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Eco-friendly synthesis and enhanced antibacterial
action of bimetallic Ag/ZnO nanoparticles using
Hylocereus costaricensis stem extract

Joel Xaviour,? S. Sreelekshmi,? Jebin Joseph,® S. Alfiya Fathima® and T. Sajini (2 *@
This work presents a novel method for generating bimetallic silver and zinc oxide nanoparticles (Ag/ZnO-
NPs) using Hylocereus costaricensis (HC) stem extract and microwave irradiation. Silver and zinc oxide
nanoparticles were prepared separately during the synthesis process, and they were directly mixed to
produce bimetallic Ag/ZnO-NPs. A thorough characterisation was conducted utilising various analytical
methods to clarify the formed nanoparticles’ structural, morphological and constitutional characteristics.
The conventional agar well diffusion technique was then used to assess the Ag/ZnO bimetallic
nanoparticles’ antibacterial activity towards Staphylococcus aureus and Escherichia coli, the two most
common human pathogenic bacteria. The characterisation analysis showed the successful synthesis of
bimetallic Ag/ZnO-NPs with a cluster-like spherical alloy-type morphology with an average
hydrodynamic diameter of 281.7 nm and a direct band gap of 2.90 eV. The antibacterial results revealed
that bimetallic Ag/ZnO-NPs have a solid combinatorial antibacterial activity, underscoring their abilities
to be effective antibacterial substances from renewable sources. This study opens the door for more in-
depth investigation into this topic by enhancing bimetallic nanoparticles and their utilisation in the
biomedical field.

This research exemplifies a commitment to sustainability by leveraging renewable plant extracts and energy-efficient microwave irradiation for the synthesis of
bimetallic silver and zinc oxide nanoparticles (Ag/ZnO-NPs). By utilizing Hylocereus costaricensis stem extract, the study minimizes the environmental impact

typically associated with chemical synthesis methods. The process not only reduces hazardous waste and energy consumption but also produces bimetallic
nanoparticles with significant antibacterial properties, offering a green alternative for biomedical applications. This sustainable approach underscores the

potential of integrating eco-friendly practices in nanotechnology, paving the way for future advancements in sustainable materials science.

1. Introduction

Nanoparticles are ultra-small particles, typically less than 100
nanometers in size, that exhibit unique physical and chemical
properties due to their high surface area and quantum effects.
These characteristics make them highly valuable in various
fields, including medicine, electronics, and environmental
science.”® There are several types of nanoparticles, including
metallic,* metal oxide,” polymeric,*” and carbon-based nano-
particles,® each with distinct features and applications.>'®
Among the different nanoparticles, bimetallic nanoparticles are
very noticeable due to the diverse characteristics of combining
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two different metals,™ and they stand out due to their enhanced
catalytic, optical, and antibacterial properties. These nano-
particles offer numerous advantages compared to mono-
metallic nanoparticles, such as increased stability, better
catalytic activity, and tunable surface properties.'> The syner-
gistic interactions between the two metals in bimetallic nano-
particles enable tailored functionality, making them
particularly useful in advanced applications like catalysis,
sensing, and biomedical treatments.***

Different forms of bimetallic nanoparticles, such as alloy,
intermetallic, subcluster, core-shell type, and the like, can
provide various benefits in multiple applications,* including
ecological restoration, sensing, imaging, drug delivery and
catalysis.'® Furthermore, bimetallic nanoparticles are employed
in environmental remedial measures for degrading unwanted
pollutants in the water and soil environments, demonstrating
their potential to solve complex environmental challenges."”

In the conventional method, harsh chemicals and high
temperatures are used for the synthesis of bimetallic and other
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nanomaterials, raising concern about their environmental
impacts and potential health hazards.’® Because of the
increased concerns about the potential effects of conventional
chemical processes on the environment and human health,
there has been a greater focus on sustainable and greener
approaches for nanoparticle synthesis.® Microwave radiation,
for example, is an appealing technique that offers fine control
over nanoparticle characteristics, including faster heating,
shorter reaction times and better yields." Additionally, it is well
known that plant extract can be used as a reducing and stabil-
ising agent that provides a green alternative to conventional
chemical methods, contributing to sustainable nanoparticle
synthesis.*

The bimetallic nanoparticles of silver and zinc oxide are well
known for their antimicrobial activity and their potential in
photocatalytic applications.”® However, many of these bime-
tallic nanoparticles rely on chemical synthesis methods® that
can be environmentally hazardous and may result in nano-
particles with less desirable biocompatibility. Reports are also
available for the biogenic synthesis of these bimetallic nano-
particles for varying applications.'”*"** The present investiga-
tion focused on the green and sustainable synthesis of
bimetallic silver and zinc oxide nanoparticles (Ag/ZnO-NPs)
using plant extract (Hylocereus costaricensis) and investigated
the antimicrobial potential of the green synthesised Ag/ZnO
nanoparticles. Compared to other green synthesis strategies,
here silver and zinc oxide nanoparticles were synthesized
separately and then directly mixed to form bimetallic nano-
particles (Ag/ZnO-NPs).

