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ABSTRACT: In the current research study, zinc oxide nanoparticles
(ZnO-NPs) were synthesized via a green synthesis technique using
the seed extract of Citrullus lanatus. The study further intended to
evaluate the potential synergistic effects of ZnO-NPs with antibiotics
against multidrug resistant (MDR) bacteria. It was observed that C.
lanatus seed extracts obtained by n-hexane and methanolic solvents
revealed the presence of constituents, such as tannins, flavonoids, and
terpenoids. Furthermore, the extract of n-hexane displayed the
strongest antibacterial activity against Yersinia species (17 ± 1.2 mm)
and Escherichia coli (17 ± 2.6 mm), while the methanolic extract
showed the maximum antibacterial activity against E. coli (17 ± 0.8
mm). Additionally, the ZnO-NP synthesis was confirmed by
ultraviolet-visible analysis with a characteristic absorption peak at
280 nm. The Fourier transform infrared spectroscopy analysis suggested the absorption peaks in the 500−3800 cm−1 range, which
corresponds to various groups of tertiary alcohol, aldehyde, amine, ester, aromatic compounds, thiol, amine salt, and primary amine.
The scanning electron microscopy spectra of ZnO-NPs demonstrated the presence of zero-dimensional spherical particles with well-
dispersed character. Moreover, encapsulation with ZnO-NPs improved the antimicrobial activity of antibiotics against the panel of
MDR bacteria, and the increases in the effectiveness of particular antibiotics against MDR bacteria were significant (P = 0.0005). In
essence, the synthesized ZnO-NPs have the potential as drug carriers with powerful bactericidal properties that work against MDR
bacterial strains. These outcomes are an indication of such significance in pharmaceutical science, giving possibilities for further
research and development in this field.

1. INTRODUCTION
In medical practice, antibiotics are the main therapeutic agents
used for the treatment of bacterial infections.1 Nevertheless,
the problem of bacterial resistance is a complex situation, with
a high rate of development of resistance mechanisms by
bacteria, such as diminished drug penetration, modification of
an antibiotic’s target sites, inactivation of the drug, and efflux
pump.2,3 The World Health Organization (WHO) stresses the
severity of the situation by citing MDR bacterial infections as a
huge, alarming threat for global morbidity and mortality.4

Annual deaths from MDR bacterial infections surpass the sum
of those from cancer and diabetes, which underscores the need
for alternative practices. In 2015, the WHO announced the
approval of the Global Action Plan on Antimicrobial
Resistance cementing the urgency for new approaches toward
fighting this resistance phenomenon.5−7

Currently, studies are being conducted to look for new
antimicrobial compounds, with the main focus on those based
on metal chemistry.8 The fact that silver, aluminum, copper,

and zinc have been employed historically as microbicidal
agents is backed by antiquity.9,10 Among all metal nano-
particles, zinc in zinc oxide nanoparticle form has gained lots of
interest for its strong antibacterial capacity at low quantities
and effectiveness against different types of bacteria.11 ZnO-NPs
substantially demonstrate antimicrobial properties; therefore,
they are important for applications of antibacterials.12,13

Whether exposed to ultraviolet rays or not, their ability to
produce reactive oxygen species enables them to kill bacteria
even more effectively. Furthermore, in nanomedicine research,
ZnO-NPs are becoming increasingly important constituents
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because they show low toxicity to mammalian cells, which
gives them the possible option to be used as biomedical
products.14−16

Different synthesis techniques, such as chemical, physical,
and green methodologies, are employed to synthesize ZnO-
NPs. The practice of chemical methods, which brings inherent
environmental problems in the form of toxic chemicals, limits
the application in the field of biocompatibility.17 Physical
techniques, like mechanical milling, allow us to manage the size
of particles, but it has a side effect of contamination and high
energy requirement.18 Contrary to this, the green synthesis
approach that utilizes plant extracts and microorganisms is
getting more and more popular because it is environmentally
safe. Green synthesis not only eliminates the risk of toxic
chemical use but also operates at mild temperatures for less
energy consumption.19 Furthermore, the green method of
ZnO-NP synthesis provides them a biocompatibility feature,
thus making them a suitable alternative for biomedical
applications as opposed to chemically and physically
synthesized nanoparticles.20,21 Consequently, chemical and
physical methods might have some benefits, but green
synthesis turns out to be a better substitute for the synthesis
of ZnO-NPs.

