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ABSTRACT

The present study reports the eco-friendly synthesis of copper oxide (CuO) nanoparticles using Sargassum
ilicifolium extract and their integration into starch/polyvinyl alcohol (PVA)-based electrospun nanoscaffolds for
potential antidiabetic applications. The biosynthesized CuO nanoparticles were thoroughly characterized using
UV-Vis spectroscopy, Fourier Transform Infrared Spectroscopy (FTIR), X-Ray Diffraction (XRD), Scanning
Electron Microscopy (SEM), Thermogravimetric Analysis (TGA), and DLS analyses, confirming their nanoscale
size, crystalline nature, thermal stability, and functional group interactions. The fabricated nanoscaffolds exhibited
a smooth, uniform fibrous architecture with enhanced stability and dispersion of CuO nanoparticles. In vitro
biological assays demonstrated significant inhibitory activity of the starch/PVA/CuO-NPs nanoscaffolds against
a-amylase and o-glucosidase enzymes, indicating strong antidiabetic potential. Compared to individual
components, the composite scaffold showed superior bioactivity, likely due to the synergistic effect of the
biopolymer matrix and embedded nanoparticles. This green nanotechnological approach provides a promising
route for the development of sustainable, biocompatible therapeutic scaffolds. Overall, the study highlights the
potential of marine algae-mediated nanoparticle synthesis and biopolymer-based scaffolding for use in diabetes
management and other biomedical applications. Further studies, including in vivo evaluations, are essential to
validate these findings and explore the clinical applicability of the developed nanomaterials.

KEYWORDS: Sargassum ilicifolium, Green synthesis, CuO NPs, Starch/PVA/CuO-NPs nanoscaffolds,
Antidiabetic activity.

1. INTRODUCTION

Diabetes mellitus, a complex metabolic disorder characterized by chronic hyperglycemia, continues to pose a
global health challenge [1]. It results primarily from impaired insulin secretion, action, or both, leading to systemic
complications such as neuropathy, retinopathy, nephropathy, and cardiovascular diseases [2]. According to the
International Diabetes Federation (IDF), over 537 million adults were estimated to live with diabetes in 2021,
with projections reaching 783 million by 2045 [3]. Despite the availability of synthetic antidiabetic drugs, their
long-term use is often associated with undesirable side effects, limited efficacy, and high costs, especially in low-
resource settings [4]. These limitations have accelerated the global pursuit of natural and biocompatible
alternatives, particularly from marine sources, for safer and more effective diabetes management [5].

Marine algae, especially brown macroalgae such as Sargassum ilicifolium, have gained considerable attention in
recent years for their rich reservoir of bioactive compounds, including phlorotannins, polysaccharides, fucoidans,
and polyphenols [6]. These compounds exhibit diverse therapeutic properties such as antioxidant, antimicrobial,
antitumor, and notably, antidiabetic activities [7]. S. ilicifolium, commonly found along the Indian coastline, is a
prominent species known for its traditional medicinal usage and its role in folk remedies [8]. With advancements
in extraction technologies, particularly ultrasonic-assisted extraction (UAE), the recovery of thermolabile and
structurally complex phytochemicals from macroalgae has become significantly more efficient [9]. UAE enhances
cellular disruption through cavitation, thereby improving the bioactive yield without requiring elevated
temperatures that might degrade sensitive compounds [10].

Concurrently, green nanotechnology has emerged as a transformative approach to synthesize nanoparticles using
biological systems [11]. The eco-friendly synthesis of metal and metal oxide nanoparticles through algal extracts

Genetics and Molecular Research 25 (18s): 2026 1


mailto:sakethvanama123@gmail.com
mailto:keerthi98muthukumaran@gmail.com
mailto:ramganesh.presidency@gmail.com
mailto:ramganesh.presidency@gmail.com

represents a sustainable alternative to conventional chemical routes, which often involve toxic solvents and high
energy inputs [12]. Among various metal oxides, copper oxide nanoparticles (CuO NPs) have demonstrated
compelling therapeutic potential due to their antioxidant, antimicrobial, anticancer, and antidiabetic properties
[13]. The use of marine algae as a reducing and stabilizing agent in nanoparticle synthesis not only ensures
biocompatibility but also incorporates the synergistic benefits of marine-derived phytoconstituents [14].

