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The research is based on using a greener approach for synthesizing cobalt oxide, copper oxide, and zinc
oxide nanoparticles using the seed extract of Citrullus lanatus (CL). The synthesized nanoparticles were

characterized by UV-vis, FT-IR spectroscopy, XRD, SEM, and EDX analysis. Scanning electron microscopy

(SEM) analysis revealed that the particles are uniformly distributed with average sizes of 146.49 + 45.15,
176.37 £ 50.47, and 123.61 + 27.26 nm for Coz0O4 CuO, and ZnO nanoparticles, respectively. The
crystalline nature of the nanoparticles was confirmed by X-ray diffraction (XRD), which revealed average

particle sizes of 12.38, 10.46, and 11.76 nm for CozO4, CuO, and ZnO nanoparticles, respectively. The
specific surface area (SSA) was calculated to be 79.84, 90.90, and 90.94 m? g™ for CosO,4, CuO, and
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Zn0O, respectively. A maximum inhibition diameter of 15 mm was exhibited by CuO and ZnO against S.

aureus and B. subtilis. ZnO nanoparticles exhibited 90% and 81% activity in the DPPH and total phenolic
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1. Introduction

In the recent decades, nanoparticles have attracted increasing
attention as they bridge the gap between bulk materials and
atomic-level structures. Their large surface-area-to-volume ratio
leads to pronounced alterations in their physical, chemical, and
biological properties relative to bulk materials, resulting in
enhanced reactivity, improved functional performance, and
expanded application potential across multiple scientific and
technological domains.” The chemical properties of the nano-
particles have been used in anti-bacterial, anti-fungal, anti-
corrosive, antioxidant, and environmental applications.>
Green synthesis has emerged as a widely explored approach for
synthesizing different metal and metal oxide-based nano-
particles. It is an environmentally benign and economically
feasible method that leads to the formation and development of
stable, sustainable, biocompatible nanoparticles in a short
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content assays, respectively. Maximum a-amylase and protease inhibition activities were demonstrated
by the Coz0O,4 and ZnO nanoparticles, with values of about 62% and 71%, respectively.

period using molecules extracted from various parts of plants.?
The green synthesis of nanoparticles is straightforward,
comprising low-cost, environment-friendly, and non-toxic
reagents,” and metal-based nanoparticles can be synthesized
on a large scale using this simple method. The extracts
produced from plants act as natural bio-reductants and capping
agents that increase the stability of the nanoparticles.® All these
qualities have attracted the attention of researchers. The
method involves the bio-reduction of metal ions along with the
subsequent growth and stabilization of nanoparticles.®

The distinctive and unique physical and chemical properties
of nanomaterials can be used for applications that benefit
society. In the field of medicinal science, they have been used in
tissue engineering,” drug delivery,® gene therapy,® in the treat-
ment of wounds,' and as antimicrobial agents." In the textile
industry, stain- and wrinkle-resistant clothes are examples of
innovations based on these nanoparticles."” Flexible materials,
anti-corrosive paints, and lightweight armours have been made
possible because of nanoparticles. Furthermore, nanoparticles
find applications in glucose sensors,"” solar panels,” and
lithium-ion batteries.” Hence, nanoparticles are used in
everyday life, improving convenience and accessibility. Nano-
particles synthesized via green routes have potent applications
in medicine as targeted drug-delivery agents and are used as
antimicrobial agents.'®"” They also have antioxidant proper-
ties.'®* Copper nanoparticles that are biologically synthesized
have good potential against plant pathogens. The growth of
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plant-infecting bacteria, i.e., Lolium perenne, Raphanus sativus,
and Lolium rigidum, is inhibited by copper nanoparticles.>* ZnO
nanoparticles are used in sunscreen as they tend to block UV
rays. These nanoparticles also find applications as anti-aging
agents because they are powerful antioxidants that meet the
safety requirement of not penetrating deep into the skin;
moreover, they are not carcinogenic or cytotoxic.”*

The antiviral potential of ZnO and SiO, nanoparticles was
assessed against the tobacco mosaic virus.”> Copper nano-
particles that are biologically synthesized have good potential
against plant pathogens. The bio-assisted synthesis of cobalt
oxide nanoparticles was achieved utilizing the herbal extract of
P. dactylifera. The synthesized nanoparticles were proven to be
potent antibacterial and antifungal agents and are efficient for
the degradation of dyes.”* Cynodon dactylon was used to
synthesize copper nanoparticles. The synthesized nanoparticles
were evaluated by their biological activities and their potential
for dye degradation.* The green essence of sea lavender leaves
was used as a reducing, stabilizing, and capping agent, and the
anti-cancer activity assessments for epidermal cells showed that
cell viability decreased significantly.”® Anthony Ekennia and
coworkers used the aqueous extracts of Alchornea laxiflora
leaves along with the respective salt of zinc to synthesize zinc
oxide nanoparticles. The nanoparticles exhibited moderate
photocatalytic potency, with 87% degradation of Congo red
dye.?® Nigella sativa seed extracts were used to synthesize copper
nanoparticles. The particle size of nanoparticles was 98.23 nm,
and they exhibited potent antibacterial action, with 25 mm and
24 mm inhibition zones against E. coli and P. aeruginosa,
respectively. Lipase and amylase inhibition assays also
confirmed their antiobesity activities.”” Leaf extracts of Moringa
olifera and Musa sp. were used as bio-reducing agents to
synthesize Cu and CuO nanoparticles. XRD analysis revealed
the cubic phase of CuNPs and the monoclinic phase of CuO.
They exhibited potent antibacterial and antioxidant activity.*®

Synthesizing copper, cobalt, and zinc nanoparticles using
Citrullus lanatus (watermelon) is a new approach to the forma-
tion of nanoparticles. The use of these seed extracts, which are
rich in bioactive compounds, imparts specific characteristics to
the nanoparticles, including antibiotic, antioxidant, and anti-
inflammatory properties. Watermelon seeds have been used
against hypertension, gonorrhea, and diarrhea as they contain
lycopene, vitamin C, riboflavin, thiamine, polyphenols,
terpenes, and steroids.”® The seeds also contain vanillin, quer-
cetin, kaempferol, luteolin, and myricetin. Palmitic, linoleic,
ferulic, chlorogenic, protocatechuic, and p-coumaric acids are
the main phytochemical acids present, along with other alka-
loids, flavonoids, steroids, and terpenoids.** These phyto-
chemicals act as stabilizing and reducing agents when treated
with respective metal precursors.** These nanoparticles have
great antibacterial and antioxidant capabilities.

A comprehensive characterization of nanoparticles was per-
formed utilizing X-ray diffraction (XRD) analysis, scanning
electron microscopy (SEM), ultraviolet-visible spectroscopy (UV-
vis), and Fourier-transform infrared (FT-IR) spectroscopy. These
analysis techniques were used for structural elucidation and

chemical characterization. = The nanoparticles  were
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characterized by UV-visible spectroscopy to study the plasmon
bands. The strength and stability of the resonances were
determined by the shape, size, and environment, as well as by
the dielectric function of the nanoparticles.** FT-IR spectros-
copy was used to verify the presence of various functional
groups attached to the nanoparticles. The crystallinity of the
nanoparticles was determined by XRD analysis, and the pres-
ence of intrinsic strain, which arises because of size confine-
ment, was confirmed by measuring peak broadening.** SEM
analysis was used to discover the shape, surface texture and
particle size distribution of the nanoparticles.