Watermelon (Citrullus lanatus), originating from tropical
Africa, is a substantial fruit characterized by its large oblong,
ovoid, or roundish shape, featuring a hard green or white rind
that is often variegated or striped.22 The sweet, watery pulp of
C. lanatus comes in pink, yellowish, or red hues and contains
numerous seeds. Notably, C. lanatus derives its name from its
high-water content, constituting about 68% pulp, 30% rind,
and 2% seeds, possessing a nutritious profile, and offering a
thirst-quenching, low-calorie option. Scientific interest in C.
lanatus has flourished in recent years, focusing on its
bioactivities.23 The seeds of C. lanatus serve as a natural
reservoir of various phytochemicals, including phenols,
saponins, tannins, flavonoids, and alkaloids.24−26 Remarkably
rich in protein, tannins, minerals, citrulline (a precursor of L-
arginine), beta-carotene, vitamin C, and lycopene,27,28 these
seeds have garnered attention for their nutritional composition
and potential health benefits.

The therapeutic and pharmacological significance of C.
lanatus are rooted in its unique composition. Phytochemical
compounds in watermelon seeds, such as cucurbitacins and
their glycoside derivatives, exhibit potent biological activities,
including hepatoprotective, anti-inflammatory, antitumor,
antimicrobial, and anthelmintic effects.19,29−31 Traditional
medicinal uses of C. lanatus are observed in Sudan for treating
gastrointestinal disorders, rheumatism, inflammation, and gout,
while in South Africa, its leaves and fruits are utilized in
alternative medicinal therapies to address hypertension.
Roasted C. lanatus seeds are employed as appetite stimulants
and for alleviating constipation.32−34

The current study addresses a critical research gap by
introducing a novel green synthesis method for ZnO-NPs
using C. lanatus seed extract. The primary purpose is to
develop an eco-friendly and biocompatible alternative to
chemical and physical synthesis methods, highlighting the
unique phytochemical composition of C. lanatus seeds. The
study mainly focused on combating antibiotic resistance by
evaluating the antibacterial potency of synthesized ZnO-NPs,
particularly against MDR bacteria. The significance of the
research lies in its potential to provide a sustainable solution to
the global health crisis of antibiotic resistance, offering a

biocompatible nanoparticle option for medical applications.
Additionally, the study explores the therapeutic potential of C.
lanatus seeds, contributing to a broader understanding of their
bioactivities and medicinal applications.

2. MATERIALS AND METHODS
2.1. Collection of MDR Bacteria. The study comprised

eight MDR bacterial isolates collected from the Microbiology
Research Laboratory, Abasyn University Peshawar, Pakistan.
The bacterial isolates included Pseudomonas spp., Klebsiella
spp., Methicillin-resistant Staphylococcus aureus, E. coli, Proteus
spp., Yersinia spp., Providencia spp., and Morganella spp. The
isolates were reinoculated in nutrient agar media and verified
through conventional culturing techniques. The MDR bacteria
were cultured in nutrient broth, and they were stored in
glycerol (15% at −80 °C) for further analysis.
2.2. Collection and Processing of C. lanatus Fruit. The

fruit samples of C. lanatus were collected aseptically in sterile
polyethylene bags from different areas of District Mianwali,
Punjab, Pakistan. After collection, the outermost skin covering
of C. lanatus fruit was removed with a peeler, and then, the
seeds were extracted. The seeds were rinsed with tap water,
spread on newspapers, and left to dry for almost 2 weeks at
room temperature. The dried seeds were then grounded into a
powder form using an electrical grinder (model: FOSS cyclotec
1093, Sweden). The powdered seed material was collected in
an airtight jar with a screw cap and stored at room temperature
(25 °C).
2.3. Preparation of n-Hexane and Methanolic

Extracts. Approximately 25 g of finely powdered seed extract
was separately soaked in two different flasks: one containing
150 mL of n-hexane and the other containing 150 mL of a
methanolic solution. The solutions were vigorously mixed and
left to stand at 25 °C overnight. Given the high volatility of n-
hexane, the rotary evaporation process was conducted for an
optimized period of 4 h at 150 rpm, ensuring efficient
extraction of lipophilic compounds. The resulting crude
extracts were then prepared into final activity solutions using
dimethyl sulfoxide (DMSO) as a solvent before undergoing
further analysis.35

