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ABSTRACT

This study explores the green synthesis of copper oxide nanoparticles (CuO NPs) using Sargassum muticum
extract and their incorporation into starch/polyvinyl alcohol (PVA) electrospun nanoscaffolds for enhanced
antimicrobial applications. The phytochemical-rich algal extract facilitated the eco-friendly reduction of Cu?* ions,
yielding stable CuO NPs, which were characterized using UV-Vis spectroscopy, Fourier-transform infrared
spectroscopy (FTIR), X-ray diffraction (XRD), Scanning electron microscopy (SEM), Thermogravimetric
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analysis (TGA), and zeta potential analysis. UV-Vis spectroscopy confirmed nanoparticle formation via a distinct
surface plasmon resonance (SPR) peak at 270 nm, while FTIR revealed functional groups involved in stabilization.
XRD confirmed the monoclinic crystalline structure of CuO NPs, and SEM demonstrated uniform dispersion
within nanofibers. The starch/PVA scaffolds exhibited high porosity and thermal stability, with TGA indicating
enhanced degradation resistance. Antimicrobial assays revealed significant inhibitory effects against bacterial
(Escherichia coli, Staphylococcus aureus) and fungal (Aspergillus niger, Penicillium spp.) pathogens, with
nanoscaffolds outperforming pure CuO NPs and algal extract. These findings highlight the potential of algae-
mediated CuO NPs in developing biocompatible, antimicrobial nanoscaffolds for wound healing and tissue
engineering, offering a sustainable alternative to conventional antimicrobial agents.

KEYWORDS: Sargassum muticum, Green synthesis, CuO NPs, Starch/PVA nanoscaffolds, Antimicrobial
activity.

1. INTRODUCTION

The convergence of nanotechnology with marine biotechnology has opened new avenues in the synthesis of eco-
friendly, biologically potent nanomaterials [1]. Among these, marine macroalgae—commonly known as
seaweeds—have emerged as a sustainable source of biomolecules capable of reducing metal ions into stable
nanoparticles [2]. Owing to their rich phytochemical reservoir, including phenolics, flavonoids, and sulfated
polysaccharides, these marine organisms serve not only as reducing agents but also as capping and stabilizing
entities during nanoparticle synthesis [3]. This green synthesis approach significantly contrasts with conventional
physical and chemical methods, which often involve toxic solvents, high energy demands, and hazardous by-
products, thus making marine algae-based methods more biocompatible and environmentally benign [4].
Sargassum muticum (S. muticum), a brown marine macroalga prevalent along the southeastern coast of India,
including the intertidal zones of Rameswaram, is particularly rich in bioactive constituents such as fucoidans,
alginates, terpenoids, and polyphenols [5]. These compounds exhibit a wide spectrum of therapeutic properties
including antioxidant, antimicrobial, and anti-inflammatory activities [6]. The abundance and easy accessibility
of S. muticum make it an ideal candidate for biotechnological applications, particularly in the realm of green
nanomaterial synthesis [7]. Its role as a bioresource in the production of metal oxide nanoparticles, such as copper
oxide nanoparticles (CuO NPs), is garnering increasing interest in recent years [8].

CuO NPs have drawn considerable attention owing to their unique physicochemical properties, including a narrow
band gap, high surface area, and potent antimicrobial and catalytic activities [9]. CuO is a p-type semiconductor
with applications ranging from sensors, supercapacitors, and photocatalysis to biomedical uses such as wound
healing and drug delivery [10]. Notably, CuO NPs have demonstrated superior antimicrobial and antifungal
properties due to their ability to generate reactive oxygen species (ROS), disrupt microbial cell membranes, and
bind to cellular enzymes, thus impairing microbial function [11]. These attributes make CuO NPs an attractive
component in the design of novel biomedical materials [12].

One of the most promising applications of CuO NPs lies in their integration into nanofibrous scaffolds for tissue
engineering and wound healing [13]. Electrospinning is a well-established technique that enables the fabrication
of continuous nanofibers with high surface-area-to-volume ratios and tunable porosity—properties that closely
mimic the natural extracellular matrix (ECM) [14]. When combined with biopolymers such as starch and
polyvinyl alcohol (PVA), the electrospun mats can serve as efficient platforms for controlled release and localized
delivery of therapeutic agents [15]. Starch, being biodegradable and biocompatible, acts as a reinforcing matrix,
while PVA provides mechanical stability and facilitates the electrospinning process [16]. Embedding CuO NPs
into starch/PVA nanofibers enhances the functional performance of these scaffolds, making them suitable for
biomedical applications [17].