Citrullus lanatus (CL) has attracted attention as a bio-
reducing agent due to its rich phytochemical composition.
Previous studies have reported the synthesis of ZnO and CuO
using CL seed extract, demonstrating promising properties.****
However, no comparative synthesis of multiple metal oxide
nanoparticles using a CL seed extract under identical condi-
tions has been reported. Therefore, a systematic comparison of
multiple metal oxide nanoparticles synthesized using the same
reducing agent under the same conditions remains largely
unexplored. Different metal ions exhibit distinct redox
behavior, coordination chemistry, and oxide formation path-
ways; therefore, their interaction with a single biological extract
is expected to yield nanoparticles with varied physicochemical
characteristics and biological activities. Accordingly, the
present study focuses on the synthesis of Co;0,, CuO, and ZnO
nanoparticles using C. lanatus seed extract under identical
conditions and compares the antioxidant and enzyme-
inhibitory activities of the synthesized nanoparticles using
multiple complementary assays under controlled conditions.
The study offers deeper insights into the structure-activity
relationships of the different metal oxides.

In this work, the seed extract of Citrullus lanatus (water-
melon) served as the reducing agent in the synthesis of cobalt
oxide, copper oxide, and zinc oxide nanoparticles. The extract
was treated with the metal salt of the respective metals to
synthesize the nanoparticles. The nanoparticles were charac-
terized using UV-vis and FT-IR spectroscopy, along with XRD,
SEM, and EDX techniques. The research aims to compare the
antibacterial, antioxidant, and enzyme-inhibition potential of
the synthesized nanoparticles.

2. Materials and methods

All the chemicals used in the present work were of analytical
grade and purchased from Sigma-Aldrich, USA. Zinc acetate di-
hydrate, copper sulfate pentahydrate, cobalt nitrate hexahydrate,
sodium hydroxide (NaOH), distilled ethanol (C,Hs;OH), acetone
(C3HO), and double-distilled water were used. Citrullus lanatus
(watermelon) seeds were procured from a local market in Gujrat,
Pakistan. The nanoparticles were characterized by UV-vis, FT-IR
spectroscopy, SEM, EDX, and XRD analysis. The UV-vis optical
spectra were recorded with a Shimadzu UV-1700 spectropho-
tometer in the range of 200-800 nm. FT-IR spectra of the nano-
particles were recorded with a Nicolet IS-50 FT-IR spectrometer
equipped with an attenuated total reflectance (ATR) accessory;
the spectra were recorded over a wavenumber range of 400-

© 2026 The Author(s). Published by the Royal Society of Chemistry
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4000 cm . The morphology was determined using SEM with
avoltage of 20 kV at resolutions of 20.0, 50.0, and 100.0 kx. Using
an INCA Energy 250 microanalysis system (EDS) and a Carl Zeiss
MA15/EVO 18 scanning electron microscope, morphological and
elemental composition analyses were carried out. To determine
the elemental composition, EDS was used. The crystal structure
and size were analyzed using an XRD diffractometer from 10° to
100° (26); Cu-Ka radiation was used to obtain the XRD patterns.
Antibacterial assays were performed against both Gram-negative
(Escherichia coli ATCC 10536 and Pseudomonas aeruginosa ATCC
10145) and Gram-positive (Bacillus subtilis ATCC 6633 and
Staphylococcus aureus ATCC 25923) bacteria.

2.1. Extraction process

The seeds of Citrullus lanatus (CL) were chosen because they
contain phytochemicals that allow the reduction and eventual
stabilization of the synthesized nanoparticles. The seeds were
bought from a local market. Dirt and stones were removed, and
seeds were washed with distilled water, sun-dried, and ground
to a well-powdered form. Thirty grams of dried seeds were used
to obtain an extract in a hydroalcoholic solution containing
ethanol and water (50:50 v/v). The reaction mixture was
continuously stirred using a magnetic stirrer at 80 °C for one
hour. The Whatman filter paper was used to filter the extract.
The procedure was repeated thrice to obtain a better extract so
that most of the phytochemicals were extracted in the solvent,
and the nanoparticles were reduced with higher efficiency. The
CL seed extract obtained was stored at 4 °C in a refrigerator for
further use.*

2.2. Synthesis of the nanoparticles

Metallic oxide nanoparticles were synthesized utilizing metal
salt precursors, i.e., zinc acetate dihydrate, copper sulfate
pentahydrate, and cobalt nitrate hexahydrate. A salt solution of
0.5 M was prepared in 50 mL of distilled water. The extract was
taken in a burette, and about 15 mL of CL seed extract was
added dropwise to the metal salt solution under uninterrupted
magnetic stirring at 600 rpm for 1 hour, with the temperature
maintained at 80 °C. After the addition, 1 M NaOH was added
until the pH increased to 12. The reaction was allowed to
proceed under continuous stirring for 3 hours. A visible color
change in the reaction mixture indicated the formation of
nanoparticles. After completion of the reaction, the mixture was
left undisturbed for 24 hours at ambient temperature to ensure
complete reduction and stabilization of the nanoparticles. The
mixture was centrifuged at 10 000 rpm for 30 min at 4 °C to
collect the nanoparticles. The nanoparticles were then washed
thrice to neutralize the pH, followed by washing with ethanol to
remove unreacted compounds. The nanoparticles were then
dried in an oven at 120 °C, and the dried nanoparticles were
calcinated at 300 °C for 2 hours.”” A schematic of the synthesis
of the nanoparticles is given in Fig. 1.

2.3. Characterization

2.3.1. UV-vis spectroscopy. The UV-vis absorption spectra
of Coz304, CuO, and ZnO nanoparticles were investigated to

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 Schematic of the synthesis of the nanoparticles.

evaluate their optical characteristics and band gaps. For the
estimation of the band gap, the Wood and Tauc relation was
used.””

1
ahv = B(hv — E,)" 1)

where n is the type of transition, E, is the band gap, « is the
absorption coefficient, # is Planck's constant, v is the photon
frequency, and B is a proportionality constant (which is known
as the absorption constant and depends on the transition).
2.3.2. FT-IR analysis. The M-O bond force constant (k) and
bond lengths (7) were calculated using the reported method.***°
Using vibrational frequencies (v) of Co-O, Cu-O, and Zn-O
bonds, the bond force constant was calculated using eqn (2).

k = p(2mry? 2)

where u represents the reduced mass of the M-O pair deter-
mined using eqn (3)
MM,

—_— 3
Mo+ M, (3)

H =
where M., and M, are the atomic masses of the metals and
oxygen, respectively. The M-O bond length is then calculated
using the empirical relation given in eqn (4), where d is the
constant for the M-O bond.

r=</%7+d @)

2.3.3. XRD analysis of the nanoparticles. The diffraction
patterns were examined to determine the crystal structure and
to calculate the crystallite size using Debye-Scherrer's formula
(eqn (5)).*

kA
D = 5
G cos 0 (5)

where D represents the crystallite size, k is the shape factor
(commonly taken as 0.9), A corresponds to the X-ray wavelength
(1.5406 A for Cu Ka radiation), 8 is the full width at half

RSC Adv, 2026, 16, 28751-28767 | 28753
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maximum (FWHM) of the diffraction peak, and 6 denotes the
Bragg angle. In addition, the specific surface area was computed
using the crystallite size derived from XRD data with the
following relationship (eqn (6)):

6 x 10°

SSA =
Dp><p

(6)

where SSA is the specific surface area, Dp is the size of the
particles, and p is the density.

