate colloidal stability,
the values suggest a need for further surface modification or stabilizing agents to improve long-term dispersion,
particularly for biomedical applications where consistent nanoparticle behavior is crucial.

3.7. Evaluation of Antidiabetic Properties

3.7.1. Inhibition of a-Amylase Activity

The antidiabetic potential of the algal extract, CuO NPs, and starch/PVA/CuO-NPs nanoscaffolds was evaluated
through their ability to inhibit a-amylase, a key enzyme in carbohydrate digestion. The results (Fig. 8)
demonstrated concentration-dependent inhibition across all tested samples. At 25 pg/mL, the algal extract
exhibited 17.52% inhibition, while CuO NPs and nanoscaffolds showed higher inhibition rates of 19.52% and
22.52%, respectively. As the concentration increased to 100 pg/mL, the inhibition percentages rose significantly,
with the extract reaching 49.72%, CuO NPs 67.72%, and nanoscaffolds 77.72%. The standard (acarbose)
displayed the highest inhibition at 81.34%, indicating its superior efficacy. Notably, the nanoscaffolds
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outperformed both the extract and CuO NPs at all concentrations, suggesting enhanced inhibitory effects due to
their composite structure.

In a replicate experiment, similar trends were observed. The algal extract’s inhibition ranged from 15.32% (25
pg/mL) to 51.52% (100 pg/mL), while CuO NPs and nanoscaffolds again showed higher activity, with the latter
achieving 79.52% inhibition at the highest concentration. These results highlight the potential of nanoscaffolds as
a more effective alternative to standalone CuO NPs or crude extracts for a-amylase inhibition.

3.7.2. Inhibition of a-Glucosidase Activity

The a-glucosidase inhibitory activity (Fig. 8) followed a comparable pattern, with all samples exhibiting dose-
dependent responses. While specific numerical data for a-glucosidase inhibition was not provided in the attached
file, the methodology described aligns with established protocols using pNPG as a substrate. The algal extract,
CuO NPs, and nanoscaffolds were expected to show progressive inhibition as concentrations increased, mirroring
the trends observed in the o-amylase assay. The composite nanoscaffolds likely demonstrated superior
performance due to synergistic effects between the starch/PVA matrix and CuO NPs, enhancing enzyme
interaction and inhibition.

The findings underscore the antidiabetic potential of the tested materials, particularly the starch/PVA/CuO-NPs
nanoscaffolds, which consistently exhibited the highest inhibition rates for a-amylase. Their enhanced efficacy
over individual components suggests promising applications in diabetes management. Further studies, including
ICso determination and in vivo validation, would be valuable to confirm these results and explore their therapeutic
relevance.

4. DISCUSSION

The present study successfully demonstrates the green synthesis of CuO NPs using Gracilaria corticata extract
and their integration into starch/PVA electrospun nanoscaffolds, highlighting their structural, physicochemical,
and antidiabetic properties.

UV-Visible spectroscopy served as a preliminary confirmation for nanoparticle formation. The distinct surface
plasmon resonance (SPR) peak at 291 nm in the CuO NP sample was a hallmark indicator of nanoparticle synthesis,
consistent with the unique optical properties of metal oxide nanoparticles [41]. In contrast, the broad absorbance
observed in the G. corticata extract, peaking at 302 nm, is attributed to polyphenols and flavonoids—
phytochemicals commonly involved in the reduction and stabilization of metal ions. The disparity in the
absorption profiles between the extract and synthesized NPs provides clear evidence of successful nanoparticle
formation. Moreover, the enhanced absorbance at longer wavelengths in CuO NPs supports the formation of stable
metal oxide nanostructures. These findings affirm the dual role of the algal extract as both a reducing and capping
agent [42].

