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ABSTRACT

This study explores the in vitro antidiabetic potential of starch/PVA electrospun nanoscaffolds loaded with
biogenic CuO nanoparticles (NPs) synthesized from Sargassum muticum extract. UV-Vis spectroscopy confirmed
CuO NP formation via a distinct SPR peak at 270 nm, while Fourier Transform Infrared (FTIR) and X-ray
Diffraction (XRD) analyses verified their structural integration into nanoscaffolds, revealing key functional
groups and monoclinic crystallinity (JCPDS 05-0661). Scanning Electron Microscopy (SEM) imaging showed
uniform NP dispersion within a porous fibrous network (100—150 nm diameter), and Thermogravimetric Analysis
(TGA) demonstrated thermal stability up to 243°C. The CuO NPs exhibited moderate colloidal stability (zeta
potential: —12.62 mV; size: 92.1 nm). In antidiabetic assays, the nanoscaffolds outperformed both algal extract
and standalone CuO NPs, achieving 80.42% a-amylase and 79.32% a-glucosidase inhibition at 100 pg/mL,
nearing the efficacy of acarbose. The dose-dependent inhibition highlights synergistic effects between CuO NPs
and the polymer matrix, suggesting enhanced bioactive delivery. These findings position starch/PVA/CuO-NP
nanoscaffolds as a promising platform for diabetes therapy, warranting further in vivo validation.
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1. INTRODUCTION

Diabetes mellitus (DM) is a chronic metabolic disorder characterized by hyperglycemia resulting from defects in
insulin secretion, insulin action, or both [1]. Globally, the burden of diabetes is escalating at an alarming rate,
affecting over 537 million adults according to the International Diabetes Federation (IDF), with projections
suggesting this number may rise to 783 million by 2045 [2]. The disease is associated with a multitude of
complications, including cardiovascular diseases, nephropathy, neuropathy, and retinopathy, which severely
impact the quality of life and impose significant economic and healthcare burdens [3]. Current pharmacological
interventions for diabetes, including insulin therapy and oral hypoglycemics such as sulfonylureas, biguanides,
and o-glucosidase inhibitors, often exhibit limitations like gastrointestinal discomfort, hypoglycemia, and long-
term inefficacy [4]. Consequently, there is a pressing need for safer, more effective, and sustainable alternatives
derived from natural sources [5].

In recent years, marine-derived resources have emerged as a prolific reservoir of bioactive compounds with
potential antidiabetic activities [6]. Among them, brown macroalgae (Phaeophyceae) are especially significant
due to their abundance in phenolic compounds, polysaccharides, and flavonoids with proven pharmacological
properties [7]. Sargassum muticum, a widely distributed brown macroalga, has attracted scientific interest due to
its therapeutic properties, including antioxidant, anti-inflammatory, antibacterial, and antidiabetic activities [8].
Extracts from S. muticum are rich in phlorotannins, alginates, fucoidans, and other polyphenols known to modulate
glucose metabolism, inhibit digestive enzymes, and enhance insulin sensitivity [9]. Despite its bioactive potential,
S. muticum remains underexplored in nanobiotechnology-based diabetes interventions.

Nanotechnology has transformed biomedical sciences by offering new paradigms in drug delivery, diagnostics,
and therapeutics [10]. Metal oxide nanoparticles (NPs), particularly copper oxide nanoparticles (CuO NPs), have
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emerged as promising agents due to their excellent biocompatibility, cost-effectiveness, and multifaceted
bioactivities [11]. CuO NPs have demonstrated significant antibacterial, antioxidant, anticancer, and antidiabetic
properties [12]. Their ability to inhibit a-amylase and o-glucosidase enzymes, key players in postprandial
hyperglycemia, underlines their therapeutic relevance in diabetes management [13]. However, conventional
chemical synthesis routes often involve toxic reagents and generate hazardous by-products, limiting their
applicability in biomedical contexts [14].