The Hylocereus costaricensis (HC) stem is included
throughout nanoparticle synthesis, emphasising the study of
sustainable methodology.>** HC, often called dragon fruit, is
a tropical cactus species well known for its vivid appearance and
medicinal properties.*® The stem extract of HC comprises many
phytochemicals such as flavonoids, polyphenols and antioxi-
dants*”*® that serve as a vital source for synthesising nano-
particles, including bimetallic nanoparticles, using green
synthesis methods.>*?*°

The synthesised nanoparticles were thoroughly character-
ized using field-emission scanning electron microscopy (FE-
SEM), energy-dispersive X-ray spectroscopy (EDX), Fourier-
transform infrared spectroscopy (FT-IR), dynamic light scat-
tering (DLS), zeta potential and X-ray diffraction (XRD). Addi-
tionally, the antibacterial efficacy of Ag/ZnO-NPs against two
major human pathogens Escherichia coli and Staphylococcus
aureus was tested using the conventional agar well diffusion
method.*"** All the characterisation techniques confirmed the
successful synthesis of bimetallic nanoparticles with a unique
morphology and enhanced properties. Antibacterial studies
revealed that Ag/ZnO-NPs demonstrated superior antibacterial
activity compared to individual Ag-HC and ZnO-HC nano-
particles, highlighting their potential as effective antibacterial
agents from renewable sources.

The present methodology offers a favourable avenue for
addressing complex challenges in antibacterial studies. With
this method, we emphasise contributing to the sustainable
development and environment-friendly synthesis  of
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antibacterial agents, thereby advancing biomedical research
and healthcare. The study intends to contribute significantly to
the developing field of bimetallic nanoparticles and their
possible uses in biomedicine and other fields by thoroughly
characterising and assessing their antibacterial activity. It also
focuses on the significance of sustainable synthetic methods in
nanoparticle research.

2. Experimental
2.1 Materials

AgNO; and ZnSO, have been purchased from Merck in India. All
the chemicals used were of analytical grade and used exactly as
purchased, without any additional purification processes.

2.2 Methodology

2.2.1 Collection, purification, and extraction of HC stem
extract. In October 2023, specimens of Hylocereus costaricensis
were obtained from the Eduthumparambu region in Ponkun-
nam, Kerala, India. The fresh stems of Hylocereus costaricensis
were explicitly selected and taxonomically identified. Then, it
was thoroughly washed with distilled water to remove all the
debris and dust and cut into little pieces. The sample was oven-
dried and powered using a motor and pestle. The plant extract
was prepared as per standard protocols.®**° In brief, 100 mL of
distilled water was added to a round-bottom flask, fitted with
a condenser, containing 25 grams of the dried stem sample and
the mixture was boiled for 30 minutes. Upon cooling, if any
solid residues were there, they were filtered out using Whatman
filter paper to obtain the HC stem extract, which was then
refrigerated for further use.

2.2.2 Synthesis of Ag-HC and ZnO-HC. A 2 mM solution of
AgNO; (120 mL) was prepared in a beaker to synthesise silver
nanoparticles. 30 mL of HC stem extract was added to the above
mixture and stirred well. The resulting solution was then
exposed to microwave radiation using a Sharp R219T (W) model
microwave oven that operates at a frequency of 2450 MHz and
power of 800 W. The radiation was conducted for about six
minutes, and a UV-visible spectrophotometer was used to
observe the growth of silver nanoparticles (Ag-HC). The samples
were taken at one-minute intervals of up to six minutes to
examine the development of Ag-HC formation (Scheme 1).

Similarly, to synthesise zinc oxide nanoparticles (ZnO-HC),
a 2 mM solution of zinc sulphate (120 mL) was made in
a beaker. After this, 30 mL of the HC extract was added to the
above solution and mixed well. The resulting solution was then
exposed to microwave radiation under working conditions as in
Ag-HC synthesis. During the radiation process, the formation of
zinc oxide nanoparticles was observed using a UV-visible spec-
trophotometer. The samples were taken every minute for
a maximum of six minutes to monitor the development of ZnO-
HC formation (Scheme 1).