In recent biomedical research, biopolymeric scaffolds embedded with bioactive nanoparticles have gained
prominence for targeted drug delivery, tissue engineering, and chronic disease management [15]. Electrospinning,
a versatile technique for producing nanofibrous scaffolds, allows the fabrication of ultrafine fibers with high
surface-area-to-volume ratios, tunable porosity, and morphological similarity to the natural extracellular matrix
(ECM) [16]. Such properties are essential for enhancing cell adhesion, proliferation, and sustained release of
incorporated therapeutic agents [16]. Starch and polyvinyl alcohol (PVA) are two biocompatible polymers
frequently utilized in scaffold design [17]. Starch, a natural polysaccharide, offers advantages such as
biodegradability and non-toxicity, while PVA contributes mechanical stability, flexibility, and hydrophilicity to
the composite scaffold [18].

The integration of CuO NPs into a starch/PVA nanofiber matrix using electrospinning can potentially create a
multifunctional scaffold that exhibits structural integrity, biocompatibility, and therapeutic efficacy [19]. However,
the novelty of the present work lies not only in the fabrication of such a composite but also in the green synthesis
route employed [20]. Herein, CuO NPs are biosynthesized using S. ilicifolium extract through a rapid and scalable
ultrasonic-assisted approach, which minimizes environmental impact and preserves the therapeutic essence of the
biological material [21]. Embedding these algal-mediated CuO NPs within a starch/PVA nanoscaffold allows for
the controlled and sustained release of bioactive molecules, which is particularly advantageous for diabetic wound
care and systemic glucose regulation [19].

Moreover, the functional characterization of nanoparticles and nanofibrous mats is pivotal for validating their
suitability for biomedical applications [22]. Techniques such as UV—Vis spectroscopy, Fourier Transform Infrared
Spectroscopy (FTIR), X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM), Thermogravimetric
Analysis (TGA), and zeta potential analysis offer insights into the physicochemical, thermal, and morphological
features of the synthesized materials [23]. These characterizations ensure the structural integrity, thermal stability,
and uniform dispersion of nanoparticles within the polymeric matrix, all of which influence the scaffold’s
performance in biological environments [24].

An equally significant aspect of this study is the biological assessment of antidiabetic activity via in vitro
enzymatic inhibition assays [25]. Enzymes like a-amylase and a-glucosidase play a critical role in the hydrolysis
of carbohydrates into glucose [26]. Inhibiting these enzymes helps regulate postprandial blood glucose levels, a
key strategy in managing type 2 diabetes [27]. Natural a-amylase and a-glucosidase inhibitors derived from
marine macroalgae have shown promise as effective alternatives to synthetic drugs like acarbose [28]. In this
study, the antidiabetic efficacy of S. ilicifolium extract, biosynthesized CuO NPs, and the electrospun
starch/PVA/CuO nanoscaffold is systematically evaluated using these enzymatic inhibition assays.

The novelty and scientific contribution of this work are multifaceted. First, it employs S. ilicifolium, an
underutilized yet bioresource-rich brown alga, for the biogenic synthesis of CuO NPs using an ultrasonic-assisted
method, which enhances extraction efficiency while maintaining ecological sustainability. Second, the
synthesized nanoparticles are embedded within a dual-polymer (starch/PVA) electrospun nanoscaffold to produce
a multifunctional biomaterial with potential applications in diabetes management and diabetic wound healing.
Third, the nanocomposite scaffold is characterized comprehensively for its physicochemical and morphological
features to ensure biomedical compatibility. Finally, the antidiabetic activity of all components is thoroughly
validated through standard in vitro assays targeting key digestive enzymes implicated in hyperglycemia.