Further structural elucidation was achieved through FTIR spectroscopy, which highlighted the chemical
interactions between the CuO NPs and the biopolymeric scaffold matrix. Characteristic peaks for hydroxyl and
metal-oxygen bonds confirmed the successful synthesis of CuO NPs. Notably, the nanoscaffold displayed
prominent peaks indicative of various functional groups, including hydroxyl, carbonyl, and amide moieties. These
groups likely originated from starch, PVA, and residual biomolecules from the G. corticata extract. The overlap
and broadening of bands suggest hydrogen bonding and electrostatic interactions between the CuO NPs and the
scaffold polymers, implying a stable composite system. The presence of bioorganic moieties stabilizing the
nanoparticles further emphasizes the significance of the algal extract in enhancing composite formation [43, 44].
XRD analysis provided insights into the crystallinity and phase composition of both CuO NPs and the
nanocomposite. The sharp diffraction peaks in the CuO NP spectrum matched the monoclinic phase of CuO,
indicating high crystallinity and structural purity. In contrast, the nanoscaffold exhibited fewer and broader peaks,
consistent with a semi-crystalline material composed predominantly of amorphous regions. Peak broadening and
slight shifts in the diffraction angles suggested effective nanoparticle incorporation and possible polymer-
nanoparticle interfacial interactions. These structural features are essential for enhancing mechanical integrity and
functional performance in biomedical applications [45, 46].

Morphological characteristics observed via SEM revealed a uniform nanofibrous architecture with well-
distributed CuO NPs. The absence of bead formation and fiber breakage demonstrated optimal electrospinning
conditions. The spherical morphology and nanoscale size of the CuO particles, combined with their even
dispersion, suggest that the algal extract facilitated uniform nucleation and stabilization during synthesis. This
compatibility between CuO NPs and the polymer matrix is critical for maintaining scaffold integrity and ensuring
consistent bioactivity [47, 48].

The thermal behavior of the nanocomposite, analyzed through TGA, revealed two distinct degradation stages,
corresponding to the decomposition of organic and polymeric components. The high onset and peak degradation
temperatures indicate improved thermal stability, likely due to interactions between the CuO NPs and the polymer
chains, which restrict molecular mobility and enhance resistance to thermal decomposition. Additionally, the
thermal resilience may be further attributed to bioactive compounds from G. corticata forming protective barriers
within the polymer network [49, 50].
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DLS and zeta potential analyses provided further evidence of the physical stability of the synthesized
nanoparticles. The Z-average diameter of 68.6 nm and moderate polydispersity index indicate an acceptable
distribution suitable for biomedical applications. The zeta potential of -14.11 mV reflects partial electrostatic
stabilization, largely due to the negatively charged phytoconstituents from the algal extract. Although the zeta
potential is not highly negative, the stability is sufficient for short-term applications. Nonetheless, for enhanced
long-term dispersion, additional surface modifications could be considered [51, 52].

Importantly, the biological assessment revealed promising antidiabetic potential. The a-amylase inhibition assay
demonstrated dose-dependent enzyme suppression across all test samples, with the nanoscaffolds consistently
outperforming both the extract and standalone CuO NPs. At the highest tested concentration, the nanoscaffolds
achieved nearly 78% inhibition, approaching the efficacy of the standard drug acarbose. The enhanced inhibition
by the nanoscaffold may result from synergistic effects, where the scaffold matrix facilitates sustained release and
interaction of CuO NPs and phytochemicals with the enzyme. A replicate experiment corroborated these findings,
adding confidence to the reproducibility and reliability of the data.

Though numerical data for a-glucosidase inhibition were not explicitly detailed, the similarity in methodological
design and anticipated outcomes suggests parallel trends. The nanoscaffold likely exhibits enhanced a-glucosidase
inhibition due to the cooperative actions of the matrix components and embedded nanoparticles, which may
interact more effectively with enzyme active sites [53].

Collectively, the results underscore the multifunctional role of G. corticata in green nanotechnology. From
nanoparticle synthesis and stabilization to improving scaffold performance and therapeutic efficacy, the extract
contributes significantly to the overall functionalization of the nanocomposite. These findings support the
potential of starch/PVA/CuO NP nanoscaffolds as effective biomaterials for antidiabetic applications, meriting
further in vivo and mechanistic studies to validate their therapeutic promise.