2.4. Biological activities

The different biological potentials of the synthesized nano-
particles were evaluated, and the antimicrobial, antioxidant,
and enzyme inhibition activities were explored.

2.4.1. Antibacterial activity of the nanoparticles. Antimi-
crobial assays of the synthesized metallic oxide nanoparticles
were performed using the disk diffusion method.***' The
activity was evaluated against both Gram-positive and Gram-
negative bacterial types, including Bacillus subtilis, Staphylo-
coccus aureus, Escherichia coli, and Pseudomonas aeruginosa. For
the growth of bacterial cultures, nutrient media were prepared
and autoclaved at 121 °C for 3 hours. Bacterial cultures were
mixed in the nutrient media separately when the temperature of
the nutrient media was no longer harmful to the bacteria.
Sample solutions prepared in DMSO (7 mg mL ") were adsor-
bed on paper disks. As a control group, the CL seed extract was
used to account for its inherent activity. Levofloxacin was the
standard drug, and DMSO served as the negative control. Petri
dishes were covered with their lids, tightly packed, and placed
in an incubator for 24 hours at 33 °C. The diameters of the
inhibition zones were measured after the completion of the
incubation period.

2.4.2. Antioxidant activity of the nanoparticles. The anti-
oxidant activity was assessed using three distinct assays. Total
phenolic content was determined utilizing the Folin-Ciocalteu
reagent method. The DPPH assay and ferric reduction antioxi-
dant potential were also determined.

2.4.2.1. Total phenolic content. Total phenolic content was
evaluated by following the reported method*>** with some
modifications. The sample (0.1 mL, 1 mg mL " in methanol)
was added to test tubes, followed by a sodium carbonate (7.5%)
solution. Folin-Ciocalteu reagent (10%) was prepared, and 1 mL
of this FC reagent was loaded in the test tubes followed by
addition of distilled water to make the total volume up to 10 mL.
The samples were stored in the dark at room temperature for
about 30 minutes. Using a UV-visible spectrometer, the absor-
bance at 760 nm was noted. CL seed extract served as a control
to evaluate its role in the assay. Gallic acid served as the stan-
dard, and the same conditions were used. A blank with no
sample was used as a control group, and the same procedure
was followed. The antioxidant percentage was determined using

eqn (7).
Blank — Sample

% Antioxidant activity = ( Blank

) x 100 (7)
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2.4.2.2. DPPH radical scavenging activity. The synthesized
metallic oxide nanoparticles were subjected to the DPPH assay.
DPPH is a stable violet-colored radical that gives a maximum
absorbance at 517 nm. The absorbance at 517 nm is due to the
delocalization of free electrons present on the nitrogen, which
gives an intense color. When the reduction occurs, by accepting
a hydrogen, the 2,2-diphenyl-1-picrylhydrazyl (DPPH’) is con-
verted into 2,2-diphenyl-1-picrylhydrazine (DPPH-H), and the
electrons become localized on the nitrogen atom. The violet
color disappears; it does not absorb at 517 nm. The reduction in
the absorbance indicates the extent of radical scavenging
activity.**** The DPPH radical scavenging activity of the nano-
particles, as determined in the reported method*® with some
modifications, was used. In the test tubes, 0.1 mL of the sample
solution (1 mg mL ™" in methanol) was loaded. By dissolving
4 mg of DPPH in 100 mL of methanol, a 1 uM solution of DPPH
was prepared. In each test tube, 4 mL of methanol was intro-
duced along with 0.1 mL of the sample and 1 mL of freshly
prepared DPPH. The test solutions were kept in the dark and at
room temperature. The same assay was performed for CL seed
extracts. As a standard, BHT was used and was treated the same
way as the samples. Further, for a control, a blank solution was
prepared that did not contain a sample, and the same proce-
dure was followed. To explore the radical scavenging activity,
the absorbance was recorded at 517 nm and compared with that
of BHT. To determine the DPPH scavenging activity, eqn (7) was
used.

2.4.2.3. Ferric reduction antioxidant potential. Ferric reduc-
tion potential is influenced by the capability of the antioxidants
to reduce the Fe’" into Fe**. The change from the yellow color of
the ferric complex to the blue color of the ferrous complex acts
as a colorimetric indicator. The reducing agents react with the
potassium ferricyanide K;[Fe**(CN)g], and after being reduced,
it is converted to potassium ferrocyanide Ky[Fe**(CN),], which
reacts with FeCl;, and a ferric-ferrous complex is formed that
gives the Prussian blue color, which absorbs at 700 nm. The
reduction of ferric iron to ferrous iron in the FRAP assay is
shown in Fig. S1. The extent of absorbance indicates the iron
reduction potential of the sample.*” To determine the ferric
reduction potential, the reported method*® was used with a few
modifications. In test tubes, the sample solutions were
prepared at 1 mg mL ™" in methanol. 2.5 mL of the sodium
phosphate buffer (2 M, pH 6.6) was added to the test samples,
followed by the addition of 5.0 mL of ferricyanide solution (1%).
The test tubes were incubated at 50 °C for about 30 minutes.
Trichloroacetic acid solution (10% w/v) was prepared, and 5 mL
of 10% TCA solution was introduced to the test tubes. The
samples were kept for 30 minutes, and 1 mL of a freshly
prepared solution of ferric chloride (1%) was added to them.
The CL seed extract was treated the same way as described
above to evaluate its potential. As a standard antioxidant, BHT
was used under the same conditions as those used for the
samples to measure its ferric reduction potential. A blank
control group was also prepared that did not contain a sample,
and the same procedure was followed. The FRAP was calculated
using eqn (7).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.4.3. Enzyme inhibition activity of the nanoparticles. The
inhibition of a-amylase and protease was explored using the
nanoparticles as inhibitors.