2.2.3 Synthesis of bimetallic Ag/ZnO-NPs. A simple method
of direct mixing of two metal nanoparticle solutions produced
the bimetallic silver and zinc oxide nanoparticles (Scheme 1).
For this, in a conical flask, precisely 30 mL of Ag-HC and 30 mL

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic representation of the formation of Ag-HC, ZnO-HC and Ag/ZnO-NPs.

of ZnO-HC were thoroughly mixed and stirred for about six
hours by maintaining the temperature at 60 °C. The resulting
bimetallic nanoparticle solution of Ag/ZnO-NPs was subse-
quently refrigerated and stored for further analysis and use.

2.2.4 Antibacterial studies. The antibacterial activity of the
synthesised nanoparticles was investigated using the traditional
agar well diffusion technique against prevalent bacteria that
cause diseases in humans, such as Staphylococcus aureus and
Escherichia coli.® For this, a sterile cork borer was used to create
wells on each plate after the cultures of bacterial strains were
swabbed into nutritious agar sheets. Afterwards, 100 pL of
nanoparticle samples (Ag-HC, ZnO-HC, and Ag/ZnO-NPs) were
filled into the corresponding wells, and six replicates were
prepared for each sample. Ciprofloxacin, a standard commer-
cial antibiotic disc, was used as the positive control (PC), and
plant extract was used as the negative control (NC). These plates
were then kept for an incubation period of 24 hours at
a temperature of 37 °C. Each of the well's zones of inhibition
was determined after incubation. Gram-negative Escherichia
coli, responsible for digestive disorders and infections of the
urinary system,® and Gram-positive Staphylococcus aureus,
which results in multiple illnesses, including skin and
connective tissue, were the selected species for the antimicro-
bial research.®

2.2.5 Characterization studies adopted. A multitude of
analytical methods were utilised to comprehensively study the
shape, structure, and physical and chemical aspects of devel-
oped Ag-HC, ZnO-HC and bimetallic Ag/ZnO-NPs. These
approaches offered a distinct viewpoint on the various features
of nanoparticles. Using a PerkinElmer Spectrum two FT-IR
spectrometer, Fourier transform infrared spectroscopy (FT-IR)

© 2024 The Author(s). Published by the Royal Society of Chemistry

was used to evaluate the underlying functional groups of the
nanomaterials and any chemical reactions that occurred among
the nanoparticles and the stabilising molecules.*® Also, by
making use of a Shimadzu UV-2450 spectrophotometer, UV-
visible spectrophotometry analysis was performed to look into
the spectral characteristics of the nanoparticles, namely their
absorption spectra, which facilitated understanding of their
electrical structure and stable nature.** By employing the
Rigaku miniflex 600 XRD apparatus, X-ray diffraction (XRD)
analysis was used to assess the crystalline structure and phase
purity of nanoparticles. This method assisted in the identifi-
cation of crystallographic phases and the estimation of crys-
tallite size.*® Superior resolution visualisation of the
dimensions and surface appearance of the nanoparticles was
made possible using field emission scanning electron micros-
copy (FE-SEM), which specified data regarding the dimensions,
form, and aggregation state of the particles.*® Here, MAIA3XMH
FE-SEM with energy dispersive technology were used. Through
conducting quantitative assessments of elemental dispersion
and composition, the chemical composition of the nano-
particles was determined by using FE-SEM in conjunction with
energy dispersive spectroscopy (EDS), hence verifying the exis-
tence of iron, silver, and oxygen.

For the EDX analysis, the synthesised nanoparticles were
first dried in a vacuum oven at 60 °C for 12 hours. A small
amount of the dried sample was then placed on carbon tape
attached to an aluminium stub. To enhance conductivity and
improve imaging quality, the sample was coated with a thin
layer of gold using a sputter coater for 60 seconds at 20 mA. The
gold-coated sample was analysed using a field-emission scan-
ning electron microscope (FE-SEM) equipped with an energy-
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dispersive X-ray (EDX) detector under high vacuum conditions
with an accelerating voltage of 20 kvV. EDX spectra were
collected from multiple sample regions, with the data acquisi-
tion set to 60 seconds per region.