To address this limitation, green synthesis techniques employing biological entities have garnered attention as
eco-friendly and sustainable alternatives [15]. Marine algae-mediated synthesis offers a cost-effective, scalable,
and non-toxic approach to produce NPs with enhanced stability and biological functionality [16]. The
phytochemicals in S. muticum, including hydroxyl and carboxyl groups, serve as natural reducing and stabilizing
agents, facilitating the formation of CuO NPs with desirable physicochemical properties [17]. Moreover, coupling
ultrasonic-assisted extraction with green synthesis further improves the yield and bioavailability of active
constituents by enhancing cellular disruption and diffusion of phytochemicals through cavitation effects [18].

Alongside nanomaterials, electrospun nanofibrous scaffolds have emerged as innovative platforms for controlled
drug delivery and tissue engineering applications [19]. Electrospinning enables the fabrication of nanofibers with
high surface area-to-volume ratios, porosity, and ECM-mimicking architectures, offering substantial advantages
in biomedical applications [20]. Blending starch, a biodegradable and biocompatible natural polymer, with
synthetic polymers like polyvinyl alcohol (PVA) can result in nanocomposite scaffolds with superior mechanical
and physiological properties [21]. Starch offers bioactivity and biodegradability, while PVA contributes to
structural integrity and fiber formation during electrospinning [22].

The integration of bioactive CuO NPs into starch/PVA nanofibrous scaffolds offers a promising strategy for
developing functional biomaterials with antidiabetic capabilities [23]. Such nanocomposites not only provide a
matrix for sustained and targeted delivery of therapeutic agents but also facilitate direct enzyme inhibition through
surface interaction [24]. Furthermore, the synergistic effect of plant-derived CuO NPs and biopolymer matrices
can improve therapeutic outcomes while minimizing side effects commonly associated with synthetic drugs [25].

Despite these promising features, studies on the in vitro antidiabetic potential of electrospun nanoscaffolds
embedded with green-synthesized CuO NPs, particularly those derived from S. muticum, are scarce. The novelty
of the present study lies in the eco-friendly synthesis of CuO NPs using ultrasonic-assisted S. muticum extract and
their subsequent incorporation into starch/PVA electrospun nanoscaffolds. This research aims to bridge the gap
between marine biotechnology and nanomedicine by evaluating the dual role of these composite scaffolds in
structural support and enzymatic inhibition for diabetes therapy.

2. MATERIALS AND METHODS
2.1. Collection and processing of marine macroalgae

Fresh samples of whole S. muticum were manually gathered from the intertidal coastal regions surrounding
Rameswaram, Tamil Nadu, India. The collected Sargassum muticum was taxonomically identified and
authenticated by Dr V. Veeragurunathan, CSIR-CSMCRI-Marine Algal Research Station, Mandapam Camp
623519, Tamil Nadu, India. A voucher specimen was prepared and deposited at the Herbarium of the CSIR-
CSMCRI-Marine Algal Research Station, under the accession number: SI-2025-RMM-016. This authentication
ensures botanical accuracy and standardization of the study material. The collected specimens were transported
to the laboratory in chilled containers to maintain freshness. Initially, the algal biomass was rinsed with tap water
to eliminate sand, debris, and any surface epiphytes, followed by repeated washes using distilled water to ensure
all impurities were removed. The cleaned algae were chopped into smaller segments and left to air-dry in a shaded,
well-ventilated environment at room temperature for about 14 days. Once dried, the algal material was pulverized
into a fine powder using a mechanical grinder and stored in sealed containers at ambient temperature until required
for extraction.

2.2. Extraction of bioactive components via ultrasonication

To isolate phytochemicals from S. muticum, 2 grams of the dried powdered sample were mixed with 50 mL of
Milli-Q water and subjected to ultrasonic-assisted extraction using a LABQUEST ultrasonic cleaner (Borosil;
Serial No. 941032329018). The process was carried out at 60°C for a total duration of 45 minutes, facilitating
enhanced release of active compounds via cavitation. The resulting mixture was filtered through Whatman No. 1
filter paper under sterile conditions to obtain a clear solution. The extract was immediately stored at 10°C and
subsequently freeze-dried using a lyophilizer for prolonged storage and subsequent applications [26].