2.4.3.1. «a-Amylase inhibition activity. a-Amylase inhibition
activity was studied. The mechanism of action is based on the
fact that starch acts as a substrate for a-amylase and is con-
verted into maltose. Maltose is treated with the DNSA reagent,
which reduces the 3,5-dinitrosalicylic acid and converts it into
3-amino-5-nitrosalicylic acid, as demonstrated in Fig. S2. The
oxidized form of DNSA is yellow, and after being reduced, the
color changes to yellow-red, with a maximum absorption at
540 nm. Measuring the absorbance thus reveals the extent of
enzyme activity.” Activity was determined following the re-
ported method*® with some modifications. Sample solutions of
nanoparticles were prepared in DMSO (2 mg mL™ "), and 500 uL
of the sample solution was added to a test tube. A 0.02 M
sodium phosphate buffer was prepared, and the pH was
adjusted to 6.9. In the buffer solution, a-amylase was added at
a concentration of 0.5 mg mL™'. The buffer-amylase solution
(500 uL) was then added to the sample solutions, and the test
tubes were stored at 25 °C for 10 minutes. Afterwards, 0.5 mL of
1% starch solution was added to the samples, and the test tubes
were incubated at 25 °C for 10-15 minutes. DNSA reagent was
prepared by adding 1 g of dinitrosalicylic acid to 50 mL of
distilled water and 17 g of sodium potassium tartrate. The
solution's color became yellow, and then orange-yellow when
20 mL of 2 M NaOH was introduced. The volume of the solution
was made up to 100 mL by adding distilled water. In the test
tubes, 500 pL of the freshly prepared DNSA reagent solution was
added. The test tubes were kept in a water bath, maintaining the
temperature at 80 °C. The test solutions were diluted with 5 mL
of distilled water. As a control group, the CL seed extract was
used to evaluate its role in the activity. Acarbose is widely used
as a standard reference inhibitor in a-amylase assays and was
used as the positive control to validate the assay. A blank
solution was prepared as a negative control group, and the same
procedure was followed for both the standard and negative
control groups. The absorbance was noted at 540 nm, and eqn
(8) was used to determine the percentage inhibition.

Blank — Sample) « 100

% Inhibition = ( Blank (8)

2.4.3.2. Protease inhibition activity. Protease (trypsin) inhi-
bition activity was determined to evaluate the potential of the
nanoparticles. During the inhibition assay, N-benzoyl-DL-
arginineparanitroanilide hydrochloride (BApNA) was used as
the substrate of the enzyme trypsin; the action of trypsin on
BApNA produces p-nitroaniline, which is spectroscopically
determined at its maximum absorbance at 405 nm. Digestion of
BApNA by trypsin is shown in Fig. S3. The activity was deter-
mined using the reported method®* with some modifications. In
the test tubes, 100 pL of sample (2 mg mL " of DMSO) and 300
uL of trypsin solution (1 mg mL™ ") were added. Tris buffer was
prepared with a molarity of 100 mM, and the pH was main-
tained at 7.5. To the test samples, 1 mL of the tris-HCI was
added, and the samples were stored at room temperature for 15

© 2026 The Author(s). Published by the Royal Society of Chemistry
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minutes. N-Benzoyl-DL-arginineparanitroanilide hydrochloride
(BApNA) was added to the test tubes as a substrate. The test
tubes were incubated at 37 °C for 45 minutes, and the absor-
bance was recorded at 405 nm. The CL seed extract was used as
a control group. Aprotinin, a competitive protease inhibitor,
was employed as a positive standard reference inhibitor to
validate the assay. A blank solution was prepared as a negative
control group, and the same procedure was followed for both
the standard and negative control groups. The percentage
inhibition for the protease inhibition activity was calculated
using eqn (8).

3. Results and discussion

3.1. UV-visible analysis of nanoparticles

The simplest method by which nanoparticles are characterized
is UV-visible spectroscopy. The principle of the characterization
is based on the absorption of ultraviolet or visible light by the
nanoparticles in the specific regions compared with the inten-
sity of light absorbed by the reference. The A values for
C030,, CuO, and ZnO were 681, 539, and 485 nm, respectively,
as represented in Fig. 2. These are associated with the electronic
transition characteristics of metal oxides.”

The optical band gap of Co;04, CuO, and ZnO, calculated
using the method described above, is given in Table 1. For the
band gap, a graph was plotted using 4v on the x-axis and (ahv)*
on the y-axis. The band gap was computed by extrapolating the
curved line.

3.2. FT-IR analysis of nanoparticles

FT-IR analysis was used to characterize the nanoparticles by
examining the characteristic peaks of the metal and metal
nanoparticles in the spectra. The range of the FT-IR spectra was
4000-400 cm™". The bands in specific regions in the FT-IR
spectra are due to different characteristic properties of the
nanoparticles.>® The phytochemicals incorporated in the
nanoparticles synthesized by the green method can therefore be
studied by FT-IR spectroscopy. The FT-IR spectra of the salt
solutions were also obtained and compared with those of the
respective metallic oxide nanoparticles, confirming the
synthesis of the nanoparticles.

A broad absorption band in the spectrum of the CL seed
extract was observed in the region of 3200-3500 cm *, reflecting
O-H stretching vibrations, due to phenolic or alcoholic func-
tional groups. An absorption band appeared at 1650-
1670 cm ', indicating C=0 stretching due to the contribution
from the conjugated carbonyl groups present in the flavonoids,
phenols, or organic acids. A prominent absorption peak at
~1100 cm ™' is due to C-O stretching vibrations, reflecting the
presence of alcohols and ethers. For the metal salt precursors,
discrete and definite peaks of the respective anions were
observed. A strong band was observed in the region of 1050-
1130 ecm ' corresponding to the asymmetric stretching of
NO; ' in the case of cobalt nitrate.>* For zinc acetate, asym-
metric and symmetric stretching vibrations were observed
around 1550-1650 cm™ " and 1400-1450 cm ™, respectively, due
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Fig. 2 UV-vis spectra of (a) CozO4 (b) CuO, (c) ZnO nanoparticles.

Table 1 Anax and band gap energies of CozO4 CuO, and ZnO
nanoparticles

Metal oxide Amax Band gap energy
S. No. nanoparticles (nm) E, (eV)
1 Co0,0, 681 1.37
2 CuO 539 1.85
3 ZnO 485 1.57

to the presence of COO™'.%* Similarly, a characteristic peak of
SO4>~ was present in the region of 1100-1200 cm ™" due to S-O
stretching vibrations in the case of copper sulphate.*® The band
appearing near 1640-1700 cm™ ' is primarily attributed to the
bending vibrations of H-O-H, which appears in the region due
to hydration and moisture absorbed by the metal salts.>” The
Co3;0,4 nanoparticles gave two distinct peaks in each spectrum,
describing the Co®* and Co*" oxidation state of the nanoparticle
and giving the vibrational frequencies of the O-Co-O and Co-O
bonds. Peaks of the Co;O, nanoparticles were observed at 560

28756 | RSC Adv, 2026, 16, 28751-28767

700

and 660 cm . The CuO nanoparticles gave peaks in the region
of 520-620 cm ', while the stretching vibrational frequency is
in the range of 1100-1300 cm ', The synthesized CuO nano-
particles peaks were observed at 601, 883, and 1120 cm ™ *. Peaks
in the region of 600-700 cm ™" confirm the presence of ZnO, and
a peak for the synthesized ZnO was observed at 636 cm™'. The
presence of these peaks confirmed the formation of these
nanoparticles. FTIR analysis exhibited significant structural
changes from the seed extract and respective salt to the corre-
sponding nanoparticles, as presented in Fig. 3.

Reduction and shifting of organic functional group peaks
suggest their involvement in nanoparticle reduction and stabi-
lization. The M-O bond lengths were calculated and are given in
Table 2.