The integration of green-synthesized CuO NPs into a biopolymer-based electrospun scaffold not only improves
the mechanical and thermal properties of the matrix but also endows it with antimicrobial and wound-healing
potential [18]. The uniform distribution of nanoparticles within the fiber matrix is crucial for sustained release,
optimal interaction with the biological environment, and minimizing toxicity [19]. Furthermore, such hybrid
systems offer an eco-friendly alternative to synthetic drugs and conventional wound dressings, aligning with the
growing demand for sustainable biomedical solutions [20].

Despite the increasing number of studies exploring nanoparticle-loaded electrospun scaffolds, the synthesis of
CuO NPs using S. muticum extract and their incorporation into starch/PVA matrices remains underexplored [17].
The current study seeks to address this gap by employing ultrasonic-assisted extraction to obtain phytochemically
rich extracts from S. muticum, followed by the green synthesis of CuO NPs [21]. The synthesized nanoparticles
are subsequently embedded into starch/PVA electrospun nanofibers to develop multifunctional scaffolds with
potential applications in wound healing and tissue engineering [22].

The study emphasizes a comprehensive characterization of both the synthesized CuO NPs and the electrospun
scaffolds using a suite of analytical techniques [23]. UV-Vis spectroscopy is utilized to confirm nanoparticle
formation via surface plasmon resonance (SPR) [24], while Fourier transform infrared (FTIR) spectroscopy
provides insights into the functional groups involved in nanoparticle stabilization and scaffold matrix interactions
[25]. X-ray diffraction (XRD) analysis elucidates the crystalline nature and phase identity of the CuO NPs and
nanofibers [26]. Scanning electron microscopy (SEM) is employed to observe morphological features, fiber
uniformity, and nanoparticle dispersion within the scaffolds [27]. Thermogravimetric analysis (TGA) further
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assesses the thermal stability and decomposition profiles of the composite materials, whereas zeta potential and
particle size distribution measurements offer information on colloidal stability and aggregation tendencies of the
nanoparticles.

By combining marine-derived phytochemicals with copper oxide nanotechnology and -electrospinning
methodologies, this research bridges the gap between marine bioprospecting and biomedical engineering. It
presents a novel, green, and scalable route for developing functional biomaterials tailored for wound healing
applications. Furthermore, the study contributes to the growing body of literature advocating for the sustainable
synthesis and biomedical application of nanomaterials derived from renewable marine resources.

The present research explores the untapped potential of S. muticum for the biosynthesis of CuO NPs and their
successful integration into starch/PVA-based electrospun nanofibrous scaffolds. The developed materials are
characterized extensively for their structural, chemical, and thermal properties, setting the foundation for future
applications in wound healing and tissue regeneration. This multidisciplinary approach underscores the synergy
between natural resources, nanotechnology, and material science, offering promising prospects for the next
generation of eco-friendly biomedical devices.

2. MATERIALS AND METHODS

2.1. Collection and preparation of marine macroalgae

Fresh samples of S. muticum were manually gathered from the intertidal regions surrounding Rameswaram and
transported to the lab under chilled conditions. The algal material was initially rinsed with tap water to eliminate
soil particles, debris, and surface-dwelling organisms. This was followed by several washes with distilled water
to ensure thorough cleansing. The cleaned algae were then chopped into smaller sections and left to dry naturally
in a shaded, well-acrated environment at room temperature for approximately 14 days. Once fully dried, the
samples were pulverized into fine powder using a mechanical grinder and preserved in airtight containers at
ambient conditions until further processing.

2.2. Ultrasonic-assisted extraction of bioactive compounds

To isolate phytochemicals from S. muticum, 2 grams of the dried powdered material were mixed with 50 mL of
Milli-Q water and exposed to ultrasonic-assisted extraction using a LABQUEST ultrasonic bath (Borosil; Serial
No. 941032329018) at 60°C for 45 minutes. The cavitation generated during sonication enhanced the release of
bioactive molecules. The mixture was then passed through Whatman No. 1 filter paper under sterile settings to
yield a clarified extract. The filtered liquid was stored at 10°C for immediate use and subsequently lyophilized to
produce a stable dry powder suitable for extended storage and downstream applications [28].