Determining the nanoparticles’ stable nature and colloidal
properties in solution requires thorough knowledge of their
external charge on the surface as well as their distribution of
size, which can be achieved through dynamic light scattering
(DLS) and zeta potential examinations by employing a nano-
particle analyzer-Horiba SZ-100.*” Ag-HC, ZnO-HC, and bime-
tallic Ag/ZnO-NPs were thoroughly investigated for future uses
in biological, medicine, sensing, and catalysis processes owing
to the wide variety of employed characterization approaches.

3. Results and discussion
3.1 UV-visible spectrophotometric analysis

The synthesized nanoparticles' optical characteristics and the
development of their formation during the process can be better
understood by analysing them using a UV-visible spectropho-
tometer. There may be a progressive rise in absorbance readings
from one to six minutes into the synthesis, indicating the
ongoing development and formation of silver nanoparticles.
Regarding Ag-HC (Fig. 1), a broad absorption peak in the 400-
450 nm range and a peak in the 250-350 nm range were
observed in the spectrum, revealing the formation of metallic
silver and silver oxide nanoparticles, respectively.*® These peaks
correspond to the surface plasmon resonance (SPR) absorption
peaks of silver nanoparticles.*® In the UV-visible spectrum, ZnO-
HC nanoparticles exhibit an evident absorbance peak at
291 nm, associated with the electronic transitions related to the
zinc oxide band structure (Fig. 2).** The valence band to
conduction band transitions or intra-band transitions within
the zinc oxide nanoparticles could be the source of this peak. As
the ZnO-HC nanoparticles grow and develop throughout the
synthesis, the absorbance values in this peak may sometimes
rise.

Ag-HC
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Fig. 1 UV-visible spectrum of Ag-HC.
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Fig. 2 UV-visible spectrum of ZnO-HC.

Compared to the separate Ag-HC and ZnO-HC spectra, the
bimetallic Ag/ZnO-NPs exhibited a slight shift in the absorbance
peak of the UV-visible spectrum (Fig. 3).**** This shift could
mean that interactions exist among the zinc oxide and silver
nanoparticles that constitute the bimetallic system and are
responsible for the variations in the optical characteristics of
these nanoparticles. Due to the existence of both nanoparticles
in the bimetallic system, the absorbance values at distinctive
peaks of zinc oxide and silver could deviate somewhat from
those of their solo counterparts.* The SPR band of silver
nanoparticles is typically observed as a distinct peak in the UV-
visible spectra due to the collective oscillation of electrons at the
nanoparticle surface. In the case of Ag/ZnO-NPs, this SPR band
may be suppressed or shifted due to the interaction between
silver and zinc oxide, which could affect the electronic envi-
ronment of the silver nanoparticles.

The kinetic and optical activity of the nanoparticles can be

obtained from the UV-visible spectrophotometric data,
3.5
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Fig. 3 UV-visible spectra of Ag-HC, ZnO-HC and Ag/ZnO-NPs.
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indicating the production and development of Ag-HC, ZnO-HC
and bimetallic Ag/ZnO-NPs with time. The kinetic results ob-
tained from Fig. 1 revealed the synthesis progression of silver
nanoparticles using HC stem extract, monitored via UV-visible
absorption spectra at 1 to 6-minute intervals. Initially, a weak
and broad absorption peak at 1 minute indicates the early
formation of nanoparticles. As the reaction progresses to 2 and
3 minutes, the peak intensity increases and narrows, reflecting
the growth and accumulation of nanoparticles. The absorption
peak stabilises by 4 to 6 minutes, indicating that the synthesis
process is nearing completion and the nanoparticles have
achieved a consistent size distribution. The changes in peak
intensity and shape provide insight into the rate of nanoparticle
formation and growth dynamics.

The direct band gaps obtained from Tauc plots of Ag-HC,
ZnO-HC, and Ag/ZnO-NPs are 3.24 €V, 3.33 eV, and 2.90 eV,
respectively as depicted in Fig. 4. The direct band gap of 3.24 eV
for Ag-HC indicates notable quantum confinement effects,
highlighting the nanoparticles’ reduced size and altered elec-
tronic properties compared to bulk silver.** This band gap
suggests that Ag-HC nanoparticles can effectively absorb high-
energy photons, making them suitable for UV-active applica-
tions such as photocatalysis and optical sensors.** The green
synthesis method ensures environmental sustainability and
potential biocompatibility, enhancing their appeal for various
biomedical and environmental applications. ZnO-HC exhibits
a direct band gap of 3.33 eV, slightly lower than the typical band
gap of bulk ZnO (3.37 eV).*** This minor reduction may result
from interactions with organic molecules from the plant extract,
subtly modifying the nanoparticles’ electronic structure. The
band gap value indicates strong UV light absorption capabil-
ities, making ZnO-HC nanoparticles ideal for applications in UV
photodetectors and photocatalytic degradation of pollutants,
and as effective antibacterial agents due to their potential to
generate reactive oxygen species.*”” The lower band gap energy of
2.90 eV for Ag/ZnO-NPs compared to that of Ag-HC and ZnO-HC
suggests enhanced light absorption capabilities, particularly in
the visible range.*»*® This reduction in the band gap implies
improved electronic and optical properties, making these
nanoparticles potentially more effective in applications like
photocatalysis and sensing.*’

