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Abstract: Today, there is the roar of sustainable material development around the globe. Green
nanotechnology is one of the extensions of sustainability. Due to its sustainable approach, the green
fabrication of nanoparticles has recently surpassed their classical synthesis in popularity. Among
metal nanoparticles, contemporary findings have demonstrated that bimetallic nanoparticles possess
more potential for different applications than monometallic nanoparticles due to the synergistic
effects of the two metals. So, we are presenting facile, one-vessel, and one-step phyto-fabrication of
Ag-Fe BMNPs using the bud extract of Syzygiumaromaticum. The synthesized nanoparticles were
characterized by UV-VIS, XRD, EDX, FTIR, and SEM. The synthesized NPs and the extract underwent
biological studies. The radical scavenging potential of the NPs and the extract was found to be 64%
and 73%, and the insecticidal potential was found to be 80% and 100%, respectively. Similarly, the NPs
and the extract both exhibited good antibacterial activity. The zone of inhibition using 100 mg/mL
of extract and NPs was found to be 1 cm against all bacterial species, i.e., K. pneumonia, E. coli, and
S. aureus. It was 1.5 cm, 1.3 cm, and 1 cm against K. pneumonia, E. coli, and S. aureus, respectively,
showing that the antibacterial activity of the extract is higher than that of the NPs. So, this study
unlocks the synthesis of Ag—Fe bimetallic nanoparticles using eco-safe, cost-effective, facile, and
least-harmful green methodology with potential applications of both NPs and SA extract in medical
and agricultural fields, a step towards sustainability.

Keywords: sustainable development; Ag-Fe bimetallic nanoparticles; syzygiumaromaticum;
antioxidant; antibacterial

1. Introduction

Nanotechnology is a progressing field of study that focuses on manipulating matter
at the nanoscale to develop novel materials, devices, and systems with distinct features
and functions [1,2]. These days, nanotechnology is shifting from one futuristic paradigm
to another. The fields of sustainable nanotechnology include green synthesis and green
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nanotechnology as a whole. The difficulties, goals, and complexity of scientific studies in
green nanotechnology are opening up new avenues for advancements in both fields [3]. To
attain sustainability, green nanotechnology involves the synthesis of nanoparticles (NPs)
from natural bio-reductants present in plants, micro-organisms, and diverse bio-wastes [4].