2.3. Eco-Friendly synthesis of CuO NPs

The synthesis of CuO NPs was initiated by combining 50 mL of a 0.1 M CuSQO4-5H-20 aqueous solution with 10
mL of S. muticum extract (prepared by dissolving 10 mg of the lyophilized powder in 10 mL of Milli-Q water) in
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a 5:1 volume ratio. This mixture was stirred continuously at 650 rpm and heated to 60°C for a period of 2 hours.
A visual change in color from blue to bluish-green was observed, signifying the formation of CuO NPs through
the reduction of copper ions. The resultant mixture was centrifuged and rinsed thrice with double-distilled water
to remove any residual plant compounds and unreacted materials. The final nanoparticle product was freeze-dried
over 48 hours and preserved in a desiccated chamber for further analysis and scaffold fabrication [27].

2.4. Fabrication of starch/PVA nanofibrous scaffolds with embedded CuO NPs

To develop nanocomposite scaffolds, a 15% (w/w) solution of PVA was prepared in Milli-Q water with continuous
agitation until fully dissolved. To this solution, 100 mg each of starch and green-synthesized CuO NPs were added.
The mixture was stirred rigorously at 50°C for 2.5 hours to ensure uniform dispersion. The resulting solution was
then loaded into a syringe fitted with a stainless-steel needle (0.84 mm internal diameter) and mounted on a
HOLMARC HO-NFES-040 electrospinning system. Optimal parameters were set at an applied voltage of 11.5
kV, needle-to-collector distance of 12.3 cm, and a feed rate of 0.4 mL/h. Electrospinning was performed at room
temperature for 6 to 8 hours, yielding nanofibrous mats. These were carefully removed and stored in a desiccator
for further characterization [28-30].

2.5. Physicochemical analysis of NPs and electrospun mats
2.5.1. UV-Visible spectroscopy

The optical behavior of both the CuO NPs and S. muticum extract was assessed using a VIS SPEC V-730
spectrophotometer, scanning from 200 to 800 nm. Deionized water served as the baseline. The presence of surface
plasmon resonance (SPR) peaks indicated successful nanoparticle formation [31].

2.5.2. Fourier Transform Infrared (FTIR) spectroscopy

FTIR measurements were conducted in attenuated total reflectance (ATR) mode utilizing the PerkinElmer
Spectrum Two system. Spectral data were collected in the range of 4000 to 400 cm™ at 4 cm™* resolution with 64
scans per sample. The spectral peaks corresponding to functional groups such as hydroxyl, phenolic, carbonyl,
and metal-oxygen were analyzed [32].

2.5.3. X-ray Diffraction (XRD) analysis

Crystalline structure and phase identification of CuO NPs and nanofibrous composites were performed using a
Bruker D8 Advance diffractometer with CuKa radiation (A= 1.5406 A), operating at 40 kV and 40 mA. Diffraction
data were collected over a 20 range of 5° to 90°, with a 0.029649° step interval. The diffraction peaks were
matched with JCPDS reference standards for CuO confirmation [33].

2.5.4. Scanning Electron Microscopy (SEM)

The surface morphology and particle distribution within the scaffolds and NPs were observed using a JEOL JSM-
IT800 NANO SEM. Prior to imaging, samples were coated with a thin gold layer using a sputter coater to improve
electron conductivity. SEM images were analyzed for fiber thickness, particle incorporation, and surface texture
[34].

2.5.5. Thermogravimetric Analysis (TGA)

Thermal properties and degradation trends of the nanocomposites were studied using a PerkinElmer TGA 8000
analyzer. 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. The TGA thermograms provided data on moisture content, polymer decomposition,
and final residue weight [35, 36].

2.5.6. Zeta potential and particle size measurement

The particle size distribution and surface charge of the synthesized CuO NPs were determined using the Malvern
Zetasizer Ultra. Zeta potential readings were used to evaluate particle stability in suspension, where a high
absolute value suggested strong electrostatic repulsion and good colloidal stability [37].

All experimental data and analysis results are available in the Mendeley Data repository, accessible via DOI:
10.17632/jrs2y2hp7v.2.