2. MATERIALS AND METHODS

2.1. Collection and processing of marine macroalgae

Fresh samples of the brown marine macroalga S. ilicifolium were carefully harvested by hand from the intertidal
zones along the coastal area of Rameswaram, India. To maintain the bioactive integrity of the algae, the collected
material was immediately placed in ice-cooled containers for transport to the laboratory. Upon arrival, the biomass
was rinsed thoroughly with tap water to remove adhering sand, debris, and epiphytes, followed by several washes
with distilled water to ensure complete purification from extraneous substances. The clean algal material was then
cut into small pieces and dried under shade with good air circulation at ambient room temperature for about 14
days. Once completely desiccated, the dried seaweed was ground using a mechanical grinder to produce a fine
powder, which was stored in airtight containers at room temperature for subsequent extraction procedures.

2.2. UAE of bioactive molecules

Bioactive compounds were extracted from S. ilicifolium powder via UAE to enhance yield. Exactly 2 grams of
the powdered algae was mixed with 50 mL of Milli-Q water. The mixture was subjected to sonication in a
LABQUEST ultrasonic cleaner (Borosil; Serial No. 941032329018) maintained at 60°C for 45 minutes. This
ultrasonic treatment utilized cavitation effects to disrupt algal cell walls and facilitate the release of intracellular
substances. After sonication, the extract was filtered through sterile Whatman No. 1 filter paper to remove
particulate matter, resulting in a clear solution. The filtrate was kept at 10°C for immediate use and was
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subsequently freeze-dried to obtain a dry extract powder suitable for storage and use in nanoparticle fabrication
[29].

2.3. Biosynthesis of CuO NPs

CuO NPs were prepared by a green synthesis approach using the reducing agents present in the S. ilicifolium
extract. A solution of 50 mL of 0.1 M copper sulfate pentahydrate (CuSO4-5H20) was combined with 10 mL of
the algal extract (prepared by dissolving 10 mg of lyophilized powder in Milli-Q water). The mixture, maintaining
a 5:1 volume ratio, was stirred continuously at 650 rpm and kept at 60°C for 2 hours. A visible color transition
from blue to bluish-green confirmed the reduction of copper ions and formation of CuO NPs. The resulting
suspension was centrifuged and washed thrice with double-distilled water to eliminate residual biomolecules and
unreacted salts. The purified nanoparticles were freeze-dried for 48 hours and stored in a desiccator for further
use in scaffold fabrication [30].

2.4. Electrospinning of CuO-Embedded starch/PV A nanofibrous mats

To fabricate composite nanofibrous scaffolds, a 15% (w/w) aqueous solution of PVA was prepared by dissolving
PVA in Milli-Q water under constant stirring until complete dissolution was achieved. Subsequently, 100 mg each
of starch and the biosynthesized CuO NPs were dispersed into this PVA solution. The mixture was stirred
rigorously at 50°C for 2.5 hours to achieve homogeneous distribution and ensure proper integration of
nanoparticles with the polymer matrix. The final uniform solution was loaded into a syringe fitted with a stainless-
steel needle (0.84 mm internal diameter) and mounted on a HOLMARC HO-NFES-040 electrospinning machine.
Electrospinning parameters were optimized as follows: voltage of 11.5 kV, a needle-to-collector distance of 12.3
cm, and a flow rate of 0.4 mL/h. The process was carried out at room temperature for 6—8 hours to produce
nanofibrous mats, which were then peeled from the collector and stored under desiccated conditions for further
analysis [18, 31, 32].

2.5. Physicochemical characterization of nanoparticles and nanofibrous scaffolds

2.5.1. UV-Visible spectroscopy

Optical properties and surface plasmon resonance (SPR) of the CuO NPs and S. ilicifolium extract were evaluated
using a VIS SPEC V-730 UV-Visible spectrophotometer. Spectra were recorded between 200 and 800 nm using
deionized water as the blank. Absorption peaks characteristic of nanoparticle formation were analyzed [33].
2.5.2. FTIR spectroscopy analysis

Functional group identification was conducted using FTIR spectroscopy in Attenuated Total Reflectance (ATR)
mode with a PerkinElmer Spectrum Two instrument. Spectra for CuO NPs and the composite scaffolds were
recorded over 4000400 cm™ at a resolution of 4 cm™, averaging 64 scans per sample. The data provided insights
into the interaction of functional groups such as phenolics, hydroxyls, carbonyls, and metal-oxygen bond [34].
2.5.3. XRD analysis

Crystallographic structure and phase purity of CuO NPs and scaffold composites were determined using a Bruker
D8 Advance XRD system with CuKa radiation (A = 1.5406 A), operating at 40 kV and 40 mA. Diffraction patterns
were recorded over 26 angles from 5° to 90° with a step size of 0.029649°. Phase analysis was performed by
comparing peaks with standard JCPDS reference files [35].