Many different types of materials can be used to construct nanoparticles, including
ceramics [5], metals [6], polymers [7,8], hydrogels [8,9], and semiconductors [10,11]. These
materials have great potential in various domains including photocatalysis [12,13], energy
storage [14], gas sensing [15], etc. Nanomaterials, which are so small that they are measured
on the nanoscale, often have distinct physical, chemical, and biological characteristics that
are distinct from those of their bulk counterparts. Numerous methods, including conven-
tional and green, have been used to synthesize NPs [2,16]. In general, chemical processes
are too expensive and involve the use of lethal and dangerous substances responsible for
various problems, and physical methods of synthesizing NPs are expensive, expose work-
ers to radiation, call for tremendous energy, temperature, and pressure, and produce a lot
of trash [10]. In green nanotechnology, using poisonous materials and high temperatures,
high pressures, or powers is unnecessary. In phytosynthesis, different biomolecules found
in plant extracts act as phyto-stabilizers and phyto-reductants to synthesize NPs [17]. Such
a protocol is inexpensive, straightforward, risk-free, benign, and eco-responsible. Photo-
synthesis of NPs is more prevalent than their synthesis using microorganisms, as plants
are easily approachable, cost-effective, and easy to deal with [18]. Further, the preparation
strategy using plants to get their extract is more facile than that for microorganisms as it is
very difficult to maintain and handle their cultures. Moreover, diverse types of morpholo-
gies of NPs can be synthesized using plants due to the presence of biomolecules of diverse
conformations in a vast variety of plants [2,19]. Metal-based nanoparticles (MNPs) are
produced from metals in nano sizes. Highly electrically charged surfaces, different types of
shapes, reactive properties, small pore sizes, colors, and responsiveness to natural factors
like temperature, air, and solar radiation are just a few of these nanomaterials’ distinctive
qualities [20,21]. Among multifunctional nanoparticles, bimetallic nanoparticles (BMNPs)
are the right mixture of two distinct metals with improved reaction characteristics [22].
Due to the combining effects of both metals compared to a single metal in monometallic
nanoparticles (MMNPs), they have increased biological, catalytic, optical, magnetizing,
and electronic properties. As a result, they have generated curiosity in research and ap-
plications in science [21]. Since BMNPs possess more physical characteristics than their
monometallic counterparts, they also exhibit enhanced activities in various applications.
They find applications in catalytic [23], sensing, antibacterial, antioxidant, anti-cancerous,
etc., activities [24-26]. NPs are considered a crucial therapeutic tool because of their wide
range of applications in therapies, such as disease identification, drug and gene trans-
mission, tissue engineering, etc. [27]. MNPs’ diminutive size makes it simple to enter
and move around inside cells, where they perform biological tasks. Also, biomolecules
present in the extract of plants have been extensively investigated, notably, polyphenols,
like flavonoids and phenolic acids [28]. Flavonoids assist in boosting immunity, reducing
inflammation, and protecting the body from free-radical damage. They oversee plants’
antioxidant functions. These organic compounds have one or more OH groups attached
to the aromatic ring of organic biomolecules. Numerous phytochemicals are in the outer
leaves or under the bark [29]. They are unique to every plant, down to the individual
plant cell. Some scientists also contend that combining phytochemicals and NPs of noble
metals, like silver, lowers the risk of developing lung, breast, or colon cancer [30]. Syn-
thesis of bimetallic silver—iron (Ag-Fe) nanoparticles is carried out by several methods
including microwave-assisted, wet chemistry, and pulsed laser deposition, along with laser
spray pyrolysis and liquid laser ablation methods, as the most effective approaches [31].
For example, the fabrication of Au—Ag nanoparticles by motor grinding by Murugadss
and the preparation of Au-Pd nanoparticles under both hydrothermal conditions and
microwave irradiation by Belousovd signifies the range of processes for creating bimetallic
nanoparticles [32,33]. Although physical and chemical procedures are successful, they
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are usually related to complex processes that can be costly and sometimes hazardous to
the environment. On the contrary, the green synthesis approach primitively differs in the
way natural compounds are applied as the reducing agents, thus rendering the whole
process favorable to the environment. It is not only environmentally friendly but also
fosters sustainability, which is the demand of the time for green technologies [34].

In Ag—Fe nanoparticles synthesis, we aim to take advantage of the distinct qualities of
the metals—silver as an antimicrobial element and iron for its magnetic features. Indeed,
these properties endow Ag-Fe nanoparticles with a wide spectrum of applications from
catalysis and biomedicine to environmental remediation. This is the multifaceted nature of
bimetallic nanoparticles. In this scenario, we underwent sustainable development of Ag—Fe
BMNPs using bud extract of Syzygium aromaticum, also called clove, one of the most popular
spices with built-in antimicrobial and radical scavenging properties. Its easy availability
and low price make it a suitable candidate for sustainable development or green synthesis
of NPs [35]. The use of Syzygium aromaticum bud extract in the manufacture of bimetallic
nanoparticles (Ag—Fe) is a novel method that has not been documented before. A novel
synthesis of bimetallic nanoparticles (Ag—Fe) using Syzygium aromaticum bud extract, a
method not previously reported, is obtained. The extract and the NPs were also evaluated
to estimate their antibacterial, antioxidant, and insecticidal potential. Lastly, a phytotoxic
assessment of the NPs and the extract was also done to check their eco-toxicity.

2. Results
2.1. UV-VIS Analysis

Ag-Fe BMNPs gave their characteristic SPR peak cantered at 289 nm (Figure 1), which
is in agreement with the previously reported work [36]. The UV-VIS range for Ag usually
falls between 380 and 580 nm, while for Fe, it falls between 250 and 350 nm [36,37]. In
the case of our BMNPs, the SPR peak at 289 nm (indicated by the arrow in Figure 1)
comes within the UV-VIS range of Fe NPs, confirming the formation of the core—shell
type of Ag-Fe BMNPs. BMNPs usually have three types of structure. They are alloy,
heterogenous, and core-shell kind of structures. Different types of absorption bands are
obtained depending upon the type of structures of BMNPs.
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Figure 1. UV-Visible absorption spectra of Ag-Fe BMNPs.