3.3. EDX analysis of nanoparticles

To determine the elemental composition of the nanoparticles,
EDX spectral analysis was performed. The resulting spectra
were in accordance with the results obtained by FT-IR

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Bond length of the M-O bonds calculated from the
wavenumber

Metal-oxygen Wavenumber Bond length
S. No. bond (em™) (A)
1 0-Co-O 660 1.22
2 Co-0 560 1.27
3 Cu-O0 600 1.25
4 Zn-0 636 1.23

spectroscopy and XRD, as given in Fig. 4. The EDX spectrum for
the Co;0, nanoparticles exhibited sharp cobalt peaks. The EDS
spot for analysis is shown in Fig. S4, and complete spectral
details are given in Table S1. The EDX spectral analysis showed
that cobalt was present in 83.47 weight percentage (wt%)and
63.50 atomic percentage (at%), while oxygen was present in
9.03 wt% and 25.40 at%; silica and calcium peaks were also
present, which may be due to phytochemicals from the seed
extracts that acted as stabilizing and capping agents. The EDS
spot for the characterization of copper nanoparticles is shown
in Fig. S5, and details are given in Table S2. The CuO nano-
particles confirmed the presence of copper (87.73 wt% and
74.20 at%) and oxygen (2.09 wt% and 7.01 at%). Further,
sulphur peaks were also present (4.72 wt% and 7.91 at%), which

© 2026 The Author(s). Published by the Royal Society of Chemistry

might be due to phytochemicals or the salt precursor used for
the synthesis of the nanoparticles. In the EDX spectrum of ZnO,
it was evident that zinc and oxygen were present with high
purity. To characterize zinc oxide nanoparticles, an EDS spot
was taken, as shown in Fig. S6; the details are given in Table S3.
Zinc was present in 99.48 wt% and 97.90 at%, while oxygen was
present in 0.52 wt% and 2.10 at%. No additional peak was
present in the spectrum, indicating the purity of the ZnO
nanoparticles. Notably, EDX analysis showed a slight deviation
from the stoichiometric ratios of CO;0,, CuO, and ZnO nano-
particles, which may be due to incomplete removal of biomol-
ecules from the plant extract. It is important to add that EDX is
a semi-quantitative technique that may not provide exact stoi-
chiometric ratios for lighter elements such as oxygen. Moreover,
surface-bound biomolecules and nanoparticle agglomeration
may influence the measured elemental ratio. Nevertheless, the
dominant peaks of Co, Cu, and Zn confirmed the successful
synthesis of the respective M-O nanoparticle.

3.4. SEM analysis of nanoparticles

SEM images of the nanoparticles are shown in Fig. 5. The SEM
images of cobalt oxide reveal the rough, flaky surface with
spaces between the flakes, which suggests a porous surface with
increased surface area. SEM images of the Co;0, nanoparticles

RSC Adv, 2026, 16, 28751-28767 | 28757
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Fig. 4 EDX spectra of (a) COzO4, (b) CuO, and (c) ZnO nanoparticles.

were taken at resolutions of 2 pm, 1 pm, and 500 nm. The image
at higher resolution depicts layered flakes, which may be due to
agglomeration of the nanoparticles.

28758 | RSC Adv, 2026, 16, 28751-28767

The SEM image of the CuO nanoparticles revealed the
spherical structure of the nanoparticles, with smooth topo-
graphic characteristics. It was found that they have smooth

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 SEM images at different resolutions (2 pm, 1 um, and 500 nm) of (a) CozQOg,, (b) CuO, and (c) ZnO nanoparticles.

surfaces with a cloud-like appearance. The SEM image of the
ZnO nanoparticles revealed a well-defined crystalline structure.
At higher resolution, the nanoparticles were shown to be
present as cylindrical crystals. The particle size distributions of
the Co;04, CuO, and ZnO nanoparticles were determined from
the SEM micrographs using Image]J software, and the measured
diameters were analyzed by constructing histograms followed
by Gaussian fitting, as shown in Fig. 6. More than 150 particles
were measured to ensure statistical accuracy. All samples
exhibit unimodal and near-symmetric distributions, indicating
predominantly normal particle-size behavior with minimal
agglomeration. The larger particle size observed in Fig. 5(b)
compared to 5(a) and 5(c) is due to a higher degree of agglom-
eration, which can increase the apparent particle size. The
mean particle sizes were 146.49 + 45.15 nm for Co;0,4, 176.37 £

© 2026 The Author(s). Published by the Royal Society of Chemistry

50.47 nm for CuO, and 123.61 + 27.26 nm for ZnO. The ZnO
nanoparticles show the narrowest distribution, reflecting better
size uniformity, whereas Co;0, and CuO display broader
distributions, suggesting higher size dispersion arising from
differences in nucleation, growth, and agglomeration. The
observed size difference remains consistent with the morpho-
logical trends.

3.5. XRD analysis of nanoparticles

The crystalline phases of the synthesized metal oxide nano-
particles, including Co;0,4, CuO, and ZnO were confirmed by
XRD analysis. Table 3 summarizes the crystallite size and SSA
calculated using the above-mentioned method. A significant
difference was observed between the particle size obtained from
SEM and the crystallite size calculated from XRD. This is

RSC Adv, 2026, 16, 28751-28767 | 28759
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because SEM measures aggregated or secondary particles,
whereas XRD determines the size of individual crystallites.
Nanoparticles tend to agglomerate, leading to a larger apparent
particle size.®® The XRD patterns of the synthesized nano-
particles are shown in Fig. 7.

The XRD pattern of the Co;0, nanoparticles showed prom-
inent peaks at 26 values of 38.5°, 44.8°, 55.7°, and 65.2°, which
correspond to the (222), (400), (422), and (440) planes, respec-
tively.** The peaks align with the cubic spinel structure of
Co304, as confirmed by the standard JCPDS card no. 00-42-1467
(Fig. S7). The mean crystallite size of Co;0, nanoparticles was
determined to be approximately 12.38 nm based on calculations
using the Debye-Scherrer equation, as shown in Table S4.

The XRD pattern of the CuO nanoparticles displayed clear
peaks at 26 values that matched the monoclinic CuO crystal
planes. The main peaks at 32.5°, 35.5°, 38.7°, 46.2°, 48.7°, 61.5°,
66.2°, and 68.1° correspond to the (110), (—111), (111), (—112),
(—202), (—113), (—311), and (220) planes, respectively.®® These
peaks validated the production of monoclinic CuO and are
consistent with the standard JCPDS card no. 01-089-5898, as
shown in Fig. S8. The average crystallite size of CuO nano-
particles was calculated to be about 10.46 nm, calculated using
the Debye-Scherrer formula, given in Table S5. Characteristic
peaks with 26 values of 31.7°, 34.4°, 36.2°, 47.5°, 56.6°, 62.8°,
and 67.9° were seen in the X-ray diffraction spectra of ZnO
nanoparticles; these peaks corresponded to the (100), (002),
(101), (102), (110), (103), and (112) planes, respectively.®* These
identified peaks correspond to the hexagonal structure of ZnO,
as shown by JCPDS card No. 00-036-1451, as given in Fig. S9. The
crystallite size of the ZnO nanoparticles was determined to be
around 11.76 nm, calculated using the Debye-Scherrer equa-
tion, as given in Table S6.