2.5. Phytochemical Analysis of Seed Extracts of C.
lanatus. The phytochemical analyses of the n-hexane and
methanolic seed extracts of C. lanatus were carried out, and the
presence of different phytoconstituents, including flavonoids,
saponins, tannins, terpenoids, and phenolic compounds, was
reported using qualitative chemical tests.36

2.6. Antibacterial Activity of Seed Extracts of C.
lanatus. The antibacterial activity of C. lanatus seed extracts
against the tested MDR bacterial isolates was evaluated by
using the agar well diffusion method. A suspension of each
MDR isolate was prepared by suspending a full loop in 1 mL of
normal saline, and subsequently, 50 μL of the suspension was
inoculated onto Mueller Hinton agar (MHA) media. Four
wells (6 mm diameter) were bored in each plate using a sterile
cork borer. One well was used for the negative control (1%
DMSO), one well was used for the positive control
(antibiotics), and the remaining two wells were used for
extracts of C. lanatus. The culture plates were incubated at 37
°C for 24 h, and the inhibition zones were measured according
to CLSI guidelines as prescribed by PA.37

2.7. Synthesis of ZnO-NPs. For the synthesis of ZnO-
NPs, 10 g of C. lanatus seed powder was added into a 400 mL
distilled water glass bottle. Subsequently, the mixture was
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heated for 5−6 min in a water bath set at 60 °C. Following
this, the mixture was transferred to a rotary shaker and
incubated at 37 °C while rotating at 150 rpm for 24 h. The
change of color from an orange to a yellowish precipitate
indicated the formation of Zn(OH)2 powder. The mixture was
then filtered through Whatman No. 1 filter paper and was
further used for the synthesis of ZnO-NPs.35

In a glass reagent bottle, approximately 30 mL of the C.
lanatus filtrate was mixed with 30 mL of 1 mM ZnSO4·7H2O
and gently shaken until a solution was formed. The pH was
brought to 12 by adding 1 mM NaOH, after which the mixture
was subjected to centrifugation at 3000 rpm for 5 min. The
cells at the bottom of the tube were harvested, cleaned with
70% ethanol, and then placed in a Petri dish. The precipitate,
which was therefore obtained as a dried form, was kept in a
glass container at 4 °C and covered with aluminum foil to
shield it from the daylight.35

2.8. Characterization of ZnO-NPs. Characterization of
ZnO-NPs was accomplished with state-of-the-art techniques
including UV-visible spectroscopy, SEM, X-ray diffraction
(XRD), energy-dispersive analysis of X-rays (EDAX), and
FTIR at the Pakistan Council of Scientific Research. The UV−
vis spectrophotometric analysis was performed using a
machine (UV-1901 Agilent Technology, Cary series UV−vis
spectrometer, USA) to scan the wavelength range of 200−800
nm with a scan speed of 480 nm/min to obtain the absorption
spectra of ZnO-NPs. SEM (Philips SEM, CMC-300 kV model,
Netherland) was used for high-resolution micrographs of
synthesized ZnO-NPs at magnifications of 1000× and 10,000×
obtaining a voltage of 160 kV. Further to this, the elemental
composition of zinc and oxygen was expressed using EDX,
which was used together with SEM. Additionally, FTIR was
performed using a PerkinElmer FTIR spectrometer (GX
Model, USA) to examine distinct peaks and analyze different
functional groups by the KBr pellet method. To determine the
patterns (crystalline or amorphous nature) of synthesized
nanoparticles, XRD measurement was carried out using a
diffractometer (Ultima IV, Rigaku, Japan) set at 40 kV and 30
mA at a specific scanning rate (20 min−1), from 25 to 800,
using a nickel-filtered Cu at room temperature with λ = 1.542
Å.
2.9. Preparation of Antibiotic Discs Coated with ZnO-

NPs. The ZnO-NPs were coated on different antibiotic discs
(nitrofurantoin (100 μg), cefepime (30 μg), ceftazidime (30
μg), amoxicillin (25 μg), imipenem (10 μg), ciprofloxacin (6
μg), and piperacillin + tazobactam (11 μg)). For this purpose,
ZnO-NP powder (20 mg) was dissolved in sterile distilled
water (1 mL) to prepare a nanopowder suspension with a final
concentration of 20 μg/μL. Next, under sterile conditions, the
selected antibiotic discs were taken in a dry Petri plate. Using a
pipet, 5 μL of suspension, containing 100 μg of ZnO-NPs, was
applied to each antibiotic disc to coat them. The coated discs
were then dried completely in an oven for at least 15 min at 60
°C.
2.10. In Vitro Assay. Both the coated and noncoated

antibiotic discs were tested using Kirby Bauer’s disc diffusion
method against the selected MDR bacteria on Muller−Hinton
agar plates. The discs were located with sterile forceps and
pressed gently to allow contact with the bacterial lawn, and
then, plates were incubated for 24 h at 37 °C. The inhibition
zone’s “diameter” was measured according to the Clinical and
Laboratory Standards Institute’s guidelines.37