In the case of heterogeneous materials, two absorption bands are formed. These bands
contain the SPR peak, which is also referred to as the lambda maximum, in simpler terms,
of each type of monometallic nanoparticle. One absorption band is formed in the case of a
core—shell type of structure. This band is associated with the SPR peak of nanoparticles,
which constitutes the outer shell of small metal nanoparticles (BMNPs). There is only
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one absorption band that can be formed in an alloy structure, and that is the SPR peak that
occurs at the wavelength range that falls between the wavelength ranges of individual
monometallic nanoparticles on the spectrum. One type of metal serves as the core in the
core-shell structure, while another type of metal is responsible for forming the shell. This
sort of construction produces one absorption band with an SPR peak of nanoparticles
that creates the outer surface of BMNPs, which is referred to as the shell of BMNPs. This
structure fully masks the absorption band of the metal nanoparticles that constitute the
interior structure, which is referred to as the core of BMNPs [38]. Since our absorption band
resembles that of Fe NPs, it is a clear indication of a core—shell type of structure. Further,
the full masking of the absorption band of Ag NPs and the damping in peak confirms the
successful creation of core—shell Ag-Fe BMNPs, showing that Ag NPs are acting as the
core, covered by Fe NPs as the shell. Similar results have been reported earlier in diverse
types of BMINPs [39].

Synthetic Mechanism of Generation of Core-Shell Type of Structure

The reduction potential of metal ions contributes to the fabrication of such type of
structure. Each metal ion has a different reduction potential. The metal ions present in
metal’s salt solution, having the greater reduction potential, possess the greater speed of
reduction and, consequently, will reduce first and form the core, next to which the reduction
of metal ions, having lesser reductional potential, occurs, which will develop the shell
on the outer surface of the core. In the case of Ag-Fe core—shell BMNPs, the reduction
potential of Ag is +0.80 V, and that of Fe is —0.04 V. So, Ag*! ions were reduced first by
biomolecules present in the SA extract, resulting in the core of Ag NPs, followed by the
reduction of Fe*3, forming the shell of Fe NPs [39,40].

2.2. FTIR Analysis

The major peaks in the FTIR spectrum of the bud extract, cantered at 3300 cm™ 1,
2926 cm !, 1604 cm ™!, 1450 cm~1-1640 cm ™1, 1049 cm~! (Figure 2a), are due to stretching
vibrations of O-H, C-H, C=0, C=C, C-O derivatives of carboxylic acids and O-H of eugenol,
R-CH, aromatic alpha, beta ketones and esters, and R-CH3, respectively [41,42]. The change
in peak position and intensity of these absorption bands in the FTIR pattern of BMNPs
indicates their role as bio-reductants and capping agents in the synthesis of NPs. Further,
the small shift in peak position is also an indication that some of these biomolecules
underwent slight changes in their structure, again confirming that they have been used
in the bio-reduction process. The literature reveals that eugenol plays a significant role in
synthesizing NPs whose O-H group oxidizes to the C=0 group after removing electrons
from itself. These electrons are used by metal ions, converting them into metallic form [43].
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Figure 2. FTIR (a) and XRD (b) spectra of Ag-Fe BMNPs.

2.3. XRD Analysis

The XRD pattern of core-shell Ag—Fe BMNPs showed four major diffraction peaks at
2 theta values of 38.25°, 44.43°, 64.67°, and 77.59° (Figure 2b) that can be indexed at (111),
(200) (110), (220) and (311) lattice planes, respectively, corresponding to JCPDS no. 00-004-0783
for Ag NPs and JCPDS card number 00-001-1252 for Fe NPs. Moreover, it was noticed
that in case of FeAg alloy, the Fe and Ag peaks are merged and coexist at 65.186 for Fe
and 64.428 for Ag, which can be supported by the JCPDS card number 658448 [44]. This
demonstrates the face-centered cubic structure of Ag and Fe NPs, clearly emphasizing that
the XRD pattern is made up of diffraction peaks of both Ag and Fe NPs, thus implying the
formation of Ag-Fe BMNPs in very close accordance with already reported work [45]. As
labelled with stars, the other three peaks suggest the presence of silver oxide impurities in
small quantities [46].