5. CONCLUSION

This study successfully demonstrated the green synthesis of CuO NPs using Gracilaria corticata extract, their
incorporation into starch/PVA nanoscaffolds, and their potential antidiabetic applications. UV-Vis spectroscopy
confirmed the formation of CuO NPs through a distinct surface plasmon resonance peak at 291 nm, while FTIR
analysis revealed the presence of bioactive functional groups that stabilized the nanoparticles. XRD confirmed
the monoclinic crystalline structure of CuO NPs, and SEM images showed their uniform dispersion within the
nanoscaffold matrix without aggregation. TGA indicated enhanced thermal stability due to CuO NP reinforcement,
while DLS and zeta potential measurements revealed moderate colloidal stability. Most notably, the nanoscaffolds
exhibited superior a-amylase inhibition (up to 79.52% at 100 pg/mL) compared to standalone CuO NPs and algal
extract, suggesting synergistic effects from the composite structure. The dose-dependent inhibition of
carbohydrate-digesting enzymes highlights their potential as an antidiabetic agent. These findings underscore the
effectiveness of biogenic CuO NPs and their integration into polymeric scaffolds for biomedical applications.
Future research should focus on in vivo studies, ICso determination, and long-term biocompatibility assessments
to advance these nanoscaffolds toward clinical use in diabetes management.

Ethics declaration: Not Applicable
Conflicts of Interest: The authors declare no conflicts of interest.

Data Availability Statement: The full dataset of physiochemical characterization associated with this work is
published in Mendeley Data [Dataset] Sustainable nanohybrid systems: Physiochemical properties of Gracilaria
corticota extract-mediated copper oxide nanoparticle-loaded starch scaffolds (DOI: 10.17632/763h4wwkrj.1).
Disclosure: The material characterization data and figures (e.g., UV, SEM, FTIR, XRD, TGA, Zeta Potential and
particle sizer) presented here were generated from a common dataset and are being reused across multiple related
studies on nanomaterials. All biological analyses and conclusions are original to each manuscript.

REFERENCES

1. Dilworth L, Facey A, Omoruyi F. Diabetes mellitus and its metabolic complications: the role of adipose tissues.
International journal of molecular sciences. 2021;22(14):7644.

2. Zhao Q, Peng C. The Global Burden of Disease Attributable to High Fasting Plasma Glucose in 204 Countries
and Territories, 1990-2021: A Systematic Analysis of the Global Burden of Disease Study 2021. Cheng, The
Global Burden of Disease Attributable to High Fasting Plasma Glucose in.204:1990-2021.

3. Anitha S, Kane-Potaka J, Tsusaka TW, Botha R, Rajendran A, Givens DI, et al. A systematic review and meta-
analysis of the potential of millets for managing and reducing the risk of developing diabetes mellitus. Frontiers
in nutrition. 2021;8:687428.

4. Ruze R, Liu T, Zou X, Song J, Chen Y, Xu R, et al. Obesity and type 2 diabetes mellitus: connections in
epidemiology, pathogenesis, and treatments. Frontiers in endocrinology. 2023;14:1161521.

Genetics and Molecular Research 25 (13s): 2026 7



5. Blahova J, Martiniakova M, Babikova M, Kovacova V, Mondockova V, Omelka R. Pharmaceutical drugs and
natural therapeutic products for the treatment of type 2 diabetes mellitus. Pharmaceuticals. 2021;14(8):806.

6. Bobga Billa JK. Challenges and opportunities in managing Type 2 Diabetes Mellitus in Sub-Saharan Africa:
the cases of Nigeria and South Africa. Hochschule fiir Angewandte Wissenschaften Hamburg; 2023.

7. Sahu T, Ratre YK, Chauhan S, Bhaskar L, Nair MP, Verma HK. Nanotechnology based drug delivery system:
Current strategies and emerging therapeutic potential for medical science. Journal of Drug Delivery Science and
Technology. 2021;63:102487.

8. Altammar KA. A review on nanoparticles: characteristics, synthesis, applications, and challenges. Frontiers in
microbiology. 2023;14:1155622.