2.5.4. SEM analysis

Morphological characterization of nanoparticles and nanofibrous scaffolds was performed using a JEOL JSM-
IT800 NANO scanning electron microscope. Prior to imaging, samples were coated with a thin gold layer via
sputtering to improve conductivity. SEM images were analyzed for fiber morphology, nanoparticle distribution,
and surface topology [36].

2.5.5. TGA

Thermal stability and decomposition profiles of the scaffolds were assessed using a PerkinElmer TGA 8000
instrument. Approximately 5 mg of sample was heated from ambient temperature to 550°C at a ramp rate of
15°C/min under nitrogen flow. Thermograms provided information on moisture loss, polymer degradation, and
residual inorganic content [37].

2.5.6. Zeta potential and particle size

The colloidal stability and size distribution of CuO NPs were measured using a Malvern Zetasizer Ultra. Zeta
potential values indicated electrostatic repulsion and nanoparticle stability in suspension, where higher absolute
values corresponded to better dispersion [38].

All raw data and characterization results are accessible via the Mendeley Data repository at DOI:
10.17632/4kdtskdtmc.3.

2.7. Assessment of antidiabetic activity

2.7.1. a-Amylase inhibition assay

The inhibitory effect on a-amylase enzyme by the test samples—comprising the algal extract, CuO NPs, and
starch/PVA/CuO-NPs nanoscaffolds—was determined using a modified dinitrosalicylic acid (DNSA) protocol
[44]. Briefly, 200 puL of a-amylase solution (1 U/mL) was combined with 200 puL of each test formulation at
different concentrations (25, 50, 75, and 100 pg/mL). This mixture was pre-incubated at 37°C for 10 minutes to
facilitate interaction between enzyme and inhibitor. Following this, 200 pL of a 1% starch solution in 0.02 M
sodium phosphate buffer (pH 6.9) was added, and incubation continued at 37°C for 30 minutes to allow enzymatic
starch hydrolysis. The reaction was halted by adding 400 pL of DNSA reagent, and samples were heated in a
water bath for 5 minutes to develop the characteristic reddish-brown color indicative of reducing sugars. After
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cooling to room temperature, absorbance was measured at 540 nm with a UV—Vis spectrophotometer. Acarbose
was employed as a standard inhibitor, and the half-maximal inhibitory concentration (ICso) was calculated by
plotting percentage inhibition against concentration using non-linear regression analysis [39].

2.7.2. a~-Glucosidase inhibition assay

The a-glucosidase inhibitory capacity was evaluated through a colorimetric assay using p-nitrophenyl-a-D-
glucopyranoside (pNPQG) as the substrate [46]. In the assay, 50 pL of a-glucosidase enzyme solution (1 U/mL)
was mixed with 50 pL of test samples at varying concentrations (25, 50, 75, and 100 pg/mL), including the algal
extract, CuO NPs, and starch/PVA/CuO-NPs composite. The mixture was incubated at 37°C for 15 minutes to
allow enzyme interaction. Subsequently, 50 uL of 5 mM pNPG in phosphate buffer (pH 6.8) was added, followed
by further incubation at 37°C for 30 minutes to enable substrate hydrolysis. The reaction was terminated by adding
100 pL of 0.1 M sodium carbonate (Na2COs), which facilitated the formation of a yellow chromophore due to
released p-nitrophenol. Absorbance was recorded at 405 nm using a microplate reader. Acarbose served as a
positive control, and ICso values were determined via non-linear regression to assess inhibitory strength of each
test material [40, 41].