2.3. Green synthesis of CuO NPs

The synthesis of CuO NPs involved the reaction of 50 mL of 0.1 M CuSOa4-5H20 solution with 10 mL of S.
muticum extract, which was prepared by dissolving 10 mg of the lyophilized powder in 10 mL of Milli-Q water,
maintaining a 5:1 volumetric ratio. This blend was continuously stirred at 650 rpm and maintained at 60°C for 2
hours. A visual color change from blue to bluish-green signaled the formation of CuO NPs through the reduction
of copper ions. The resultant product was centrifuged and washed three times with double-distilled water to
remove residual plant components and excess reagents. The purified nanoparticles were freeze-dried over 48 hours
and stored in a desiccator for future characterization and application in nanofiber scaffolds [29].

2.4. Electrospinning of CuO-embedded starch/PVA nanofibrous scaffolds

To develop the composite nanofibers, a 15% (w/w) solution of PVA was created by dissolving the polymer in
Milli-Q water under constant agitation until fully dissolved. Subsequently, 100 mg each of starch and CuO NPs
were added to the PVA solution, followed by continuous stirring at 50°C for 2.5 hours to ensure even dispersion.
The blend was loaded into a syringe fitted with a stainless steel needle (inner diameter 0.84 mm) and placed in
the HOLMARC HO-NFES-040 electrospinning unit. The electrospinning conditions were optimized as follows:
applied voltage of 11.5 kV, a 12.3 cm gap between the needle and collector, and a controlled flow rate of 0.4 mL/h.
The process was performed at room temperature over 6—8 hours to form nanofibrous mats, which were then peeled
off and preserved in a desiccator for further study [30, 31].

2.5. Physicochemical characterization of nanoparticles and scaffolds

2.5.1. UV-vis spectroscopy

The UV-Vis spectral analysis of the CuO NPs and algal extract was conducted using a VIS SPEC V-730
spectrophotometer within the 200-800 nm wavelength range. Deionized water was used as a blank. Characteristic
SPR bands were observed, confirming nanoparticle synthesis [32].

2.5.2. FTIR Spectroscopy analysis

FTIR spectra were recorded using a PerkinElmer Spectrum Two device in ATR mode. Spectral data for both CuO
NPs and CuO-loaded scaffolds were collected between 4000 and 400 cm™, using a resolution of 4 cm™ and 64
scans per sample. Peaks corresponding to hydroxyl, phenolic, carbonyl, and metal-oxygen bonds were identified
[33].

2.5.3. XRD analysis
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XRD was used to analyze the crystalline nature and phase identity of CuO NPs and nanocomposite scaffolds via
a Bruker D8 Advance system using CuKa radiation (A = 1.5406 A) at 40 kV and 40 mA. Data were recorded over
a 20 range from 5° to 90° with a 0.029649° step size. Peaks were matched against JCPDS database patterns to
confirm CuO presence [34].

2.5.4. SEM analysis

The morphological characteristics of the nanoparticles and nanofiber matrices were observed using a JEOL JSM-
IT800 NANO SEM. Gold sputter coating was applied to enhance conductivity. SEM images were analyzed to
evaluate fiber diameter, particle dispersion, and surface texture [28].

2.5.5. TGA

Thermal decomposition behavior and stability of the scaffolds were assessed with a PerkinElmer TGA 8000 under
a nitrogen atmosphere. Approximately 5 mg of the sample was gradually heated from room temperature to 550°C
at a rate of 15°C/min. The thermograms provided insights into moisture content, degradation temperatures, and
residual mass [35].

2.5.6. Zeta potential and particle size distribution

The hydrodynamic diameter and surface charge (zeta potential) of the CuO NPs were measured using a Malvern
Zetasizer Ultra. Zeta potential values indicated colloidal dispersion stability; higher absolute values suggested
increased electrostatic repulsion and better suspension stability [36].

All experimental raw data and corresponding analysis results are available in the Mendeley Data repository under
DOI: 10.17632/v{8822rd8j.1 for public access.