2.11. Statistical Analysis. The experiments were
performed in triplicate, and the Microsoft Excel 2013 program
was employed to calculate mean values of zones of inhibition
of antibiotics against MDR bacteria. A t test was conducted to
determine the statistical significance with a P-value of less than
0.05.

3. RESULTS
3.1. Phytochemical Analysis of C. lanatus Seed

Extracts. The n-hexane and methanolic extracts of C. lanatus
seeds were examined for phytochemical analysis. It was
observed that both extracts of C. lanatus contained different
phytoconstituents such as tannins, flavonoids, and terpenoids,
while phenolic compounds and saponins were absent in both
extracts (see Table 1).

3.2. Antibacterial Activity of n-Hexane and Meth-
anolic Extracts of C. lanatus. In the current study, two
different concentrations (50 and 100 μL) were used to
evaluate the antibacterial activity of n-hexane and methanolic
extracts against tested MDR bacteria. It was observed that at
both concentrations, n-hexane extracts displayed antibacterial
activity against the tested MDR bacterial isolates; however, at a
concentration of 50 μL, it displayed the highest antibacterial
activities of 14 ± 2.6 mm against E. coli while, at a
concentration of 100 μL, showing the maximum antibacterial
activities of 17 ± 1.2 mm against Yersinia spp., as shown in
Figure 1.

Similarly, at a 50 μL concentration, the highest antibacterial
activity of methanolic extract was observed against E. coli (17
± 0.8 mm) followed by Pseudomonas spp. (13 ± 0.8 mm),
Yersinia spp. (12 ± 0.5 mm), Klebsiella spp. (11 ± 1.2 mm),
Providencia spp. (11 ± 1.2 mm), MRSA (10 ± 1.2 mm),
Proteus spp. (9 ± 0.5 mm), and Morganella spp. (9 ± 0.9 mm).
Meanwhile, at a 100 μL concentration, strong activity was
observed against E. coli (18 ± 0.5 mm) followed by
Pseudomonas spp. (17 ± 1.5 mm), MRSA (15 ± 2.5 mm),
Yersinia spp. (15 ± 1.0 mm), Klebsiella spp. (15 ± 1.5 mm),
Providencia spp. (14 ± 0.6 mm), Morganella spp. (13 ± 1,5
mm), and Proteus spp. (12 ± 1.5 mm), as shown in Figure 2.
3.3. Characterization of ZnO-NPs. The UV−vis

spectrum of the synthesized ZnO-NPs was observed (Figure
3). The λ max for the sample was 280 nm, giving the
characteristic peak of the ZnO-NPs.

In the current study, the SEM micrographs of the
synthesized ZnO-NPs showed dispersed, spherical particles
with zero dimension. The average sizes were about 10 μm at a
magnification of 1000× (image a) and 1 μm at a magnification
of 10,000× (image b), which was determined using Image-J
software (Figure 4).

The required elements, including zinc (Zn) and oxygen (O),
as revealed by the EDAX spectrum, were present in the sample

Table 1. Phytochemical Analysis of C. lanatus Seed
Extractsa

components n-hexane extract methanolic extract

phenolic compounds - -
saponins - -
tannin + ++
flavonoid ++ +++
terpenoids +++ +

a-, absent; +, little bit color; ++, intermediate; +++, strong.
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and confirmed the purity of the ZnO-NPs. The presence of
other elements, including phosphorus (P), magnesium (Mg),
potassium (K), and sulfur (S), was also observed in small
amounts (Figure 5).