Table 3 Crystallite size and specific surface area of CozO4, CuO, and
ZnO

Metal oxide Crystallite Specific surface
S. No. nanoparticles size (nm) area (m* g )
1 C050, 12.38 79.84
2 CuO 10.46 90.90
3 ZnO 11.76 90.94

28760 | RSC Adv, 2026, 16, 28751-28767

3.6. Antibacterial activity of nanoparticles

Antibacterial assays were performed to determine the potential
of the synthesized nanoparticles. For the determination of
antibacterial activity, two strains of Gram-positive bacteria and
two strains of Gram-negative bacteria were used. Bacillus subtilis
and Staphylococcus aureus (Gram +ve) and Escherichia coli and
Pseudomonas aeruginosa (Gram —ve) strains were used to assess
the antibacterial potential of the samples. The drug levofloxacin
was employed as a standard positive group. DMSO served as
a negative control as it lacks activity against bacteria. Compar-
isons of the antibacterial assays are given in Table S7 and Fig. 8.
The levofloxacin exhibited an inhibition zone of 32, 26, 29, and
27 mm against B. subtilis, S. aureus, E. coli, and P. aeruginosa,
respectively, when 7 puL (7 mg/10 mL of DMSO) of the solution
was used. The maximum activity was against the Gram-positive
bacteria, while the potential of nanoparticles against the Gram-
negative bacteria was low.

ZnO gave the maximum zone of inhibition (ZOI) against
Escherichia coli, Pseudomonas aeruginosa, and Bacillus subtilis of
14, 14, and 15 mm, respectively, while against Staphylococcus
aureus, CuO nanoparticles gave a maximum zone of inhibition
of 15 mm; Co30, nanoparticles were not active against Staphy-
lococcus aureus. Earlier studies have also demonstrated higher
sensitivity of Gram-positive bacteria due to the absence of an
outer lipopolysaccharide membrane, which facilitates nano-
particle penetration and interaction with the bacterial cell
wall.®>"® The antibacterial activity of the CL seed extract was
evaluated as a control; however, no inhibition was observed
against these strains, indicating that the antibacterial activity is
primarily due to the incorporation and reduction of metal ions
into nanoparticles, while the plant extract mainly facilitated the
reduction and stabilization process.

3.7. Antioxidant activity of nanoparticles

The synthesized nanoparticles were evaluated based on their
antioxidant activity. Three different methods were used: total
phenolic content, DPPH assay, and ferric reduction potential.
3.7.1. Total phenolic content. Antioxidant activity was
evaluated by determining the total phenolic content using the
FC reagent. When phenolic compounds are present, they have

© 2026 The Author(s). Published by the Royal Society of Chemistry
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a direct relationship with the antioxidant activity. The hydroxyl
group present in the compounds has the potential for radical
scavenging or can facilitate it through redox properties. The
seed extracts contain phenolic compounds, including flavo-
noids, flavones, flavanols, cinnamic acid, protocatechuic acid,

© 2026 The Author(s). Published by the Royal Society of Chemistry

myricetin, p-coumaric acid, folic acid, and niacin. These
compounds exhibit good antioxidant activity.®® These
compounds are responsible for the capping and stabilizing of
the nanoparticles; they are entrapped within them and impart
their properties. The Folin-Ciocalteu reagent was used to
quantify the antioxidant activity, and the results are expressed
as gallic acid equivalents. Gallic acid was used as a standard, as
a naturally occurring phenol. An alkaline medium was required
for the reaction to occur. The FC reagent, upon reduction, forms
a blue complex that absorbs at 760 nm.*” The total phenolic
content of the CL seeds extract was found to be moderate, about
49%; however, a further increase was observed upon metal
incorporation in the form of nanoparticles, which represented
increased antioxidant potential. The best potential was given by
ZnO nanoparticles, followed by CuO and Cos;0, nanoparticles
with 81.81%, 49.24%, and 44.69%, respectively. The TPC values
recorded are higher than those observed in literature for ZnO
nanoparticles.®®

3.7.2. DPPH radical-scavenging activity. The DPPH assay is
the most common colorimetric assay used to determine the
antioxidant activity of compounds. The nanoparticles were
subjected to a DPPH assay to determine their radical-

RSC Adv, 2026, 16, 28751-28767 | 28761
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scavenging activity by recording the absorbance at 517 nm.
Butahydroxytoluene (BHT) was the standard used to evaluate
and compare the activity of the nanoparticles. The CL seed
extract exhibited a relatively low DPPH radical-scavenging
activity of approximately 28%, indicating limited free radical
reduction potential. The synthesized ZnO gave the best DPPH
scavenging activity, with 90%, followed by cobalt oxide and
copper oxide nanoparticles with 71% and 18%, respectively. The
value for the DPPH assay of ZnO is higher than the previously
reported literature values, whereas the CuO and Co;0, activities
were comparable to the previous results®”®

3.7.3. Ferric reduction antioxidant potential. FRAP assays
of the samples were performed, with BHT as the standard. The
CL seeds extract showed 23% activity, suggesting low electron-
donating capacity. The cobalt oxide nanoparticles gave the
maximum iron reduction potential, followed by zinc oxide
nanoparticles and copper oxide nanoparticles, with percentage
activity of 40.67, 36.72, and 25.4%, respectively. The results
recorded for cobalt oxide were in the range of concentration
dependence studies reported in the literature.” The synthesized
nanoparticles were compared based on their antioxidant ability,
and the results are listed in Table S8 and Fig. 9.

A comparison of the antioxidant assays revealed differences
in activity trends. The variation among DPPH, FRAP, and total
phenolic content assays can be attributed to the difference in
their mode of action. The DPPH assay is based on free radical
scavenging activity through the shifting of an H atom, while
FRAP determines the reducing power of the nanoparticles via
electron transfer. On the other hand, the concentration of
phenolic compounds is determined by the total phenolic assay,
reflecting the antioxidant activity. Furthermore, the enhanced
performance of nanoparticles compared to the CL seed extract
can be attributed to the incorporation of metallic ions, leading
to increased surface area and enhanced interaction with reac-
tive species, resulting in the higher antioxidant potential.

3.8. Enzyme inhibition activity of nanoparticles

Enzyme inhibition assays of the nanoparticles were conducted
and evaluated against two enzymes: a-amylase and protease.
The assays were conducted independently to assess the distinct

~DPPHassay Total phenolic content < Total iron redudng power
=
-~ 100 T
= Al il
8 % moW
= X7 e M
o 80 2 e w
= X e D
= N o M
£ X P Hh N
> X X i N
@ 60 rA2 Xhh w
S ~ Xhn nh v
= A AN W w
5 A T P % e N
3 2T i P e e M
2 L X e X e e v
5 40 A& e PRI e e w
¥ A " NN ] " A
N e X o e N
N HIE SN X nn X
20 A X i -
A Xuh xXnn Xun w
Nl X Pl Al " M
AR AR Pl AR e X
Co:0. CuO ZnO CL Seed  Gallicacid BHT

Extract

Fig. 9 Comparison of the antioxidant activities of the nanoparticles.
Gallic acid and BHT are used as standard antioxidants. Values are
expressed as mean + SD (n = 3).
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biological functionalities of the nanoparticles. Protease inhibi-
tion serves as a representative model for evaluating interactions
with serine proteases involved in various physiological and
inflammatory processes. o-Amylase inhibition is widely
employed to assess potential relevance in carbohydrate metab-
olism and glucose regulation.