2.7. Antimicrobial activity analysis

The antibacterial and antifungal efficacy of S. muticum extract, CuO NPs, and starch/PVA electrospun
nanoscaffolds (50 ug/mL each) was evaluated using the agar well diffusion assay. Test microorganisms included
Gram-negative (Escherichia coli, Klebsiella pneumoniae, Citrobacter koseri) and Gram-positive (Staphylococcus
aureus) bacteria, as well as fungal species (4Aspergillus niger, Penicillium sp.). Bacterial cultures were adjusted to
0.5 McFarland standard (~1.5 x 108 CFU/mL) and swabbed onto Mueller-Hinton agar plates, while fungal spores
were inoculated on Sabouraud dextrose agar. Wells (6 mm diameter) were loaded with 50 puL of each test sample.
Ciprofloxacin (for bacteria) and voriconazole (for fungi) served as positive controls. After a 30-minute diffusion
period, bacterial plates were incubated at 37°C for 24 hours, and fungal plates at 28°C for 48 hours. Antimicrobial
activity was quantified by measuring the diameter (mm) of the inhibition zones. All tests were performed in
triplicate to ensure reproducibility [37, 38].

2.8. Statistical analysis

All data analyses were carried out using SPSS version 25.0 and GraphPad Prism version 9.0. Values were
expressed as mean =+ standard deviation (SD) from three separate trials. One-way ANOVA was conducted to assess
differences between experimental groups, with post hoc Tukey’s and Dunnett’s tests applied where necessary.
Statistical significance was accepted at p < 0.05. The Shapiro-Wilk test confirmed the normal distribution of
datasets, and Pearson’s correlation was used to determine the strength of associations between variables. All
statistical interpretations were made with a 95% confidence level [39].

3. RESULTS AND DISCUSSION

3.1. UV-vis spectroscopy

The optical properties of the S. muticum extract and the synthesized CuO NPs were examined using a JASCO V-
730 UV—Visible spectrophotometer. Spectral measurements were recorded over a wavelength range of 200—-800
nm at 1 nm intervals (Fig. 1), using deionized water as the baseline reference. The S. muticum extract exhibited a
broad absorption pattern typical of natural phytochemical constituents, such as flavonoids and polyphenols. In
contrast, the CuO NPs demonstrated a sharp and distinct absorption peak centered at 270 nm, which corresponds
to SPR—a characteristic phenomenon confirming the formation of metallic nanoparticles. The spectrophotometer
parameters included a 1.0 nm bandwidth, a scan speed of 1000 nm/min, and continuous filter exchange for optimal
signal resolution. The CuO NPs exhibited a maximum absorbance of 0.477617 at 270 nm, reinforcing successful
nanoparticle synthesis and their unique optical response compared to the plant extract alone [40-43].

3.2. FTIR spectroscopy analysis

The chemical functionalities and molecular interactions of CuO NPs and starch/PVA electrospun nanoscaffolds
were characterized using FTIR spectroscopy (PerkinElmer Spectrum Two, ATR mode). Spectra were collected
over the range of 4000—400 cm™ with a resolution of 4 cm™ and 64 scans per sample (Fig. 2). The CuO NP
spectrum displayed a strong absorption peak at 3277.29 cm™, attributed to O—H stretching vibrations, indicating
the presence of hydroxyl groups likely from capping phytochemicals. Additional peaks at 2700.50 cm™ and
2500.00 cm™ suggested C—H stretching and carbonyl functionalities, respectively. The FTIR spectrum of the
starch/PVA nanoscaffolds showed characteristic peaks at 1500.00 cm™, corresponding to C=O stretching
vibrations from carbonyl groups, and 840.00 cm™, representing C—O-C stretching in glycosidic bonds.
Importantly, the appearance of peaks below 1000 cm™'—particularly near 600.00 cm'—was indicative of Cu—O
bonding, validating the incorporation of CuO NPs into the polymer scaffold. These findings confirm the presence
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of essential functional groups such as phenolic, hydroxyl, and carbonyl moieties and demonstrate successful
integration of CuO NPs within the nanocomposite matrix [44, 45].