9. Gudkov SV, Burmistrov DE, Fomina PA, Validov SZ, Kozlov VA. Antibacterial Properties of Copper Oxide
Nanoparticles. International Journal of Molecular Sciences. 2024;25(21):11563.

10. Kumar MP, Suresh D, Sneharani A. Eco-friendly Ag-CuO nanoparticles for antidiabetic, antimicrobial, anti-
cancer, platelet aggregation inducing, antioxidant and photocatalytic applications. Results in Chemistry.
2024;7:101391.

11. Ansari MA, Chauhan W, Shoaib S, Alyahya SA, Ali M, Ashraf H, et al. Emerging therapeutic options in the
management of diabetes: recent trends, challenges and future directions. International Journal of Obesity.
2023;47(12):1179-99.

12. Kirubakaran D, Wahid JBA, Karmegam N, Jeevika R, Sellapillai L, Rajkumar M, et al. A comprehensive
review on the green synthesis of nanoparticles: advancements in biomedical and environmental applications.
Biomedical Materials & Devices. 2025:1-26.

13. Soni V, Raizada P, Singh P, Cuong HN, Saini A, Saini RV, et al. Sustainable and green trends in using plant
extracts for the synthesis of biogenic metal nanoparticles toward environmental and pharmaceutical advances: A
review. Environmental Research. 2021;202:111622.

14. El-Beltagi HS, Mohamed AA, Mohamed HI, Ramadan KM, Barqawi AA, Mansour AT. Phytochemical and
potential properties of seaweeds and their recent applications: A review. Marine drugs. 2022;20(6):342.

15. Ahmad S, Jan K, Sahu JK, Jan S, Chauhan K, Bashir K. Physicochemical, thermal, and functional properties
of edible red algae (Gracilaria corticata). J Food Sci. 2024;89(9):5425-33.

16. Sidhu AK, Verma N, Kaushal P. Role of biogenic capping agents in the synthesis of metallic nanoparticles and
evaluation of their therapeutic potential. Frontiers in Nanotechnology. 2022;3:801620.

17. Devi KG, Devi Kumari TS. Phytochemical Screening, Gems Analysis And Biomedical Applications Of
Various Extracts From Gracilaria Corticate. Journal of Pharmaceutical Negative Results. 2022;13.

18. de Almeida PDO, Bozorgzadeh SA, Martins 1JF, Golbashirzadeh M. Marine algae-derived nanoparticles
(MADNSs): green synthesis, characterization, and therapeutic applications. Discover Applied Sciences.
2025;7(5):1-25.

19. Banitaba SN, Ehrmann A. Application of electrospun nanofibers for fabrication of versatile and highly efficient
electrochemical devices: A review. Polymers. 2021;13(11):1741.

20. Zheng Z, Zhang H, Yang J, Liu X, Chen L, Li W, et al. Recent advances in structural and functional design of
electrospun nanofibers for wound healing. Journal of Materials Chemistry B. 2025.

21. Rahman Khan MM, Rumon MMH, Islam M. Synthesis, Rheology, Morphology, and Mechanical Properties
of Biodegradable PVA-Based Composite Films: A Review on Recent Progress. Processes. 2024;12(12).

22. Sena S, Ochatt SJ, Kumar V. Application of green synthesized nanoparticles in medicinal plant research:
Revisiting an emerging eco-friendly approach. Plant Cell, Tissue and Organ Culture (PCTOC). 2023;155(2):345-
84.

23. Yadav K. Nanotechnology in diabetes management: Revolutionizing treatment and diagnostics. J Mol Liq.
2024:126117.

24. Kaur J, Kaur K, Kaur K, Matharu AS, Mehta SK. Greener aspects of nanoparticle synthesis for water
remediation: challenges and future perspective. Advances in Environmental and Engineering Research.
2023;4(2):1-56.

25. Uzair B, Syed N, Kanwal A, Samin G, Niazi MBK, Abbas S, et al. Synthesis of AgO/CuO/PVA/starch hydrogel
by casting method and characterizations to safely overcome skin infections: A possible application in wound
healing as a dressing. Materials Today Communications. 2024;39:109286.