2.6. Evaluation of antidiabetic activity
2.6.1. a-Amylase inhibition assay

The inhibitory effect of the algal extract, CuO NPs, and starch/PVA/CuO-NPs nanocomposite against a-amylase
was assessed using a modified dinitrosalicylic acid (DNSA) method. Each test involved mixing 200 pL of a-
amylase solution (1 U/mL) with 200 pL of the test samples at concentrations of 25, 50, 75, and 100 pg/mL. After
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pre-incubation at 37°C for 10 minutes, 200 pL of 1% starch in 0.02 M sodium phosphate buffer (pH 6.9) was
added. The reaction was continued at 37°C for 30 minutes, followed by termination using 400 uL of DNSA reagent
and heating for 5 minutes. Absorbance was read at 540 nm to measure reducing sugar formation. Acarbose was
used as a standard, and ICso values were computed using non-linear regression plots of percentage inhibition [38].

2.6.2. a-Glucosidase inhibition assay

The a-glucosidase inhibitory activity of various samples, including Sargassum extract, CuO NPs, and CuO-loaded
starch/PVA scaffolds, was evaluated using a colorimetric method. Each reaction consisted of 50 uL of o-
glucosidase enzyme (1 U/mL) mixed with 50 pL of test samples at different concentrations (25-100 pg/mL) and
incubated at 37°C for 15 minutes. Subsequently, 50 pL of 5 mM p-nitrophenyl-a-D-glucopyranoside (pNPG) in
phosphate buffer (pH 6.8) was added to initiate the enzymatic reaction, followed by a 30-minute incubation. The
reaction was stopped with 100 pL of 0.1 M sodium carbonate, producing a yellow color from released p-
nitrophenol. Absorbance was measured at 405 nm. Acarbose was employed as a control, and ICso values were
derived through non-linear regression analysis to determine the formulation’s potency [39, 40].

2.7. Statistical analysis

Data obtained from the experiments were subjected to statistical evaluation using SPSS version 25.0 and
GraphPad Prism 9.0 software. All measurements were conducted in triplicate and expressed as mean + standard
deviation. One-way ANOVA was applied to identify significant differences between groups, followed by Tukey’s
or Dunnett’s post-hoc tests as applicable. A p-value of less than 0.05 was considered statistically significant. The
Shapiro-Wilk test was employed to confirm normal distribution of data, and in cases of non-normality, logarithmic
transformations were carried out. Pearson correlation coefficients were computed to evaluate relationships
between variables. All results were interpreted within a 95% confidence level to ensure robust and reliable
conclusions [41].

3. RESULTS
3.1. UV-visible spectroscopy

UV-Vis spectroscopic analysis (Fig. 1) of S. muticum extract and CuO NPs was performed using a JASCO V-730
spectrophotometer (200-800 nm, 1 nm interval). The extract displayed absorption patterns typical of
phytochemicals, while CuO NPs exhibited a distinct surface plasmon resonance (SPR) peak at 270 nm, confirming
nanoparticle formation. Absorbance measurements (0.477617 at 270 nm) validated successful synthesis.
Instrument parameters (1.0 nm bandwidth, 1000 nm/min scan speed, continuous filter exchange) ensured high-
resolution data. The results highlight the optical differences between the extract and CuO NPs, with the latter’s
SPR signature confirming its nanoscale properties.
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Fig. 1. UV-Visible spectral profiles of algal extract and CuO NPs.

3.2. FTIR spectroscopy

FTIR spectra (Fig. 2) of CuO NPs and starch/PVA nanoscaffolds (PerkinElmer Spectrum Two, ATR mode, 4000—
400 cm™, 4 cm™ resolution) revealed key functional groups. CuO NPs showed O-H stretching at 3277.29
cm ' and C-H/carbonyl interactions at 2700.50 cm™ and 2500.00 cm™. The nanoscaffolds exhibited C=0O
stretching (1500.00 cm™) and glycosidic linkages (840.00 cm™), while peaks below 1000 cm™ (e.g., 600.00 cm™)
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confirmed Cu—O bonds, verifying NP incorporation. These findings demonstrate the scaffold’s structural integrity
and successful integration of CuO NPs.
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.