3.3. XRD analysis

XRD analysis was conducted to evaluate the crystalline nature of the synthesized CuO NPs and the starch/PVA
electrospun scaffolds using a Bruker D8 Advance diffractometer equipped with CuKa radiation (A = 1.5406 A)
operating at 40 kV and 40 mA. The diffraction patterns were recorded across a 28 range of 5° to 90° with a step
size of 0.029649° (Fig. 3). The CuO NPs exhibited sharp diffraction peaks at 32.745°, 35.297°, 38.307°, and
48.123°, corresponding to the (110), (002), (111), and (202) planes of monoclinic CuO, which matched standard
JCPDS card no. 05-0661, confirming the high purity and crystalline nature of the nanoparticles. The starch/PVA
scaffold exhibited broader peaks at 19.270°, 21.364°, and 23.525°, representing the semi-crystalline nature of the
polymer blend. Additionally, peaks at 26.536° and 29.481° indicated interactions between the polymer matrix and
the incorporated CuO NPs. Calculated d-spacing values (e.g., 2.732 A for the (110) CuO plane) aligned well with
reference values. The sharp peaks for CuO NPs contrasted with the broad polymer peaks, suggesting nanoscale
crystallites embedded in an amorphous to semi-crystalline matrix. These results confirmed the structural
integration of CuO NPs into the electrospun fibers and provided insights into crystallite dimensions and scaffold
composition [46, 47].

3.4. SEM analysis

The morphological characteristics of CuO NPs and the starch/PVA nanoscaffolds were analyzed (Fig. 4) using a
JEOL JSM-IT800 NANO SEM system. Prior to imaging, the samples were sputter-coated with gold to improve
electrical conductivity. SEM micrographs of the CuO NPs revealed predominantly spherical particles with slight
morphological irregularities and agglomeration, which is common due to the high surface energy of nanoparticles.
In contrast, the starch/PVA electrospun nanoscaffolds showed a well-organized fibrous architecture with
interconnected porous structures. The fibers exhibited relatively uniform diameters. CuO NPs were visibly
embedded on the fiber surfaces and within nodal junctions, indicating homogeneous dispersion within the polymer
network. Surface texture analysis showed smooth fiber morphology, with occasional bead-like structures likely
caused by fluctuations in electrospinning parameters such as polymer viscosity or applied voltage. The porous
and nanofibrous morphology enhances the scaffolds’ surface area, making them suitable for biomedical
applications like tissue regeneration and drug delivery [48].

3.5.TGA

The thermal stability and degradation profile of the starch/PVA electrospun nanoscaffolds were evaluated using a
PerkinElmer TGA under nitrogen atmosphere. A sample weighing 1.187 mg was heated from room temperature
to 550°C at a controlled rate (Fig. 5). The TGA curve exhibited a multi-step degradation pattern. The initial weight
loss below 150°C was attributed to the evaporation of residual moisture. The major thermal decomposition onset
occurred at 243.01°C, corresponding to the breakdown of the starch and PVA polymer chains. The maximum
degradation rate was observed at 349.62°C, and degradation concluded around 393.07°C. The scaffold retained
51.881% of its original mass at the end of the heating cycle, suggesting the presence of thermally stable
components such as inorganic CuO NPs and potential crosslinking between polymer chains. The significant
weight loss between 200—400°C is characteristic of biopolymer degradation, while the high residual mass
indicates improved thermal resistance, which is crucial for biomedical applications requiring sterilization or heat
treatment [22, 49, 50].

3.6. Zeta potential and particle size analysis

The colloidal behavior and hydrodynamic size of CuO NPs were investigated using dynamic light scattering (DLS)
and zeta potential measurements with a Malvern Zetasizer Ultra. The intensity-weighted particle size distribution

revealed an average hydrodynamic diameter (Z-average) of 92.1 nm (Fig. 6), indicating the formation of nanosized

particles. The polydispersity index (PDI) was calculated to be 0.8444, suggesting moderate to high heterogeneity

in particle sizes, potentially due to partial aggregation. Zeta potential analysis indicated a mean surface charge of
—12.62 mV, with peak values recorded at —20.85 mV and —8.994 mV (Fig. 7). The negative zeta potential values

suggest that the particles possess moderate colloidal stability due to electrostatic repulsion, which helps in

minimizing agglomeration in aqueous suspensions. The conductivity (0.07909 mS/cm) and quality factor (5.109)

further validated the reliability of the measurement. Collectively, these data confirm that the synthesized CuO NPs

are moderately stable in suspension, with nanoscale dimensions and surface charge characteristics suitable for

biological and environmental applications [51-54].