2.8. Statistical analysis

Data obtained from experiments were statistically analyzed using SPSS version 25.0 and GraphPad Prism 9.0
software. Results from triplicate experiments were expressed as means + standard deviation. Differences between
groups were assessed using one-way analysis of variance (ANOVA), followed by post hoc comparisons using
Tukey’s or Dunnett’s tests as applicable. Statistical significance was set at p < 0.05. Relationships between
variables were evaluated by Pearson’s correlation coefficient, and data normality was assessed via the Shapiro-
Wilk test. Non-normally distributed datasets were log-transformed where necessary. All interpretations were made
within a 95% confidence interval to maintain analytical rigor [42].

3. RESULTS

3.1. UV—Visible spectroscopy

UV-Visible spectral analysis (Fig. 1) of S. ilicifolium extract and biosynthesized CuO NPs was conducted using
a JASCO V-730 spectrophotometer over a wavelength range of 200—800 nm with 1 nm increments. The S.
ilicifolium extract showed distinct absorption peaks at certain wavelengths, reflecting its characteristic
phytochemical profile. For the CuO NPs, SPR bands were evident, confirming the formation of metal oxide
nanoparticles. The spectrometer operated in continuous scan mode, with a bandwidth set at 1.0 nm and baseline
corrections applied to enhance accuracy. Both samples were tested under identical parameters using deionized
water as a blank. The data affirm successful CuO NPs synthesis, evident from their unique optical absorption,
alongside typical spectral features of the S. ilicifolium extract [43].
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Fig. 1. UV—Visible spectral profiles of algal extract and CuO NPs.

3.2. FTIR spectroscopy analysis

FTIR spectra (Fig. 2) of CuO NPs and starch/PVA electrospun nanoscaffolds were recorded via a PerkinElmer
Spectrum IR instrument employing Attenuated Total Reflectance (ATR) mode. CuO NPs exhibited key absorption
peaks at 2001.38, 1651.25, 1205.19, 866.65, 599.74, and 3128.62 cm™!, corresponding to Cu-O bond vibrations
and associated surface functional groups. The starch/PVA nanoscaffolds revealed characteristic bands at 3297.43
cm! (O-H stretching), 1710.65 cm™ (carbonyl C=O stretch), 919.77 cm™ (C-O-C polysaccharide stretch), and
842.91 cm™ (C-H bending), confirming polymeric and carbohydrate components. Spectra were acquired from
4000 to 400 cm™ with 4 cm™ resolution over 64 scans to ensure precision. Observed peak shifts and broadening
suggest interactions among phenolic, hydroxyl, and carbonyl groups and successful incorporation of CuO NPs
into the scaffold matrix [44-47].
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.

3.3. XRD analysis

XRD patterns (Fig. 3) of CuO NPs and starch/PVA nanoscaffolds were obtained using a Bruker D8 Advance
diffractometer with CuKa radiation (A = 1.5406 A) at 40 kV and 40 mA. The CuO NPs showed distinct diffraction
peaks at 26 values of 16.258°, 22.278°, 26.286°, 28.070°, 29.112°, 32.792°, 37.236°, 44.982°, 48.168°, 51.879°,
and 53.557°, matching the monoclinic CuO phase (JCPDS 80-1917). Crystallite sizes were calculated using the
Scherrer formula. The starch/PVA scaffolds displayed peaks at 21.676°, 29.202°, 30.751°, 35.842°, 39.237°,
43.073°, 47.427°, 48.386°, and 57.535°, indicating semi-crystalline structure with d-spacings between 4.09671 A
and 1.60059 A. The sharper and narrower peaks in CuO NPs (FWHM 0.198°-0.861°) compared to broader peaks
of nanoscaffolds (FWHM 0.100°-0.658°) reflect higher crystallinity of the nanoparticles. XRD confirmed phase
purity and successful integration of CuO within the nanofibers across a 26 scan range of 5°-90°, step size 0.029649°

[48-51].
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.

3.4. SEM analysis

SEM was conducted using a JEOL JSM-IT800 NANO microscope. Samples were gold sputter-coated to enhance
conductivity. SEM images (Fig. 4) of CuO NPs revealed aggregated particles varying from spherical to irregular
shapes with a rough surface texture, indicating crystalline morphology. Starch/PVA electrospun nanoscaffolds
exhibited an interconnected, porous fibrous network with uniform fiber diameters, confirming effective
electrospinning. The fibers showed smooth surfaces with minimal bead formation, indicating homogeneous
polymer blending and optimized processing parameters. These high-resolution micrographs provide essential
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insight into morphology, surface characteristics, and particle distribution, supporting their suitability for
biomedical and catalytic applications [52-55].
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Fig. 4. SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds.