3.3. XRD analysis

XRD (Fig. 3) (Bruker D8 Advance, CuKa radiation, 5°-90° 20) confirmed monoclinic CuO NPs with peaks
at 32.745° (110), 35.297° (002), 38.307° (111), and 48.123° (202) (JCPDS 05-0661). Starch/PVA scaffolds
showed semicrystalline peaks at 19.270°, 21.364°, and 23.525°, with additional reflections (26.536°, 29.481°)
indicating CuO NP interactions. The d-spacing (2.732 A for CuO NPs; 4.602 A for scaffolds) and relative
intensities confirmed crystallinity differences, validating phase-pure CuO NPs and their dispersion in the polymer
matrix.
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Fig. 3. XRD patterns of synthesized CuO NPs and CuO-loaded scaffolds.
3.4. SEM analysis

10 20 3'0

SEM (JEOL JSM-IT800 NANO) (Fig. 4) revealed CuO NPs as spherical/irregular aggregates, while starch/PVA
scaffolds formed a porous, fibrous network (100—150 nm diameter). Uniform NP dispersion on fiber surfaces
confirmed effective incorporation. The scaffolds’ high porosity and smooth morphology (with minor beading)
suggest suitability for biomedical applications requiring high surface area and structural integrity.
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Fig. 4. SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds.

3.5.TGA

Thermogravimetric analysis (Fig. 5) (PerkinElmer, N2 atmosphere, 25—550°C) showed scaffold decomposition in
stages: moisture loss (<150°C), polymer breakdown (onset: 243.01°C; peak: 349.62°C), and residual mass
(51.881%). The sharp decline (200—400°C) reflected starch/PVA degradation, while the high residue suggested
crosslinking or inorganic content, indicating thermal stability up to 243°C.
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Fig. S. Thermal degradation behavior of CuO-incorporated nanoscaffolds.

3.6. Zeta potential and particle size analysis

DLS (Malvern Zetasizer Ultra) revealed CuO NPs with a 92.1 nm Z-average size (Fig. 6) and PDI of 0.8444,
indicating moderate polydispersity. Zeta potential (—12.62 mV, peaks at —20.85 mV and —8.994 mV) (Fig. 7)
suggested colloidal stability via electrostatic repulsion. Conductivity (0.07909 mS/cm) and quality factor (5.109)
supported measurement reliability, highlighting the NPs’ moderate stability in suspension.
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Fig.6. DLS particles size analysis of CuO NPs
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Fig.7. Zeta-potential analysis of CuO NPs

3.7. In vitro antidiabetic activity

The antidiabetic potential of algal extract, CuO NPs, and starch/PVA/CuO-NPs nanoscaffolds was evaluated
through their inhibitory effects on a-amylase and a-glucosidase enzymes, key targets for managing postprandial
hyperglycemia.

3.7.1. a-Amylase inhibition

The algal extract demonstrated moderate a-amylase inhibition (Fig. 8), with percentages ranging from 19.22% at
25 pg/mL to 51.42% at 100 pg/mL. CuO NPs exhibited stronger inhibition, increasing from 21.22% (25
pg/mL) to 69.42% (100 pg/mL), suggesting enhanced enzyme-blocking activity compared to the crude extract.
Notably, the composite nanoscaffolds (starch/PVA/CuO-NPs) displayed the highest efficacy, nearing the standard
drug acarbose (81.34% at 100 pg/mL), with inhibition rates of 24.22% (25 ng/mL) rising sharply to 80.42% (100
pg/mL). This indicates that the nanoscaffold's structural formulation significantly boosts a-amylase suppression,
potentially due to improved stability or synergistic interactions between CuO NPs and the polymer matrix.

3.7.2. a-Glucosidase inhibition

In the a-glucosidase assay (Fig. 8), the algal extract showed lower inhibition (15.12-51.32%) across the tested
concentrations (25-100 pg/mL). CuO NPs again outperformed the extract, achieving 17.12—-66.32% inhibition,
while the nanoscaffolds reached 24.12-79.32%, closely mirroring acarbose's performance (28.13—-84.34%). The
nanoscaffold's superior activity may stem from controlled release or enhanced enzyme-binding affinity,
underscoring its potential as a multifunctional antidiabetic agent.
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Fig.8. Antidiabetic activity analysis of algal extract, CuNPs and starch/PVA/CuONPs nanoscaffolds

Both assays revealed a dose-dependent response for all samples. The nanoscaffolds consistently exhibited the
highest inhibition, likely due to the combined effects of CuO NPs' catalytic properties and the polymer matrix's
biocompatibility. While the algal extract showed baseline activity, its lower efficacy highlights the need for
nanoformulation to optimize therapeutic outcomes. These findings align with literature on nanostructured systems
enhancing bioactive compound delivery and enzyme inhibition.