2.4. SEM-EDX Analysis

The SEM image demonstrates that the shape of BMNPs is nearly spherical, and they
are present in the form of a rough-surfaced small number of aggregates (Figure 3a) in
exact agreement with the SEM image of Ag-Fe BMNPs [43]. This aggregation of particles
clearly shows that NPs are beautifully stabilized and capped by phyto-molecules present
in the SA extract. This aggregation most probably develops due to secondary forces of
interaction between biomolecules serving as stabilizing agents on the surface of NPs [47].
The EDX peaks for Fe NPs are at 0.6, 6.4, and 7.1 KeV, while for Ag NPs they are at 3 KeV,
which confirms the elemental make-up of Ag-Fe BMNPs (Figure 3b). The oxygen and
carbon peaks suggest the presence of different phenolic compounds as bio-stabilizers
on the surface of NPs, present on the shell of core-shell Ag—-Fe BMNPs [48]. The other
two peaks for calcium might represent an impurity due to the glass slide used for EDX
characterization [49]. Moreover, the greater number of peaks of Fe NPs in contrast to Ag
NPs confirms the core-shell structure of the as-prepared Ag-Fe BMNPs [50]. The atomic
percentages (at. %) of Fe and Ag for Ag-Fe BMNPs obtained from EDX and ICP analysis
are shown in Table 1. The result obtained from the ICP analysis is in good agreement with
the values obtained from EDX.

Furthermore, the particle size of the nanoparticles is very important from the ap-
plication point of view. The particle size of the nanoparticles in the current study was
measured from the SEM image using Image ] 1.52k software and the average particle size
was observed 123 nm (Figure 3c).
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Figure 3. SEM (a) EDX spectra (b) and particle size distribution of Ag-Fe BMNPs (c).
Table 1. The atomic and weight % of Ag and Fe in Ag-Fe BMNPs.
Weight % Atomic %
Ag-Fe
Ag (wt. %) Fe (wt. %) Ag (at. %) Fe (at. %)
EDX 65.9 341 49.3 50
ICP 49.5 50

3. Discussion
3.1. Magnetic Studies

When an external magnetic field was applied to synthesize NPs, they became stuck
to a magnetic chip (Figure 4), showing their magnetic properties and confirming the
core—shell structure of synthesized BMNPs where Fe NPs were comprising the shells of
BMNPs. Magnetic MNPs find extensive applications in medical fields. For example, they



Crystals 2024, 14, 510

7 of 17

are primarily used to diagnose and treat various diseases. In terms of diagnosis, they find
imaging applications, such as MRI and sensing. They serve as multipurpose agents, like
cell labeling, cell targeting, drug administration, and drug delivery. They are also used in
cancer treatment, where they kill cancerous cells due to the mechanical force they exert
on cancerous cells under an external magnetic field [51]. However, in BMNPs, as in our
case, the magnetic properties of magnetic MNPs are enhanced compared to monometallic
forms [51,52]. So, this study unlocked a facile, cheap, clean, and sustainable approach to
preparing magnetic BMNPs to exploit their enhanced magnetic properties in magnetics
and the medicinal field.

Before applying After applying
magnetic field magnetic field

% Inhibition

Figure 4. Magnetic assay.

3.2. Phytotoxicity Assay

Although NPs and plant extracts containing compounds have revolutionized medici-
nal and industrial fields, they also have serious side effects on the environment, especially
plants in the environment, which are directly or indirectly susceptible to them in terms of
water pollution by industrial discharge. They harm plants in terms of inhibition of seed
germination, root elongation, reduction in chlorophyll content, etc., due to their very easy
diffusion into plants’ cells due to their nano sizes [53,54]. So, in the current work, before
diving into finding biological activities, the phytotoxicity of the NPs and the extract was
measured to keep in mind their eco-toxicity while using them at the commercial stage
and finally taking appropriate preventive measures. So, blank seeds placed under normal
conditions showed 100% germination. However, seeds grown with extract and NPs in a
phytotoxic kit showed 40% germination (Figure 5a, Table 2). So, %inhibition remained at
60%, and the ICs5y value was 83.33 mg/mL for both the NPs and the extract (Figure 5b,
Table 1). The research findings indicate that despite the eco-toxicity for nanoparticles (NPs)
and extracts staying at 60%, the high ICsj value implies a low level of eco-toxicity.
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Figure 5. Cont.
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Figure 5. % Inhibition (a), IC5y pattern (b) of phytotoxic assay and % inhibition (c) ICsy (d) of
antioxidant assay of NPs and extract, respectively.