FTIR analysis was used to estimate the purity and nature of
ZnO-NPs as well as to identify the presence of different
functional groups. In the current study, the FTIR spectrum

contains a range of absorption peaks between 500 and 3800
cm−1, indicative of different functional groups. These peaks
included alkene (C−H) at 917 cm−1, tertiary alcohol (C−O)
at 1180 cm−1, aldehyde (C−H) at 1380 cm−1, amine (N−H)
at 1628 cm−1, ester (C�O) at 1731 cm−1, aromatic
compounds (C−H bending) at 1982 cm−1, CO2 (O�C�
O) at 2372 cm−1, thiol (S−H stretching) at 2630 cm−1, amine

Figure 1. Antibacterial activity of n-hexane extracts of C. lanatus seeds against tested MDR bacterial isolates (P = 0.0002).

Figure 2. Antibacterial activity of methanolic extracts of C. lanatus seeds against tested MDR bacterial isolates (P = 0.0497).

Figure 3. UV−vis spectrum of synthesized ZnO-NPs (absorption peak value at 280 nm).
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salt (N−H) at 2893 cm−1, alkene (C−H) at 3098 cm−1, and
primary amines (N−H) at 3504 cm−1 (Figure 6).

The phase purity and composition of the synthesized ZnO-
NPs were evaluated by an XRD analysis. The XRD
measurement results indicated an average size of 40 nm with
a crystalline structure of ZnO-NPs. The sharp peak shows the
Bragg reflection indexed at 2θ = 28.9°, as illustrated in Figure
7.
3.4. Antibacterial Activity of ZnO-NP-Coated and

Noncoated Antibiotics. The effectiveness of ZnO-NP-
coated and noncoated antibiotics against MDR bacteria was
assessed using a standard technique. The results demonstrated
an enhancement in the antibiotic’s efficacy upon coating with

ZnO-NPs. In the case of ZnO-NP-coated nitrofuran, a
maximum potency of 20.5% was observed against Klebsiella
spp., ceftazidime up to 58.2% against Morganella spp.,
imipenem up to 57.2% against Klebsiella spp., and amoxicillin
up to 28.7% against Morganella spp. Similarly, ciprofloxacin
showed a maximum potency of 125% against Providencia spp.
followed by cefepime (31.7%) against Providencia spp., while
piperacillin + tazobactam showed a potency of 25.8% against E.
coli (Table 2).

4. DISCUSSION
This study was conducted with the primary objective of
synthesizing ZnO-NPs through the utilization of C. lanatus

Figure 4. SEM micrograph of synthesized ZnO-NPs. The average size of seed synthesized ZnO-NPs (a) at a magnification of 1000×, while (b) at a
magnification of 10,000×.

Figure 5. EDAX spectra of synthesized ZnO-NPs.

Figure 6. FTIR spectra of synthesized ZnO-NPs.
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seed extract. The synthesized ZnO-NPs were assessed for their
ability to augment the efficacy of antibiotics against MDR
bacteria, which include Pseudomonas spp., Klebsiella spp.,
Methicillin-resistant S. aureus, E. coli, Proteus spp., Yersinia spp.,
Providencia spp., and Morganella spp. Employing green
synthesis technology, known for its eco-friendly, cost-effective,
and efficient attributes, added a dimension of environmental
sustainability to this research.38,39 It is essential to note that

ZnO-NPs have emerged as promising drug delivery carriers in
modern scientific applications.40

The n-hexane and methanolic extracts of C. lanatus were
subjected to a comprehensive phytochemical analysis. This
analysis unveiled the presence of three key phytochemical
groups: tannins, flavonoids, and terpenoids within both
extracts, while phenolic compounds and saponins were notably
absent (Table 1). These trials showed that the research

Figure 7. XRD spectrum of synthesized ZnO-NPs (the Bragg reflection indexed at 2θ = 28.9° with an average particle size of 40 nm).

Table 2. Activity of ZnO-NP Coated and Noncoated Antibiotics against Test MDR Isolatesa

activity of ZnO-NP-coated and noncoated antibiotics against MDR bacteria (mm)

antibiotics used in activity MRSA E. coli
Pseudomonas

spp.
Morganella

spp.
Proteus

spp.
Providencia

spp.
Klebsiella

spp.
Yersinia
spp. P-value

nitrofuran uncoated 14 ± 0.2 15.5 ±
0.4

14.6 ± 0.1 14 ± 0.2 14.6 ±
0.3

13.6 ± 0.2 14.6 ± 0.1 14 ± 0.3 0.0105

ZnO-NP-
coated

14.5 ±
0.3

16.6 ±
0.7

16 ± 0.4 15.6 ± 0.2 15.3 ±
0.5

15.3 ± 0.4 17.6 ± 0.3 14.3 ± 0.5

potency % 3.57% 7.09% 9.58% 11.43% 11.43% 12.5% 20.55% 2.14%
ceftazidime uncoated 13.6 ±