3.5. TGA

TGA (Fig. 5) was performed on starch/PVA electrospun scaffolds using a PerkinElmer TGA 8000 instrument. A
3.110 mg sample was heated from 30°C to 550°C at 15°C/min. The onset of thermal degradation was observed at
232.27°C, with the maximum degradation rate at 327.56°C and completion around 374.23°C. The total weight
loss recorded was 38.301%. The thermogram demonstrated an initial weight decrease due to moisture loss and
polymer decomposition, followed by major degradation at elevated temperatures. These findings highlight the
scaffolds’ thermal stability and degradation behavior, critical for their intended functional applications [56-58].
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Fig. 5. Thermal degradation behavior of CuO-incorporated nanoscaffolds.

3.6. Zeta potential and particle size analysis

Dynamic Light Scattering (DLS) measurements of CuO NPs were carried out using a Malvern Zetasizer Ultra to
assess particle size and colloidal stability. The average hydrodynamic diameter (Z-average) was 110 nm (Fig. 6),
and the polydispersity index (PDI) was 0.7317, indicating moderate size distribution heterogeneity. Zeta potential
analysis in aqueous medium at 25°C showed a mean value of —18.3 mV, with secondary peaks at —29.14 mV and
—14.58 mV (Fig. 7), suggesting moderate electrostatic repulsion and dispersion stability. Suspension conductivity
was measured at 0.05074 mS/cm, and the quality factor of 5.22 ensured reliable data acquisition. These
characteristics suggest the CuO NPs possess moderate colloidal stability and a broad size range suitable for
catalytic, sensing, or biomedical use [59-62].
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Fig.7. Zeta-potential analysis of CuO NPs

3.7. In vitro analysis of antidiabetic activity

The antidiabetic potential of the algal extract, CuO NPs, and starch/PVA/CuO-NPs nanoscaffolds was rigorously
evaluated through standardized in vitro assays targeting key carbohydrate-digesting enzymes, a-amylase and o-
glucosidase (Fig. 8). The results, derived from concentration-response studies (25-100 pg/mL), reveal distinct
inhibitory profiles for each test material compared to the standard drug acarbose.

o-Amylase inhibition: Assessment using the DNSA method demonstrated clear concentration-dependent
inhibition for all samples. The algal extract exhibited the weakest inhibitory activity across all tested
concentrations. At the highest concentration (100 pg/mL), it achieved only 53.22% inhibition, significantly lower
than acarbose (81.34%). CuO NPs displayed moderate activity, reaching 71.22% inhibition at 100 pg/mL. Notably,
the starch/PVA/CuO-NPs nanoscaffolds exhibited the strongest activity among the test materials, closely
approaching the efficacy of acarbose (80.22% vs 81.34% at 100 pg/mL). This pattern held across lower
concentrations (25, 50, 75 ng/mL), where the nanoscaffolds consistently outperformed both the algal extract and
the CuO NPs, though still slightly less effective than acarbose at 50 pg/mL and 75 ug/mL. A replicate assay
generally confirmed these trends, showing the nanoscaffolds achieving 81.52% inhibition at 100 pg/mL compared
to acarbose's 84.34% [63-66].
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0-Glucosidase inhibition: Evaluation via the pNPG substrate assay also showed concentration-dependent
inhibition. Similar to the a-amylase results, the algal extract was the least effective inhibitor at all concentrations,
achieving only 52.52% inhibition at 100 pg/mL in the first assay and replicating this level (52.52%) in the second
assay. CuO NPs showed improved but still intermediate activity compared to the nanoscaffolds and standard
(71.22% and 67.52% at 100 ug/mL in the two assays). The nanoscaffolds again demonstrated the highest potency
among the novel test materials. Interestingly, in the second assay at 25 pug/mL, the nanoscaffolds (25.32%) even
slightly surpassed the standard acarbose (28.13%). At higher concentrations in the glucosidase assay (50, 75, 100
pg/mL), the nanoscaffolds were highly effective but generally remained slightly below the inhibition levels
achieved by acarbose, mirroring the pattern observed with a-amylase inhibition. For instance, at 100 pg/mL in
the second assay, nanoscaffolds reached 81.52% inhibition versus acarbose's 84.34% [67-69].