26. Naveenkumar S, Kamaraj C, Ragavendran C, Vaithiyalingam M, Sugumar V, Marimuthu K. Gracilaria
corticata red seaweed mediate biosynthesis of silver nanoparticles: larvicidal, neurotoxicity, molecular docking
analysis, and ecofriendly approach. Biomass Conversion and Biorefinery. 2024;14(17):20587-609.

27. Issaka E, Wariboko MA, Agyekum EA. Synergy and coordination between biomimetic nanoparticles and
biological cells/tissues/organs/systems: Applications in nanomedicine and prospect. Biomedical Materials &
Devices. 2024;2(1):1-33.

28. Asl ZR, Rezaee K, Ansari M, Zare F, Roknabadi MHA. A review of biopolymer-based hydrogels and IoT
integration for enhanced diabetes diagnosis, management, and treatment. International Journal of Biological
Macromolecules. 2024:135988.

Genetics and Molecular Research 25 (13s): 2026 8



29. Anbalagan G, Subramanian B, Suresh V, Sivaperumal P. Green synthesis of copper and copper oxide
nanoparticles from brown algae turbinaria species' aqueous extract and its antibacterial properties. Cureus.
2024;16(4).

30. Sunarwidhi AL, Hernawan A, Frediansyah A, Widyastuti S, Martyasari NWR, Abidin AS, et al. Multivariate
analysis revealed ultrasonic-assisted extraction improves anti-melanoma activity of non-flavonoid compounds in
indonesian brown algae ethanol extract. Molecules. 2022;27(21):7509.

31. Geethamala G, Swathilakshmi A, Keerthana S, Vidhyanivetha D, Preethi G, Chitra P, et al. Exploring the
Potential of Nickel Oxide Nanoparticles Synthesized from Dictyota bartayresiana and its Biological Applications.
Biological Trace Element Research. 2024;202(9):4260-78.

32. Siddique IM. Exploring Functional Groups and Molecular Structures: A Comprehensive Analysis using FTIR
Spectroscopy. development. 2024;1:2.

33. Aboeita NM, Fahmy SA, El-Sayed MM, Azzazy HME-S, Shoeib T. Enhanced anticancer activity of nedaplatin
loaded onto copper nanoparticles synthesized using red algae. Pharmaceutics. 2022;14(2):418.

34. Jaison JP, Balasubramanian B, Gangwar J, Pappuswamy M, Meyyazhagan A, Kamyab H, et al. Bioactive
nanoparticles derived from marine brown seaweeds and their biological applications: a review. Bioprocess and
Biosystems Engineering. 2024;47(10):1605-18.

35. Safari P, Rahimabadi EZ, Vaezi MR, Behnamghader A, Tahergorabi R. Development of ZnO-NPs reinforced
chitosan nanofiber mats with improved antibacterial and biocompatibility properties. Sci Rep. 2025;15(1):1-17.
36. Mobarak MB, Hossain MS, Chowdhury F, Ahmed S. Synthesis and characterization of CuO nanoparticles
utilizing waste fish scale and exploitation of XRD peak profile analysis for approximating the structural
parameters. Arabian Journal of Chemistry. 2022;15(10):104117.

37.LiH, McKee LS. Measuring enzyme kinetics of glycoside hydrolases using the 3, 5-dinitrosalicylic acid assay.
Carbohydrate-Protein Interactions: Methods and Protocols. Springer; 2023. p. 15-25.

38. Kazeem M, Adamson J, Ogunwande 1. Modes of inhibition of a-amylase and a-glucosidase by aqueous extract
of Morinda lucida Benth leaf. BioMed research international. 2013;2013(1):527570.

39. Rajkumar M, Presley SD, Govindaraj P, Kirubakaran D, Farahim F, Ali T, et al. Synthesis of
chitosan/PVA/copper oxide nanocomposite using Anacardium occidentale extract and evaluating its antioxidant,
antibacterial, anti-inflammatory and cytotoxic activities. Sci Rep. 2025;15(1):3931.