0.3
12.3 ±

0.3
11.6 ± 0.3 10.3 ± 0.3 12.3 ±

0.3
8 ± 0.2 12.6 ± 0.2 13.6 ± 0.3 0.0005

ZnO-NP-
coated

16.3 ±
0.2

15.3 ±
0.2

15.6 ± 0.4 16.3 ± 0.2 15.3 ±
0.2

12.6 ± 0.3 17.6 ± 0.6 15.2 ± 0.4

potency % 19.85% 24.4% 34.5% 58.3% 24.4% 57.5% 39.7% 11.8%
imipenem uncoated 9.6 ± 0.1 10.6 ±

0.5
10 ± 0.2 10.3 ± 0.1 10.3 ±

0.1
10.6 ± 0.6 11 ± 0.7 9.6 ± 0.1 0.0023

ZnO-NP-
coated

13.6 ±
0.3

16 ± 0.3 14 ± 0.4 15 ± 0.3 16 ± 0.4 15.3 ± 0.4 17.3 ± 0.5 14.3 ± 0.6

potency % 41.66% 50.9% 40% 45.63% 55.3% 44.3% 57.3% 48.95%
amoxicillin uncoated 9.6 ± 0.5 8 ± 0.4 9 ± 0.3 8 ± 0.2 8.6 ± 0.5 10 ± 0.3 10.5 ± 0.1 8.3 ± 0.3 0.0112

ZnO-NP-
coated

10 ± 0.4 9.6 ± 0.4 9.6 ± 0.4 10.3 ± 0.5 10.2 ±
0.2

10.6 ± 0.5 11 ± 0.3 9.6 ± 0.5

potency % 4.1% 20% 6.67% 28.6% 18.6% 6% 4.8% 15.6%
ciprofloxacin uncoated 9 ± 0.3 8 ± 0.3 8.6 ± 0.3 8 ± 0.3 8 ± 0.7 8 ± 0.1 8.6 ± 0.3 8.3 ± 0.3 0.0031

ZnO-NP-
coated

14 ± 0.4 14.3 ±
0.2

14 ± 0.5 15.6 ± 0.4 16 ± 0.4 18 ± 0.3 15.3 ± 0.5 14.3 ± 0.2

potency % 55.5% 78.8% 63% 95% 99.8% 125% 78% 72.3%
cefepime uncoated 14.6 ±

0.2
16 ± 0.3 17.6 ± 0.3 14.3 ± 0.2 15.3 ±

0.2
13.2 ± 0.8 11 ± 0.7 15.6 ± 0.3 0.0034

ZnO-NP-
coated

19 ± 0.5 18.3 ±
0.5

19.6 ± 0.4 18.6 ± 0.7 19.3 ±
0.5

17.4 ± 0.6 13.6 ± 0.3 20.3 ± 0.2

potency % 30.2% 14.4% 11.4% 30.07% 26.2% 31.7% 23.7% 30.13%
piperacillin +

tazobactam
uncoated 15.3 ±

0.2
14.3 ±

0.2
17 ± 0.2 16 ± 0.1 15 ± 0.2 14.6 ± 0.3 15 ± 0.3 14 ± 0.3 0.0002

ZnO-NP-
coated

18.3 ±
0.3

18 ± 0.4 19 ± 0.5 16.6 ± 0.3 17.3 ±
0.1

16 ± 0.5 18 ± 0.5 17.3 ± 0.1

potency % 19.6% 25.87% 11.76% 3.75% 15.33% 9.6% 20% 23.6%
aZnO-NPs, zinc oxide nanoparticles; %, percentage; spp., species.
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identifies the exact markers that in previous studies were linked
to C. lanatus extracts.29,41,42 On the other hand, both n-hexane
and methanolic extracts were proven to have antibacterial
activity against E. coli and Yersinia spp., highlighting the
antibacterial property of their phytochemical components.43

Various types of analytical techniques were employed to gain
a deeper understanding of the structural and optical properties
of the synthesized ZnO-NPs. UV-visible spectroscopy showed
a peak of 280 nm in its absorption, which has been reported as
the surface plasmon resonance band of ZnO-NPs (Figure 3).
These results agree with the finding of Husain et al.,44 who
reported a characteristic peak at 281 nm attributed to ZnO-
NPs synthesized from Plumbago zeylanica extract. In the same
way, the absorbance peaks of 284 and 345 nm were observed
for ZnO-NPs of the leaf and flower extracts of pomegranate,
respectively.