The starch/PVA/CuO-NPs nanoscaffolds emerged as the most promising candidate, with inhibition profiles
rivaling acarbose. Further studies should focus on ICso determination and in vivo validation to confirm their
clinical applicability in diabetes management.

4. DISCUSSION

The characterization and evaluation of the S. muticum-mediated CuO NPs and their incorporation into starch/ PVA
electrospun nanoscaffolds provide compelling evidence of their successful synthesis, structural integrity, and
potential biomedical applicability. Each analytical technique used in this study contributed critical insights into
the physicochemical, morphological, and biological profiles of the NPs and the composite scaffolds.

UV-Visible spectroscopy served as the initial confirmatory tool for nanoparticle formation. The S. muticum
extract exhibited broad absorption bands in the UV region, which is characteristic of natural phytochemicals such
as polyphenols, flavonoids, and terpenoids. These compounds are often responsible for reducing metal ions and
stabilizing the resulting NPs. In contrast, the UV—Vis spectrum of the synthesized CuO NPs displayed a distinct
surface plasmon resonance (SPR) peak at 270 nm. This sharp peak is indicative of successful nanoparticle
synthesis and is consistent with reported SPR values for CuO NPs, confirming the presence of uniformly dispersed
CuO NPs with characteristic optical properties. The absorbance value of 0.477617 at 270 nm further validated the
stability and uniformity of the nanoparticle suspension. Instrumental parameters—such as a 1.0 nm bandwidth,
1000 nm/min scanning speed, and continuous filter exchange—contributed to the acquisition of high-resolution
spectral data. These findings clearly differentiate the optical behavior of the crude extract and the synthesized NPs,
establishing UV—Vis spectroscopy as a reliable and rapid characterization tool [42-48].

FTIR spectroscopy provided insights into the chemical functionalities associated with both CuO NPs and
starch/PVA-based nanoscaffolds. The FTIR spectrum of CuO NPs demonstrated an intense peak at 3277.29 cm™
corresponding to O—H stretching vibrations, indicative of hydroxyl groups likely originating from capping agents
in the algal extract. Peaks at 2700.50 cm™ and 2500.00 cm™ are attributed to C—H stretching and possible carbonyl
interactions, suggesting the presence of residual organic molecules from the biological synthesis process. In the
nanoscaffold spectrum, the presence of strong C=O stretching vibrations around 1500.00 cm™ confirmed
successful incorporation of the polymer matrix, while peaks at 840.00 cm™ pointed to glycosidic bonds from
starch. Notably, characteristic Cu—O stretching vibrations observed near 600.00 cm™ affirmed the successful
embedding of CuO NPs within the polymer framework. This dual characterization confirms both the chemical
integrity of the scaffold and the stability of the embedded NPs [49-54].

XRD analysis played a pivotal role in confirming the crystallinity and phase purity of the synthesized NPs and
their incorporation into the composite scaffold. The CuO NPs exhibited sharp diffraction peaks at 26 values of
32.745°,35.297°, 38.307°, and 48.123°, corresponding to the (110), (002), (111), and (202) planes of monoclinic
CuO, in accordance with JCPDS 05-0661. These sharp reflections indicate well-crystallized NPs. In contrast, the
XRD pattern of the starch/PVA nanoscaffolds presented broader, semicrystalline peaks around 19.270°, 21.364°,
and 23.525°, which are typical for polymer blends. Additional minor peaks at 26.536° and 29.481° were attributed
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to CuO NP integration, suggesting successful physical dispersion within the matrix. The measured d-spacing of
2.732 A for CuO NPs and 4.602 A for scaffolds revealed structural differences between the inorganic and
polymeric phases. These results collectively support the conclusion that phase-pure CuO NPs were successfully
integrated into the nanoscaffold without compromising crystallinity [55-59].