3.7. Antimicrobial activity analysis

The antimicrobial evaluation of S. muticum extract, CuO NPs, and starch/PVA electrospun nanoscaffolds at 50
pg/mL concentration demonstrated varying efficacy against pathogenic microorganisms (Table 1). The algal
extract showed moderate antimicrobial activity, with inhibition zones ranging from 12+0.19 mm (Staphylococcus
aureus) to 17+0.13 mm (Penicillium species) against bacterial and fungal strains, respectively. CuO NPs exhibited
enhanced antibacterial effects (15+0.28 mm to 18+0.36 mm) and antifungal activity (19+0.24 mm to 20+0.32
mm), suggesting improved performance compared to the crude extract. Most notably, the starch/PVA
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nanoscaffolds embedded with CuO NPs displayed superior antimicrobial properties, with inhibition zones of
2340.32 mm (Escherichia coli), 22+0.13 mm (Klebsiella pneumoniae), 20£0.26 mm (S. aureus), 22+0.12 mm
(Citrobacter koseri), 25+0.28 mm (Aspergillus niger), and 24+0.12 mm (Penicillium species). While the
nanoscaffolds demonstrated stronger antimicrobial effects than both the algal extract and standalone CuO NPs,
their efficacy remained slightly below the positive controls ciprofloxacin (28-33 mm) and voriconazole (26-28
mm). These results indicate that the CuO NP-loaded nanoscaffolds offer synergistic antimicrobial benefits,
making them promising candidates for biomedical applications requiring controlled antimicrobial release and
enhanced biocompatibility. The study highlights the potential of marine algac-mediated nanoparticles in
developing advanced antimicrobial materials [55, 56].

5. CONCLUSION

This study successfully demonstrated the green synthesis of CuO NPs using S. muticum extract and their
incorporation into starch/PVA electrospun nanoscaffolds for enhanced antimicrobial applications. The
phytochemical-rich algal extract facilitated the eco-friendly reduction of Cu?* ions, yielding stable nanoparticles
confirmed by UV-Vis spectroscopy (SPR peak at 270 nm), FTIR (functional group interactions), and XRD
(monoclinic crystalline structure). SEM analysis revealed uniform nanoparticle dispersion within nanofibers,
while TGA confirmed improved thermal stability of the composite scaffolds. Antimicrobial assays demonstrated
significant inhibitory effects against bacterial (Escherichia coli, Staphylococcus aureus) and fungal (Aspergillus
niger, Penicillium spp.) pathogens, with CuO-loaded nanoscaffolds outperforming both pure CuO NPs and algal
extract. The synergistic antimicrobial action, combined with the scaffolds' biocompatibility and structural integrity,
highlights their potential as advanced wound dressings or tissue engineering matrices. This research underscores
the viability of marine algae-mediated green synthesis in developing sustainable, high-performance biomedical
materials, offering a promising alternative to conventional antimicrobial agents. Future studies should focus on in
vivo biocompatibility and long-term therapeutic efficacy to facilitate clinical translation.

Data Availability Statement: The full dataset of physiochemical characterization associated with this work is
published in Mendeley Data (doi: 10.17632/jrs2y2hp7v.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 and environmental analyses and conclusions are original to each
manuscript.
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Tables
Table 1: Antimicrobial activity of S. muticum extract, CuO NO, and starch/PVA electrospun nanoscaffolds at
concentration of 50

/mL against various pathogenic organisms.

Ciprofloxacin Voriconazole Algal CuO NPs | Nano-
(Antibiotic) (Antifungal) Extract scaffolds
Escherichia coli 33+0.58 - 15+0.28 18+0.36 23+0.32
Klebsiella 30+0.14 - 13+0.12 16+0.34 22+0.13
pneumoniae
Staphylococcus 28+0.32 - 12+0.19 15+0.15 20+0.26
aureus
Citrobacter koseri | 29+£0.47 - 13+0.21 16+0.26 22+0.12
Aspergillus niger - 26+0.65 16+0.28 19+0.24 2540.28
Penicillium species | - 28+0.39 17+0.13 20+0.32 24+0.12
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Fig. 1. UV-Visible spectral profiles of algal extract and CuO NPs.
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Fig. 2. FTIR spectra of CuO NPs and their incorporation into nanoscaffolds.
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Fig. 3. XRD patterns of synthesized CuO NPs and CuQO-loaded scaffolds.
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Fig. 4. SEM analysis of synthesized CuO NPs and CuO-loaded scaffolds.
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Fig. S. Thermal degradation behavior of CuO-incorporated nanoscaffolds.
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Fig.7. Zeta-potential analysis of CuO NPs
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