A proposed mechanism involved in forming Ag-HC, ZnO-HC
and Ag/ZnO-NPs is depicted in Scheme 2 and described as
follows. The components of the HC stem extract elaborately
coordinate a sequence of processes that gave rise to the mech-
anism leading to the synthesis of Ag-HC. The interaction
between the silver ions (Ag) derived from a silver salt precursor
and phytochemicals such as flavonoids and polyphenols
present in the HC stem extract initiates the formation of silver
nanoparticles. These phytochemicals act as potent reducing
agents by accelerating the transfer of electrons to silver ions
(Ag") and causing their reduction to silver atoms (Ag®).*»°
Several tiny clusters of nanoparticles are then generated due to
the aggregation and nucleation of freshly generated silver
atoms.** Because of an ongoing supply of reducing agents by the
stem extract, the aggregation and reduction of nanoparticles
continue. As the reaction progresses, some silver nanoparticles

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Tauc plots of Ag-HC, ZnO-HC and Ag/ZnO-NPs.

may undergo partial oxidation in the presence of oxygen or
other oxidising species in the reaction mixture. This leads to
silver oxide (Ag,0) forming on the surface of the nano-
particles.”® Simultaneously, phytochemicals included in the
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extract show a preference for the surfaces of the nanoparticles at
which they absorb and function as reducing and stabilising
agents.”** This dual purpose keeps the formed Ag-HC nano-
particles stabilised and dispersed by avoiding unwanted
agglomeration and maintaining the well-defined structure of
particles. Ag-HC is synthesised via a complex interaction
between phytochemicals and silver ions, resulting in nano-
particles having beneficial features for various uses.

As ZnO-HC synthesis occurs, the phytochemicals found in
the HC stem extract first reduce the zinc ions (Zn>") present in
the precursor solution.”” The phytochemicals consist of flavo-
noids, polyphenols, and other organic substances that act as
reducing agents by transferring electrons to zinc ions. Zinc
oxide (ZnO) nuclei were formed due to the reduction, and the
nuclei eventually grew due to the aggregation and nucleation
processes. The hydroxyl group (OH ) in the HC extract facili-
tates nucleation and stabilisation and hence aids in generating
zinc oxide nanoparticles.”® Zinc ions then react with these
hydroxyl groups and get hydrolysed to produce zinc hydroxide
[Zn(OH),], which subsequently proceeds through dehydration
and condensation and leads to the generation of ZnO nuclei.*®
Phytochemicals in the HC extract attach to the surface of the
developing ZnO particles, thus functioning as capping agents to
avoid agglomeration and stabilise the nanoparticle structure.

Various crucial steps are involved in generating bimetallic Ag/
ZnO-NPs formed by the direct combination of Ag-HC and ZnO-HC
solutions, which were synthesised in advance.** First, phyto-
chemicals found in the HC stem extract are used to individually
reduce the corresponding metal ions of silver and zinc oxide to
form stabilized silver and zinc oxide nanoparticles. Electrostatic
interaction among the nanoparticles promotes their aggregation

3082 | RSC Sustainability, 2024, 2, 3077-3089

and deposition of one metal onto the surfaces of others due to
diffusion on combining these solutions. Organic ligands or
biomolecules in the plant extract also act as mediators in the
nanoparticle interactions, promoting stabilisation. The combi-
nation process allows close interaction and connection between
Ag and ZnO nanoparticles, ultimately generating bimetallic Ag/
ZnO-NPs with unique characteristics and synergistic effects.