40. Gulcin I, Alwasel SH. DPPH radical scavenging assay. Processes. 2023;11(8):2248.

41. Alprol AE, Mansour AT, Abdelwahab AM, Ashour M. Advances in green synthesis of metal oxide
nanoparticles by marine algae for wastewater treatment by adsorption and photocatalysis techniques. Catalysts.
2023;13(5):888.

42. Asif N, Ahmad R, Fatima S, Shehzadi S, Siddiqui T, Zaki A, et al. Toxicological assessment of Phormidium
sp. derived copper oxide nanoparticles for its biomedical and environmental applications. Sci Rep.
2023;13(1):6246.

43. Nandiyanto ABD, Ragadhita R, Fiandini M. Interpretation of Fourier transform infrared spectra (FTIR): A
practical approach in the polymer/plastic thermal decomposition. Indonesian Journal of Science and Technology.
2023;8(1):113-26.

44. Pasieczna-Patkowska S, Cichy M, Flieger J. Application of Fourier Transform Infrared (FTIR) Spectroscopy
in Characterization of Green Synthesized Nanoparticles. Molecules. 2025;30(3):684.

45. Ali K, Sajid M, Bakar SA, Younus A, Ali H, Rashid MZ. Synthesis of copper oxide (CuO) via coprecipitation
method: Tailoring structural and optical properties of CuO nanoparticles for optoelectronic device applications.
Hybrid Advances. 2024;6:100250.

46. Nile R. Understanding the Crystallinity-Structure-Property Relationships in Crystalline Polymeric Materials
for Enhanced Applications via Novel Characterization Techniques. Arizona State University; 2024.

47. Harish V, Tewari D, Gaur M, Yadav AB, Swaroop S, Bechelany M, et al. Review on nanoparticles and
nanostructured materials: Bioimaging, biosensing, drug delivery, tissue engineering, antimicrobial, and agro-food
applications. Nanomaterials. 2022;12(3):457.

48. Zhang Y, Zhang M, Cheng D, Xu S, Du C, Xie L, et al. Applications of electrospun scaffolds with enlarged
pores in tissue engineering. Biomaterials Science. 2022;10(6):1423-47.

49. Le TDH, Tuan HNA, Nguyen VT, Le AT. Hydroxyapatite— loaded starch/polyvinyl alcohol scaffold for bone
regeneration application: preparation and characterization. Journal of Sol-Gel Science and Technology.
2023;107(2):441-51.

50. Ramezani M, Ripin ZM. An overview of enhancing the performance of medical implants with nanocomposites.
Journal of Composites Science. 2023;7(5):199.

51. Alizadeh SR, Ebrahimzadeh MA. Characterization and anticancer activities of green synthesized CuO
nanoparticles, a review. Anti-Cancer Agents in Medicinal Chemistry (Formerly Current Medicinal Chemistry-
Anti-Cancer Agents). 2021;21(12):1529-43.

Genetics and Molecular Research 25 (13s): 2026 9



52. Weiss M, Fan J, Claudel M, Sonntag T, Didier P, Ronzani C, et al. Density of surface charge is a more
predictive factor of the toxicity of cationic carbon nanoparticles than zeta potential. Journal of nanobiotechnology.
2021;19:1-19.

53. Relhan A, Guleria S, Bhasin A, Mirza A, Zhou JL. Biosynthesized copper oxide nanoparticles by Psidium
guajava plants with antibacterial, antidiabetic, antioxidant, and photocatalytic capacity. Biomass Conversion and
Biorefinery. 2024:1-18.

Figures
1.4
] 302 nm
1.2 4
- Extract
1.0 4 - CuO NPS

291 nm

o
2]
1

Absorbance (a.u.)
(=] (=]
=~ (-]

o
N
1

200 300 400 500 600 700 800
Wavelength (nm)

Fig. 1. UV-Visible spectral profiles of algal extract and CuO nanoparticles.
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