3.8.1. Protease inhibition. Protease enzymes break down
proteins into their simple units. Trypsin is an enzyme that
belongs to the class of proteases that digests proteins in the gut.
The inhibition of trypsin was measured. The synthesized
nanoparticles were used to study protease inhibition, and ZnO
inhibited the protease enzyme by about 71%, followed by
copper oxide nanoparticles, which inhibited the protease
enzyme by 70%, and cobalt oxide nanoparticles inhibited the
enzyme by 42%. In comparison, the standard protease inhib-
itor, aprotinin, demonstrated the highest inhibition (~78%),
confirming the validity of the assay. Although limited studies
are available specifically on trypsin inhibition by ZnO, CuO, and
Co;0, nanoparticles, previous reports on nanoparticle-enzyme
interactions suggest that inhibition occurs through surface
binding and structural modification of the enzymes. These
findings are consistent with general reports of metal oxide
nanoparticles exhibiting enzyme-inhibitory activity through
physicochemical interactions with proteins.””*

3.8.2. oa-Amylase inhibition. The polysaccharides are con-
verted into smaller units, ie., glucose and fructose, by o-
amylase. In the blood, an excess of this enzyme causes hyper-
glycemia, a condition in which blood glucose levels increase. To
keep the blood glucose at the required level, inhibitors are
used.”*” DNSA reagents are used to perform the a-amylase
inhibition assay. Co;0, nanoparticles showed the highest
inhibitory activity, about 62%, followed by ZnO (~48%) and
CuO (~27%). The standard inhibitor, acarbose, exhibited
strong a-amylase inhibition of ~73%, as a positive control. The
recorded value of a-amylase inhibition is in the reported range
of dose-dependent concentrations of ZnO and Coz;0, evaluated
in the literature,”®”” and higher than reported values for CuO.”

The CL seeds extract exhibited comparatively low inhibitory
activity, showing 40% inhibition against protease and 35%
inhibition against a-amylase. This indicates its limited enzyme
inhibitory potential in the absence of metal incorporation. The
comparison of nanoparticles based on their enzyme-inhibition
potential is given in Table S9 and Fig. 10.

A comparative evaluation of the metal oxide nanoparticles
synthesized in the present study reveals distinct differences in
their biological performance, despite having comparable
nanoscale crystallite sizes. The differences in biological activi-
ties among ZnO, CuO, and Co;0, nanoparticles can be assigned
to their different physicochemical behaviors and interaction
mechanisms with biological systems. Among the three systems,
ZnO nanoparticles exhibited the highest antioxidant and overall
biological activity, followed by CuO, while Co;0, demonstrated
relatively moderate performance. The enhanced performance of
ZnO nanoparticles may be attributed to their favorable surface
properties and higher interaction efficiency with biological
systems. Antibacterial activity is primarily promoted by reactive
oxygen species (ROS) generation, metal ion release, and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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membrane disruption, where ZnO induces strong oxidative
stress through ROS formation, CuO exerts additional toxicity via
Cu”* ion release, disrupting proteins and membrane structure,
and Coz;0, shows comparatively moderate effects due to
aggregation and reduced surface area.”®® Antioxidant activity is
governed by surface redox behavior and electron-transfer
capability, where ZnO exhibits enhanced radical scavenging
due to phytochemical capping and surface reactivity, CuO
shows moderate activity via Cu**/Cu” redox cycling, and Co;0,
displays lower efficiency because of reduced active surface
sites.®” The observed enzyme inhibition may be attributed to
interactions between the nanoparticle surface and enzyme
active sites, such as electrostatic binding, coordination with
amino acid residues, and structural alteration of proteins,
potentially leading to conformational changes and reduced
catalytic activity. CuO often exhibits stronger inhibition due to
metal ion interactions with thiol and imidazole groups, while
ZnO also shows notable inhibition via surface adsorption, and
Co;0, demonstrates lower activity due to aggregation effects.*
Overall, these variations confirm that the biological activity is
governed by ROS generation, redox behavior, metal ion release,
and surface functionalization rather than particle size alone.
In comparison to the previously reported green-synthesized
nanoparticles, the present study shows that the difference in
particle size and structure leads to differences in biological
potential. Additionally, compared to chemically synthesized
nanoparticles, this study reveals increased biocompatibility due
to the presence of natural functional groups that act as reducing
and stabilizing agents. In the literature, Co;0, nanoparticles
exhibit size- and surface-dependent biological properties, with
significant variations reported depending on the synthesis
approach. For instance, Nodosilinea nodulosa extract served as
a reducing agent to synthesize Co;0,-NPs with a crystallite size
of about 41 nm and a spherical shape. At 200 ug mL™", it
exhibited 58.1% activity in the DPPH assay and 7.31 mm ZOI
against Bacillus safensis.*® Moreover, Mollugo oppositifolia L. leaf
extract was used to synthesize Co30,, with a crystallite size of
around 22.7 nm and a spherical morphology of the
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Fig. 10 Protease and a-amylase inhibition activities of Cos0O,4, CuO,
and ZnO nanoparticles. Aprotinin and acarbose were used as standard
inhibitors for protease and a-amylase, respectively. Values are
expressed as mean + SD (n = 3).
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nanoparticles, which were effective against C. albicans (MIC of 1
pg mL~').* In contrast, when the cobalt oxide nanoparticles
were synthesized using the thermal-decomposition method,
SEM analysis revealed an irregular shape with an average
particle size of 44.66 nm and higher radical scavenging activity
(about 81%); in addition, antibacterial activity was recorded
against E. coli and S. aureus with ZOIs of 29 and 18 mm,
respectively.®* In the present study, where cobalt oxide nano-
particles were formed as agglomerated flakes with a crystallite
size of 12.38 nm, the nanoparticles show moderate antibacterial
activity against E. coli, with a ZOI of 12 mm, and were not active
against S. aureus. They also demonstrated antioxidant potential
with about 71% activity in the DPPH assay. The observed vari-
ation in biological performance, despite the smaller crystallite
size, may be attributed to particle agglomeration and
morphology, which can reduce the effective surface area avail-
able for interaction with microbial cells. Furthermore, differ-
ences in surface functionalization and phytochemical capping
may also influence the overall biological efficacy.