3.2 FT-IR analysis

The Fourier transform infrared spectroscopy (FT-IR) spectra of
HC stem extract, Ag-HC, ZnO-HC, and bimetallic Ag/ZnO
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Fig. 5 FT-IR spectra of HC stem extract, Ag-HC, ZnO-HC and Ag/
ZnO-NPs.
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nanoparticles (Ag/ZnO-NPs) revealed important functional
groups and possible chemical interactions present in the
production method (Fig. 5). The individual peaks characteristic
of the different functional groups in the extract can be seen in
the FT-IR spectra of the HC stem extract. The hydroxyl (-OH)
groups' stretching vibrations commonly linked to the phenols,
alcohols and carbohydrates present in the extract are shown by
a prominent peak in the range of 3200-3300 cm ™.’ Further-
more, the peak at 1630 cm ' is consistent with the carbonyl
(C==0) groups' stretching vibration, suggesting the existence of
carbonyl compounds such as aldehydes and ketones.*®
Comparable peaks attributed to the -OH groups and carbonyl
(C=0) groups were visible in the FT-IR spectra of the Ag-HC
produced utilising HC stem extract, thereby suggesting that
the biomolecules of the extract have been absorbed upon the
Ag-HC nanoparticle surface. The shifts or deviation in the
intensities of the peaks when compared to those of the HC stem
extract indicated the association between silver nanoparticles
and biomolecules, suggesting that the biomolecules could
function as stabilising or capping agents at the time of
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Fig. 6 XRD patterns of Ag-HC, ZnO-HC and Ag/ZnO-NPs. The inset
shows the magnified XRD patterns of mono and bimetallic
nanoparticles.
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Fig. 7 FE-SEM images of Ag-HC, ZnO-HC and Ag/ZnO-NPs.
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nanoparticle formation. Similar to the HC stem extract spectra,
the FT-IR spectra of ZnO-HC formed using the extract showed
peaks corresponding to -OH groups and carbonyl (C=O0)
groups, indicating that the biomolecules have adhered to the
ZnO-HC surface, which may have an impact on stabilising and
altering the surface of nanoparticles. Lastly, the peaks associ-
ated with carbonyl groups and -OH groups are visible in the FT-
IR spectrum of bimetallic Ag/ZnO-NPs produced utilising HC
stem extract; these peaks are like those seen in the spectra of
both the HC stem extract and the isolated nanoparticles with
some changes in the peak intensities. This suggested the
adhering of biomolecules onto the surfaces of silver and zinc
oxide nanoparticles, which could impact the stabilisation and
connection of the nanoparticles within the bimetallic system.
These findings highlight the unique interactions and structural
modifications in bimetallic Ag/ZnO nanoparticles. By clarifying
the molecular mechanisms that contribute to the creation of
nanoparticles and their surface alteration, the FT-IR spectra
provide significant knowledge about the functional groups
found within the HC stem extract and how they react with the
produced nanoparticles.

3.3 XRD analysis

The individual patterns characteristic of the crystalline struc-
tures of nanoparticles are unveiled by the X-ray diffraction
(XRD) analysis of Ag-HC, ZnO-HC and Ag/ZnO-NPs (Fig. 6). In
Ag-HC, the 26 angle corresponding to 32.08, 45.9, 38.32, 27.6
and 18.7 are equivalent to the (111), (200), (220), (311), and (222)
face-centred cubic planes of silver, respectively.®® The zinc oxide
hexagonal wurtzite planes (002) and (101) are represented by the
two notable ZnO-HC peaks, which appeared at 27.8 and 14.1,
respectively.” The observed amorphous phase in the XRD
results for ZnO-HC could be attributed to several factors. The
small size of the ZnO-HC nanoparticles might lead to broad and
poorly defined peaks, giving an overall amorphous appear-
ance.® Also, the synthesis conditions, such as temperature and
reaction time, could influence the degree of crystallisation. The
XRD spectrum showed peaks associated with silver and zinc
oxide during bimetallic Ag/ZnO-NP production, verifying that
both phases exist in bimetallic nanoparticles.>>** Bimetallic Ag/

SEMHV: 150KV
SEM MAG: 321 kx. Dot SE
View fiekd: 431 pm | Date{midy: 011024

WO: 5.01 mm
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ZnO-NPs with a heterostructure crystalline framework were
quickly created, as evidenced by extra peaks, variations in the
peak intensities and alterations in the position of peaks
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compared to the Ag-HC and ZnO-HC spectra.®® These changes
may indicate alloying or potential associations that exist
between two of the materials.

2.70K

240K

2.10K

1.80K

1.50K

1.20K

0.90K!

0.60K!