SEM scanning showed a convincing visual of the ZnO-NPs
in which they were evenly distributed and had an irregular
spherical shape. The nanoparticles responded with a size of 10
μm at the scale of the 1000× magnification and 1 μm at the
scale of the 10,000× magnification (Figure 4). This implies
that C. lanatus seed extract’s antioxidants and other
compounds are essential for efficiently lowering the production
of unevenly shaped ZnO-NPs. This result aligned with the
findings of Ifeanyichukwu et al.,45 Umar et al.,46 and
Muhammad et al.47 whose SEM micrographs of ZnO-NPs
were irregular, though they had a spherical morphology and
appeared to be agglomerated.

EDAX showed that the synthesized ZnO-NPs had a high
purity, and there was a clear Zn peak at 20.194 kV and a clear
O peak at the same energy. Moreover, small height peaks
corresponding to magnesium (Mg), phosphorus (P), sulfur
(S), and potassium (K) were observed indicating the biogenic
production of the nanoparticles (Figure 5). Akhter et al.48 also
reported similar results of EDX analysis of ZnO-NPs produced
from the leaf extract of Swertia chirayita that support the high
purity of synthesized ZnO-NPs.

The FTIR spectrum of synthesized ZnO-NPs demonstrated
peaks that were characteristic of different functional groups,
giving a proper picture of the chemistry and properties of the
nanoparticles. The recorded peak at 917 cm−1 of the (C−H)
alkene group signifies the presence of organic compounds on
the surface of ZnO-NPs. This result is consistent with the
green synthesis technique that involves the use of plant extracts
or other biologically derived materials. The presence of tertiary
alcohol (C−O) at 1180 cm−1 indicated the presence of alcohol
groups, possibly the reducing or stabilizing products in the
green synthesis process. The carbonyl compound involved in
the synthesis of nanoparticles was confirmed from the C−H
peak of the aldehyde at 1380 cm−1. Amine groups (N−H), a
common case seen in biomediated synthesis, which were found
at 1628 cm−1, likely connected with the stabilizing or reducing
agents. The peak marked (C�O) at 1731 cm−1 was attributed
to the carbonyl groups from the organic capping agents that
were used in the nanoparticle stabilization. Aromatic
compounds (C−H bending) at 1982 cm−1 further suggested
the contribution of aromatic components, potentially from the
plant extract or other organic precursors used in the green
synthesis. The CO2 peak (O�C�O) at 2372 cm−1 could be
attributed to environmental contamination or adsorption on
the nanoparticle surface. The thiol (S−H stretching) peak at
2630 cm−1 indicated the presence of sulfur-containing
compounds, likely originating from biological reducing agents.

The amine salt peak at 2893 cm−1 suggested the involvement
of organic salts in stabilizing the nanoparticles. Another alkene
(C−H) peak at 3098 cm−1 underlined the presence of
additional organic compounds, while the primary amine (N−
H) peak at 3504 cm−1 further supported the association with
bioreducing or stabilizing agents.

These observations strongly indicated the integration of
different organic compounds originating from the C. lanatus
seed extract within the fabricated nanoparticles. This alignment
with the study conducted by El-Belely et al.49 on Arthrospira
platensis mediated ZnO-NP synthesis and displayed the
inherent variability in organic substances across different
plant sources. The consistent identification of specific
functional groups, in both our experimental results and the
literature, reinforces the reliability and reproducibility of ZnO-
NPs. Furthermore, the efficacy of C. lanatus extract in the
synthesis process not only facilitates the reduction, capping,
and stabilization of ZnO-NPs but also imparts unique organic
components to the final product. In corroboration, Chaudhuri
and Malodia50 conducted a similar study on ZnO-NPs
synthesized from the leaf extract of Calotropis gigantea, noting
analogous peaks indicative of characteristic OH and C−H
stretching vibrations. Additionally, Azizi et al.51 proposed that
the formation of ZnO-NPs results from the interaction
between oxygen as functional groups present in the plant
extract and zinc molecules in salt precursors.