Similarly, CuO nanoparticles synthesized via green and
chemical methods show significant differences in their struc-
tural and biological properties. In the literature, CuO synthe-
sized from the leaf extract of Morinda citrifolia demonstrated
spherical morphology with a size range of 20-50 nm. These
nanoparticles exhibited 13.6 £1.1 mm ZOI against Bacillus
subtilis.*® In another study, CuO nanoparticles synthesized
utilizing Cocculus hirsutus leaf extract exhibited a sheet-like
structure with a size of 64.46 nm, and a ZOI of 27.86 mm was
observed against B. subtilis. The maximum a-amylase activity
was reported to be about 64.5%.*” Furthermore, Ixiolirion
tataricum was employed to synthesize CuO nanoparticles that
exhibited a monoclinic structure with a size of 6.0 nm. Tyrosi-
nase and o-amylase inhibition were reported to be 57.35 KAE
¢ and 1.19 ACAE g, respectively. DDPH and FRAP assays
showed activities of 21.52 and 43.45 mg TE g~ ', respectively.
However, despite their smaller size, these nanoparticles
exhibited very low antibacterial activity (ZOI = 4 mm), indi-
cating that particle size alone does not govern biological
performance.®® In contrast, CuO synthesized via the chemical
route demonstrated a needle-like morphology with a crystallite
size of 25 nm. The maximum antibacterial potential was against
C. albicans (ZOI = 17 mm). The DPPH assay showed 41.28%
radical scavenging potential at 100 ug mL~*.%°

Beyond the biological applications, the use of CuO nano-
particles to reverse environmental damage has also been
explored. For instance, a CuO-kaolin nanocomposite synthe-
sized via a green route using Citrullus lanatus rind exhibited
a high specific surface area (174.2 m* g~ ') and allowed effective
regulation of aquaculture effluent parameters, including pH,
chemical oxygen demand (COD), and removal/uptake of heavy
metals. In contrast to the present study, which focuses on bio-
logical activities such as antibacterial, antioxidant, and enzyme
inhibition, the performance in that system is primarily attrib-
uted to increased SSA and adsorption capacity provided by the
composite matrix. This illustrates that the functional applica-
tion of CuO-based materials is highly dependent on structural
design.*® Compared to these studies, the CuO nanoparticles
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synthesized in the present work exhibit a crystallite size of
10.46 nm and a monoclinic crystal structure. The nanoparticles
demonstrate notable antibacterial inhibition against S. aureus
(zOI = 15 mm). In addition, the synthesized CuO nanoparticles
exhibit appreciable antioxidant and enzyme inhibitory poten-
tial, with approximately 45% total phenolic content and 70%
protease inhibition.

The literature on ZnONPs based on Citrullus lanatus reports
a particle size range of 10-50 nm, which is smaller than that
observed in the present study. The antioxidant performance is
largely comparable, particularly for DPPH radical scavenging
(~90%), while the reported reducing power activity (80.54%) is
notably higher than that obtained in the current work (36.72%),
suggesting variations in surface chemistry and phytochemical
capping. Enzyme inhibition studies in the literature also
demonstrate significant activity, including 75.24% proteinase
inhibition along with strong, concentration-dependent inhibi-
tion of o-amylase, B-glucosidase, and DPP-IV, whereas the
present study exhibits comparatively moderate o-amylase and
protease inhibition. Both studies consistently report broad-
spectrum antibacterial activity against Escherichia coli and
Pseudomonas aeruginosa, indicating the stable antimicrobial
potential of ZnONPs synthesized using Citrullus lanatus. Over-
all, despite differences in particle size and certain bioactivity
levels, both systems exhibit comparable biological perfor-
mance, confirming the effectiveness of Citrullus lanatus phyto-
chemicals in mediating the synthesis and functional properties
of ZnO nanoparticles.* In the literature, ZnO was synthesized
using the flower extract of Nyctanthes arbor-tristis (Nat). The
crystallite size obtained was 15.8 nm. SEM images revealed the
triangular shape of the nanoparticles, with an average size of
115.40 nm. They were biocompatible and hemocompatible and
exhibited potent anticancer activity against cervical and lung
cells.”® Moreover, ZnO nanoparticles synthesized utilizing
Euterpe oleracea Mart. Demonstrated an average particle size of
60 nm, with spherical morphology, and exhibited an antioxi-
dant activity of 140.78 umol g '. These nanoparticles gave
a maximum zone of inhibition of 11.25 mm against S. aureus.**
ZnO fabricated using the leaves of J. schimperiana with a crys-
tallite size of 15.27 nm gave a maximum zone of inhibition of
21.42 mm against S. epidermidis.”> ZnO prepared using a sol-
vothermal method exhibited a crystallite size of 12.6 nm. High
agglomeration was observed in the SEM images, which may
have affected its antibacterial activity. The zone of inhibition
was recorded as 10 mm at a concentration of 2 mg mL ™" against
B. subtilis.”® This suggests that a lack of natural capping agents
may lead to particle agglomeration, reducing the effective
surface area for biological interactions. Compared to these
studies, the ZnO nanoparticles synthesized in the present work
exhibit a smaller crystallite size of 11.76 nm. SEM images
revealed a hexagonal structure, and a higher biological activity
was observed, including a ZOI of 15 mm against S. aureus, along
with significant antioxidant activity (90% DPPH scavenging and
81% total phenolic content) and notable protease inhibition.
These findings indicate that, beyond particle size alone, the
surface chemistry and biofunctionalization imparted by plant-
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derived compounds play a crucial role in determining the
overall biological efficacy of ZnO nanoparticles.

This variation can be attributed to differences in the phyto-
chemical composition of the plant extracts used during green
synthesis, which significantly influence nanoparticle nucle-
ation, growth, and surface functionalization. Unlike many re-
ported systems, where aggregation or limited capping reduces
biological efficiency, the nanoparticles in the present study
likely benefit from more effective stabilization and surface bi-
ofunctionalization, leading to enhanced interaction with
microbial cells and enzymes. The results highlight that, beyond
particle size, factors such as morphology, dispersion stability,
and surface chemistry play a decisive role in determining the
biological potential of Co;0,4, CuO and ZnO nanoparticles.

4. Conclusion

In this research work, seed extract of Citrullus lanatus was
utilized as a natural photochemical medium to facilitate the
reduction, stabilization and capping process for the green
synthesis of cobalt, copper, and zinc oxide nanoparticles. The
synthesized nanoparticles were effectively characterized using
UV-vis, FT-IR spectroscopy, XRD, SEM, and EDX techniques.
Optical studies confirmed the nucleation and growth of metal
oxide nanoparticles with characteristic absorption bands and
tunable band-gap energies. FT-IR analysis revealed the partici-
pation of bio-active phytochemicals in the capping and stabili-
zation of fabricated nanoparticles, whereas XRD confirmed
their crystalline nature with nanoscale crystallite sizes. SEM
analysis demonstrated particles with sizes spanning 120-
170 nm with distinct surface morphology, whereas EDX verified
the elemental purity of the synthesized oxides. The nano-
particles also exhibited high specific surface areas, highlighting
their potential suitability for various functional applications.

Biological evaluation demonstrated significant antibacterial,
antioxidant, and enzyme inhibitory activities, with ZnO exhib-
iting the highest overall antibacterial and antioxidant perfor-
mance, while CuO and Coz;0, showed selective activity against
specific bacterial strains and enzymes. The variation in biolog-
ical responses among the nanoparticles can be attributed to
differences in metal oxide composition, crystallite size, surface
area, and surface chemistry arising from metal-specific inter-
actions with the seed extract.

The green-synthesized Co3;0,, CuO, and ZnO nanoparticles
exhibit strong potential for future applications in biomedical,
environmental, food packaging, and catalytic fields. Their
multifunctional biological activity, combined with sustainable
synthesis, highlights their suitability for next-generation eco-
friendly nanomaterials.

Despite the promising results, this study is limited by the
absence of mechanical insights, toxicity evaluation, and
advanced characterization techniques such as BET and TEM
analyses. Future work should focus on controlling agglomera-
tion, elucidating structure-activity relationships, evaluating
cytotoxicity and biocompatibility, and exploring practical
biomedical and environmental applications of these green-
synthesized nanoparticles.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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