0.30K

0.00K

0.00 1.00 2.00

Ag-HC

3.00

4.00

5.00 6.00 7.00 8.00

2.70K
2.40K: Zn
2.10K
1.80K
1.50K
1.20K

0.90K:

0.60K

0.30K

ZnO-HC

0.00K

0.00 1.00 2.00

3.00 4.00

5.00 6.00

819
728
637
546
455 |
364

273

182

91

2.00

Ag

3.00 4.00

Ag/ZnO-NPs

5.00 6.00 8.00 9.00

Fig. 8 EDX spectra of Ag-HC, ZnO-HC and Ag/ZnO-NPs.
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3.4 FE-SEM analysis

The FE-SEM analysis showed unique ZnO-HC, Ag-HC and Ag/
ZnO-NP morphologies (Fig. 7). Ag-HC presents a partly spher-
ical form with imperfections on the surface, suggesting the
nucleation and development process characteristic of the silver
nanoparticles from the plant extract.®” On the other hand, ZnO-
HC exhibited a fine surface and an impeccable spherical form of
the zinc oxide nanoparticles generated using comparable
techniques.®® Ag/ZnO-NPs, in this instance, exhibited both
forms, some displaying perfectly spherical forms like that of
ZnO-HC and others displaying partly spherical forms like Ag-
HC.* This evidence indicated that the zinc oxide and silver
nanoparticles are part of a bimetallic system, partially
preserving their structures.

3.5 EDX analysis

The elements that constitute the nanoparticles formed were
revealed by the EDX analysis of Ag-HC (Fig. 8). The significant
observation of the peaks characteristic of silver in the Ag-HC
spectra can verify the existence of silver nanoparticles.®® Also,
the peaks characteristic of zinc and oxygen are visible in the
ZnO-HC spectra, confirming the existence of zinc oxide nano-
particles.>® However, a peak characteristic of both silver and
zinc can be identified in the Ag/ZnO-NP spectrum, indicating
the existence of both nanoparticles in the bimetallic system.*!
Furthermore, an oxygen peak is substantial evidence confirm-
ing the generation of zinc oxide nanoparticles. Therefore, the
EDX analysis technique agrees with the bimetallic nature of Ag/
ZnO-NPs and explains its elemental composition, also vali-
dating the efficacy of the synthetic approach adopted in the
formation of Ag-HC, ZnO-HC and Ag/ZnO-NPs.*

3.6 DLS analysis

The data concerning nanoparticle hydrodynamic diameter were
obtained in the solution using the DLS technique, indicating
the particle size distribution (Fig. 9).** The observed hydrody-
namic diameter of 141.7 nm for Ag-HC indicated the existence
of silver nanoparticles in a considerably narrower size distri-
bution.®”* On the other hand, ZnO-HC showed a significantly
reduced hydrodynamic diameter of 0.5 nm but displayed
a broader size distribution of zinc oxide nanoparticles
compared to Ag-HC.*® Significantly, the hydrodynamic diameter
of Ag/ZnO-NPs increased to about 281.7 nm, slightly larger than
that of Ag-HC and maintained a narrow distribution similar to
that of Ag-HC. These differences in size and distribution indi-
cate the bimetallic nanoparticles’ unique formation and
stability characteristics. The observed size enhancement indi-
cated the effective production of bimetallic Ag/ZnO-NPs. It
could be the possible associations among the two types of
nanoparticles that cause the nanoparticles to coalesce or
aggregate and hence produce large clusters.

3.7 Zeta potential analysis

The zeta potential results gave information about how stable
the nanoparticles were in the solution; higher positive or

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 DLS graphs of Ag-HC, ZnO-HC and Ag/ZnO-NPs.

negative values correspond to more stable nanoparticles
because of the greater electrostatic repulsion that exists among
the particles (Fig. 10).*> The zeta potential analysis revealed that
the zeta potentials of Ag-HC, ZnO-HC, and bimetallic Ag/ZnO-
NPs were —15.7 mV, —10.1 mV, and —11.7 mV, respectively.
This indicated that the bimetallic Ag/ZnO nanoparticles are less
stable than the Ag-HC nanoparticles but exhibit excellent
stability compared to the ZnO-HC nanoparticles. The zeta
potential value of —11.7 mV for Ag/ZnO-NPs, being closer to
—10.1 mV of ZnO-HC, suggests that the ZnO component influ-
ences the stability characteristics of the bimetallic nano-
particles more.>

3.8 Antibacterial studies

In contrast to the negative control, HC-stem extract, antibacte-
rial activity findings showed how efficient Ag-HC and ZnO-NPs
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Fig. 10 Zeta potential graphs of Ag-HC, ZnO-HC and Ag/ZnO-NPs.