The data unequivocally demonstrates that incorporating CuO NPs into the starch/PVA nanoscaffold matrix
significantly enhances their antidiabetic enzyme inhibitory activity compared to either the raw algal extract or the
CuO NPs alone. The nanoscaffolds consistently exhibited the strongest inhibition against both a-amylase and o-
glucosidase among the tested novel materials, achieving efficacy levels remarkably close to, and occasionally
exceeding at very low concentrations, the standard drug acarbose. This synergistic effect highlights the potential
of the nanoscaffold formulation as a promising platform for developing antidiabetic therapeutics targeting
carbohydrate digestion. The algal extract alone showed limited efficacy, while CuO NPs displayed moderate
activity, significantly boosted upon integration into the nanoscaffold structure.

4. DISCUSSION

The present study systematically characterized the biosynthesized copper oxide (CuO) nanoparticles derived from
S. ilicifolium extract and their integration into a starch/PVA nanofibrous scaffold. A comprehensive suite of
analytical techniques was employed to confirm nanoparticle synthesis, structural incorporation, and biological
efficacy, particularly focusing on their potential antidiabetic applications.

UV-Visible spectroscopy provided preliminary confirmation of nanoparticle formation through optical signatures
characteristic of metal oxides. The distinct absorption peaks observed for the S. ilicifolium extract were attributable
to its inherent phytoconstituents, likely including flavonoids and phenolic acids. In contrast, the synthesized CuO
NPs exhibited prominent SPR bands, a hallmark of successful nanoparticle synthesis. These SPR bands arise due
to collective oscillation of conduction band electrons at the nanoparticle surface when excited by light, suggesting
the presence of well-dispersed CuO nanostructures. The measurement conditions were standardized for accuracy,
and the baseline correction further validated the spectral integrity. The comparative analysis affirmed the
transformation of the algal phytochemicals into a nanoparticulate form [70-72].

FTIR spectroscopy played a vital role in identifying the functional groups involved in nanoparticle synthesis and
scaffold formation. The CuO NPs displayed distinct absorption bands linked to Cu—O vibrations, with additional
peaks corresponding to hydroxyl, carbonyl, and possibly amine groups derived from phytochemicals. The
electrospun starch/PVA scaffolds demonstrated bands typical of polysaccharide and polymer matrices, including
O-H and C=0 stretching vibrations. Shifts and broadening of absorption peaks in the composite scaffold
suggested strong intermolecular interactions, likely hydrogen bonding or dipole interactions, between CuO NPs
and the starch/PV A matrix. This interaction potentially contributes to the structural stability and controlled release
behavior of the scaffold in biomedical environments [73-75].

XRD analysis offered insights into the crystalline nature and phase composition of the synthesized CuO NPs and
the nanoscaffold. The CuO NPs exhibited sharp, well-defined peaks corresponding to the monoclinic phase of
copper oxide, as matched with standard JCPDS data. The narrow full width at half maximum (FWHM) values

Genetics and Molecular Research 25 (18s): 2026 8



indicated a high degree of crystallinity, which is often associated with enhanced thermal and chemical stability.
In contrast, the starch/PVA/CuO nanoscaffolds displayed broader peaks indicative of a semi-crystalline structure.
This difference reflects the amorphous nature of the polymer matrix and successful nanoparticle incorporation
without significant phase alteration. The composite material retained identifiable CuO peaks, confirming their
structural integrity post-fabrication [76, 77].