SEM imaging offered crucial visual confirmation of morphology and nanoparticle integration. The CuO NPs
appeared as mostly spherical to irregular aggregates, a morphology consistent with biologically synthesized metal
oxide NPs. The starch/PVA nanoscaffolds exhibited a highly porous, fibrous network with fiber diameters ranging
from 100 to 150 nm. The fibers displayed a smooth surface with occasional bead formations, typical of optimized
electrospinning processes. More importantly, the SEM micrographs showed well-dispersed CuO NPs embedded
on or within the fibrous matrix, confirming successful nanoparticle incorporation. The high porosity and fiber
uniformity are desirable traits for biomedical scaffolds, supporting their potential in applications requiring high
surface area and interfacial interactions, such as drug delivery or tissue regeneration [60-64].

The TGA profile of the composite scaffolds revealed multi-step thermal degradation. Initial weight loss below
150°C was attributed to the evaporation of physically adsorbed moisture. The subsequent major degradation phase,
beginning at 243.01°C and peaking at 349.62°C, corresponded to the decomposition of the polymer components,
namely starch and PVA. The total residual mass was 51.881%, indicating a substantial amount of non-volatile
inorganic content—most likely CuO NPs and crosslinked residues—contributing to thermal stability. The results
suggest that the nanoscaffolds are thermally stable up to approximately 243°C, a feature beneficial for potential
sterilization and biomedical use [65-69].

Zeta potential and DLS analyses provided information on the colloidal properties of the CuO NPs. The
hydrodynamic diameter was measured at 92.1 nm with a polydispersity index (PDI) of 0.8444, suggesting a
moderately polydisperse system. The zeta potential value of —12.62 mV, with peaks at —20.85 mV and —8.994 mV,
reflects moderate colloidal stability, governed primarily by electrostatic repulsion among negatively charged
particles. The conductivity value of 0.07909 mS/cm and a high quality factor (5.109) supported the reliability and
reproducibility of these measurements. While the zeta potential falls short of the ideal £30 mV range for strong
colloidal stability, the values obtained are adequate for biological applications involving transient interactions [70,
71].

The antidiabetic potential was assessed using a-amylase and a-glucosidase inhibition assays. The S. muticum
extract exhibited moderate inhibition activity, but this was significantly enhanced upon nanoparticle synthesis.
CuO NPs demonstrated stronger inhibition profiles, likely due to their nanoscale size and surface activity, which
facilitate better interaction with enzyme active sites. Remarkably, the starch/PVA/CuO nanoscaffolds exhibited
the highest inhibition values for both enzymes, approaching those of the standard antidiabetic drug acarbose. For
a-amylase, inhibition rose from 24.22% to 80.42%, while for a-glucosidase it ranged from 24.12% to 79.32%
across concentrations of 25 to 100 pg/mL. These results suggest synergistic effects between the polymeric matrix
and the NPs, possibly via improved bioavailability, sustained release, or enhanced enzyme binding affinity. The
consistent, dose-dependent activity confirms the scaffold's therapeutic potential [72, 73].

5. CONCLUSION

The present study successfully demonstrates the green synthesis of CuO NPs using S. muticum extract and their
effective incorporation into starch/PVA-based nanoscaffolds. UV—Vis spectroscopy confirmed nanoparticle
formation through distinct surface plasmon resonance at 270 nm, while FTIR and XRD analyses validated the
structural and chemical integrity of both NPs and the composite scaffold. SEM imaging revealed a uniform, porous
nanofibrous structure suitable for biomedical applications. TGA results confirmed thermal stability up to 243°C,
and zeta potential analysis indicated moderate colloidal stability. Most notably, the starch/PVA/CuO-NPs
nanoscaffolds exhibited significant in vitro antidiabetic activity, with potent inhibition of both a-amylase and o-
glucosidase enzymes, outperforming the algal extract and CuO NPs alone. These findings underscore the potential
of the synthesized nanoscaffold as a multifunctional therapeutic platform for diabetes management. Future
research should include ICso analysis and in vivo studies to further validate its efficacy and clinical applicability.
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