are towards S. aureus and E. coli, the two most prevalent path-
ogenic bacteria (Fig. 11).*® The stem extract showed no anti-
bacterial activity towards the two bacterial strains. Ag-HC
exhibited significant antibacterial properties with inhibition
zones of 18 mm against E. coli and 16 mm to oppose S. aureus.
ZnO-HC has a modest antibacterial activity against the two
bacterial strains, with smaller inhibition zones of 14 mm.¢”
Among these specimens, Ag/ZnO-NPs exhibit the best antibac-
terial activity, nearer to that of ciprofloxacin, with inhibition
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zones measuring 24 mm against S. aureus and 22 mm against E.
coli. Ag/ZnO-NPs' increased antibacterial efficiency indicated
the beneficial effects of mixing silver and zinc oxide nano-
particles, which makes them an appealing option for fighting
diseases.”® Based on the study's outcomes, bimetallic nano-
particles may have significant antibacterial activities, which
could aid in the creation of antimicrobial substances which
perform well for a range of potential biological uses. The reli-
ability of the experimental approach can be confirmed since the
positive control, ciprofloxacin, constantly showed antimicrobial
properties towards E. coli and S. aureus.

Several elements contribute to the antibacterial properties of
Ag-HC, ZnO-HC, and Ag/ZnO-HC. In the context of Ag-HC, silver
nanoparticles (AgNPs) are recognised for their antibacterial
qualities, mainly caused by the release of silver ions (Ag") that
damage the cell membranes of bacteria, obstruct biological
functions, and cause oxidative stress, eventually destroying
microbial cells.*® Zinc oxide nanoparticles (ZnO-NPs) produce
reactive oxygen species (ROS) on their surface when exposed to
light or oxygen; due to this reason, ZnO-HC possesses signifi-
cant antimicrobial properties.>® ROS can destroy microbial cells
by destroying bacteria's proteins, DNA, and cell wall
membranes. Silver and zinc oxide nanoparticles combine
effectively to increase the antibacterial properties of the bime-
tallic Ag/ZnO-NPs (Scheme 3).** Both Ag-HC and ZnO-HC can
function separately or in combination, focusing on distinct
microbial elements and amplifying both of their antibacterial
properties.® Bimetallic nanoparticles' distinctive features,
particularly their increased surface area and modified surface
chemistry, may also improve their ability to attach to bacterial
cell walls, resulting in greater antibacterial efficiency.
Combining silver and zinc oxide nanoparticles mediates the
antibacterial mechanism of Ag-HC, ZnO-HC, and Ag/ZnO NPs.
The effect involves destroying bacterial cells by damaging
membranes, producing reactive oxygen species (ROS), and dis-
rupting cellular activities.”®”*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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4. Conclusion

The present research study summarises the possibility of using
environmentally friendly and sustainable methods in bimetallic
nanoparticle formation. Specifically, bimetallic silver and zinc
oxide nanoparticles (Ag/ZnO-NPs) were synthesised using the
stem extract of Hylocereus costaricensis (HC) and microwave
radiation. We were able to fully characterise the produced
nanoparticles and ascertain their shape, structural and func-
tional characteristics by utilising several analytical methods,
which included UV-visible spectrophotometry, energy-
dispersive X-ray spectroscopy, dynamic light scattering,
Fourier-transform infrared spectroscopy, and field-emission
scanning electron microscopy. FT-IR analysis confirmed the
presence of functional groups from the stem extract, indicating
successful capping and stabilisation of the nanoparticles. FE-
SEM images revealed that the Ag/ZnO-NPs possessed a unique
cluster-like spherical morphology. XRD analysis showed
distinct diffraction peaks corresponding to silver and zinc
oxide, with significant changes in peak intensities, confirming
the formation of bimetallic nanoparticles. In the antibacterial
investigation, Ag/ZnO-NPs demonstrated substantial potential
activity against two human pathogenic bacteria, Staphylococcus
aureus and Escherichia coli; this suggests that they could be
utilised as environmentally benign antimicrobial agents.
Furthermore, the combined silver and zinc oxide nanoparticle-
mediated effects, such as membrane rupture, disruption of
cellular activities, and reactive oxygen species production,
destroy microbial cells. The work provides insight into the
developing field of research on versatile bimetallic nano-
particles featuring improved antibacterial characteristics.
Future studies could improve the synthesis parameters to
increase Ag/ZnO-NPs' antibacterial effectiveness and investigate
how they could be utilised in the biomedical field. This would
open a path for creating innovative nanomaterials for medical
and environmental applications.
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