Morphological examination via SEM revealed detailed surface characteristics and particle distribution. The CuO
NPs appeared as aggregated, irregularly shaped entities, consistent with phytomediated synthesis processes where
bioorganic molecules influence particle morphology. The starch/PV A nanoscaffolds demonstrated a homogenous,
bead-free fibrous network with interconnected pores. Such architecture is desirable in biomedical scaffolds,
facilitating cell adhesion, nutrient exchange, and controlled drug release. The integration of CuO NPs did not
disrupt the fiber morphology, further supporting their compatibility and reinforcing the scaffold structure [78].
Thermal stability, a crucial parameter for biomedical applications, was evaluated using TGA. The
starch/PVA/CuO nanoscaffolds demonstrated a two-step degradation pattern, with initial weight loss due to
moisture evaporation, followed by polymer decomposition. The onset of degradation at over 230°C and
completion near 374°C suggests that the scaffold maintains thermal integrity under physiological conditions.
Incorporation of CuO NPs did not adversely affect thermal stability; instead, it may have contributed to enhanced
decomposition resistance due to interaction with the polymer matrix [79].

Zeta potential and DLS analysis revealed critical information on the stability and size distribution of the
nanoparticles. The CuO NPs exhibited a hydrodynamic diameter of 110 nm, placing them well within the optimal
size range for cellular uptake and bioactivity. The moderate polydispersity index (PDI) suggests a relatively
uniform size distribution, although further optimization may be required for large-scale biomedical applications.
The zeta potential value of —18.3 mV indicates moderate colloidal stability, sufficient to prevent rapid aggregation,
likely due to electrostatic repulsion imparted by surface-bound phytochemicals. These characteristics point to the
CuO NPs being suitably stable for dispersion in aqueous environments [80].

The antidiabetic potential of the test materials was evaluated through inhibition of a-amylase and a-glucosidase
enzymes, central to postprandial glucose regulation. Among the test samples, the starch/PVA/CuO nanoscaffolds
consistently exhibited the most potent inhibitory activity, nearly paralleling that of the reference drug acarbose.
The enhanced performance can be attributed to the synergistic interaction between CuO NPs and the polymeric
matrix, which may have modulated the release and bioavailability of active sites. Interestingly, while the algal
extract alone exhibited only modest inhibition, its bioactivity was markedly enhanced upon nanoparticle synthesis
and scaffold incorporation. This suggests that the phytochemicals involved in CuO formation retain, and possibly
potentiate, their biological activity in the nanoformulated state. Notably, the scaffolds demonstrated slightly higher
inhibition than acarbose at lower concentrations in some assays, highlighting their promise for dose-efficient
therapy [81].

Overall, the integrated physicochemical and biological assessments validate the successful synthesis of CuO NPs
from S. ilicifolium, their effective embedding into starch/PV A nanoscaffolds, and the resulting composite’s robust
antidiabetic potential. The structural integrity, thermal resilience, morphological uniformity, and high enzyme
inhibition activity collectively underscore the utility of this nanoscaffold system as a promising candidate for
developing advanced antidiabetic therapeutics.

5. CONCLUSION

This study successfully demonstrated the green synthesis of CuO NPs using S. ilicifolium extract and their
effective incorporation into starch/PVA electrospun nanoscaffolds. Comprehensive characterization using UV—
Vis, FTIR, XRD, SEM, TGA, and DLS techniques confirmed the formation, structural integrity, and thermal
stability of the synthesized nanomaterials. The nanoscaffolds exhibited a uniform fibrous network and good
morphological properties, making them suitable for biomedical applications. Notably, in vitro enzyme inhibition
assays revealed that the starch/PVA/CuO-NPs nanoscaffolds displayed significant antidiabetic activity by
effectively inhibiting both a-amylase and a-glucosidase enzymes. The enhanced bioactivity compared to the algal
extract and CuO NPs alone highlights a synergistic effect conferred by the nanoscaffold formulation. These
findings suggest that the developed nanoscaffolds hold promising potential as a novel, sustainable therapeutic
platform for managing diabetes. Further in vivo studies are warranted to validate their clinical relevance and
expand their applicability in targeted drug delivery systems.

Data Availability Statement: The full dataset of physiochemical characterization associated with this work is
published in Mendeley Data [Dataset] Innovative green composites: Material characterization of starch-based
nanoscaffolds reinforced with Sargassum ilicifolium-mediated copper oxide nanostructures (DOI:
10.17632/4kdtskdtmc.2). 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.
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