XRD analysis was employed to investigate the crystal
structure of the ZnO nanoparticles, revealing a peak at 2θ =
29° corresponding to a Bragg reflection. This peak signifies the
crystalline nature of the particles, and the average particle size
was estimated to be 40 nm (Figure 7). These findings are in
line with the work of Husain et al.,44 who also identified a
prominent peak at 35.56°, indicating the crystalline nature of
ZnO-NPs with an average particle size of 43 nm.

The investigation into the enhanced antibacterial activity of
antibiotics coated with ZnO-NPs against MDR bacteria is a
pivotal aspect of this study. The observed interactions between
ZnO-NPs and the bacterial cell wall play a central role in
strengthening the antibiotic efficacy. The mechanisms involved
include cell rupture, the generation of oxidative stress, and
genotoxicity, collectively resulting in significant bacterial
damage.52,53

The functional groups identified in synthesized ZnO-NPs,
including alkene, tertiary alcohol, aldehyde, amine, ester,
aromatic compounds, thiol, amine salt, alkene, and primary
amines, collectively contribute to the complexed antibacterial
effects observed in the coated antibiotics. One of the key
mechanisms involves the generation of reactive oxygen species
(ROS), which is supported by the presence of alkene groups
known to participate in redox reactions (alkene at 917 cm−1).
The observed tertiary alcohol (C−O) and aldehyde (C−H)
groups may further contribute to oxidative stress, disrupting
bacterial membranes and enhancing the overall antibacterial
activity.

The enhanced potency of ZnO-NP-coated antibiotics
against tested MDR bacteria demonstrates a nuanced response
to different antibiotic-bacterium interactions. For instance, the
maximum potency was observed with nitrofuran against
Klebsiella spp. (20.5%), ceftazidime against Morganella spp.
(58.2%), imipenem against Klebsiella spp. (57.2%), amoxicillin
against Morganella spp. (28.7%), ciprofloxacin against Provi-
dencia spp. (125%), cefepime against Providencia spp. (31.7%),
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and piperacillin + tazobactam against E. coli (25.8%), as shown
in Table 2.

The specific impact of ZnO-NPs on these antibiotics can be
linked to their unique surface chemistry derived from the
identified functional groups. The aromatic compounds, ester,
and thiol groups, among others, contribute to the stability and
reactivity of the nanoparticles, influencing antibiotic-bacterial
interactions. Moreover, the generation of ROS, as a
consequence of these functional groups, aligns with the well-
established antimicrobial mechanisms of metal or metal oxide
nanoparticles, as highlighted by Alavi and Yarani54 in their
studies. These results align with the findings of Akbar et al.,55

who reported robust antibacterial effects of ZnO-NPs against
Salmonella typhimurium and S. aureus.56−58 Moreover, other
studies have demonstrated the potent bactericidal and
antifungal activities of ZnO-NPs against a spectrum of
pathogens.59,60

5. CONCLUSIONS
It was concluded that the seed extract of C. lanatus was an
excellent source and had a maximum capacity to synthesize
ZnO-NPs at room temperature. Moreover, the UV−vis
spectrum of synthesized ZnO-NPs indicated an absorption
peak at 280 nm within the prescribed range, while the SEM
micrograph demonstrated the dispersed, spherical morphology
of ZnO-NPs, the EDAX spectrum indicated the extent of zinc
(Zn), phosphorus (P), magnesium (Mg), sulfur (S), and
potassium (K) in ZnO-NPs. Similarly, FTIR analysis
confirmed the presence of diverse functional groups, including
alkene, ester, thiol, and amine, acting as effective capping and
stabilizing agents on the ZnO-NP surface. These agents,
originating from green synthesis and bioderived materials,
contribute to the nanoparticles’ stability and reactivity,
ultimately enhancing antibiotic potency against MDR bacteria.
On the other hand, the XRD peak confirmed the phase purity,
size, internal crystalline structure, and nature of the synthesized
ZnO-NPs. Furthermore, the antimicrobial efficacy of anti-
biotics against the MDR bacterial isolates was augmented by
coating with ZnO-NPs. While the synthesis and antibacterial
potential of ZnO-NPs from C. lanatus seeds are highlighted, it
is essential to recognize study limitations. Further inves-
tigations into specific mechanisms, potential cytotoxic effects,
and a thorough assessment of long-term stability and in vivo
implications are warranted for comprehensive applicability in
the pharmaceutical and medical domains.
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