Table 2. Phytotoxic assay.

Samples ICs5¢ (mg/mL) % Inhibition
Ag-Fe BMNPs 83.333 £ 0.089 60
SA Extract 83.333 + 0.012 60
Positive Control 0 0

3.3. Antioxidant Activities

Free radicals are atoms that are either independent or in molecules with an odd number
of electrons and, thus, are very unstable species. So, they stabilize themselves either by
gaining or losing electrons when they find the opportunity to do so, and antioxidants
stabilize them by providing electrons. In humans, free radicals are produced during normal
metabolic processes. Their smaller amount is essential for cellular processes, but their
higher amount causes oxidative stress, which makes humans prone to many medical
conditions, and one among them is gene mutation [55,56]. So, there is an urgent need to
develop benign, cost-effective antioxidants to solve this problem. The antioxidant potential
of the NPs and extract was confirmed when, upon their addition to their respective DPPH
solutions, the solution changed from deep violet to yellow. The percentage inhibition or
radical absorption capability was 64%. 72.74%, and 64% (Figure 5c, Table 3), while ICsg
(mg/mL) values were 69.48 £ 0.12, 72.12 4 0.22, and 72.12 £ 0.26 (Figure 5d, Table 3)
for NPs, extract, and control, respectively. The results show that the radical absorption
percentage of the extract is higher than that of the control, while for NPs, it is equal to that of
the control, and thelCsg value of the extract is equal to that of the control, while for NPs it is
nearly 3 mg/mL less than that of control, indicating that their radical absorption capability
is roughly equal to the control, an antioxidant made through conventional methods. Thus,
the results suggest that the NPs and the extracts would be suitable substitutes for traditional
antioxidants in terms of sustainability.

Table 3. Antioxidant assay.

Samples ICs5¢ (mg/mL) % Inhibition
Ag-Fe BMNPs 69.48 £0.12 64
SA Extract 78.12 £ 0.22 72.77
Positive Control 78.12 £ 0.26 64

3.4. Insecticidal Activities

The world’s growing population and its demand for food has emphasized the im-
portance of optimizing agricultural procedures to minimize crop loss. Farmers inevitably
suffer crop loss due to several pests, and one among them is insects. Insecticides are widely



Crystals 2024, 14, 510

9of 17

used in various fields, especially in the agricultural field. These insecticides require the
urgent development of their alternatives due to their growing number of resistant strains
towards conventional insecticides and the toxic effects that these insecticides, prepared
through conventional routes, leave behind in the environment and have on humans’ lives.
So, insecticides prepared through bio-routes are very efficient alternatives in terms of the
safety of the environment and human health. A lot of work has already been done in this
regard earlier. So, in this attempt, we also tried to find the insecticidal potential of our
extract and prepared NPs. SA extract killed all of the 10 beetles, showing 100% insecticidal
potential or % inhibition or %mortality; Ag—Fe BMNPs killed eight beetles, showing 80%
inhibition; and the control killed nine beetles out of 10, showing 90% inhibition (Figure 6a,
Table 4). The IC5p (mg/mL) value was 56.25, 45, 50 (Figure 6b, Table 4) for the NPs, extract,
and control, showing that it is less for the extract and 6 mg/mL higher for the NPs than that
of the control So, we developed very efficient Ag-Fe BMNPs and SA extract that exhibited
excellent insecticidal activity, confirming that the NPs and the extract would be better
alternatives as compared to conventional insecticides, protecting humans, agricultural
crops, and the environment from their toxic effects. The Ag-Fe BMNPs and the SA extract
showed antibacterial activities against all strains of bacteria (Table 5).
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Figure 6. % Inhibition (a), ICs( (b) of insecticidal assay and ZOI (c) and ICs, (d) of antibacterial assay
of NPs and extract, respectively.

Table 4. Insecticidal assay.

Samples ICsp (mg/mL) % Inhibition Dead/Alive
Ag-Fe BMNPs 56.25 + 0.41 80 8/2
SA Extract 45+ 0.24 100 10/0

Positive Control 50 £ 0.14 90 9/1
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Table 5. Antibacterial assay in terms of ZOI.
. K. pneumoaeniae E. coli S. aureus
Sample (Concentration) ZOI (cm) ZOI (cm) ZOI (cm)
Ag-Fe BMNPs (50 ug/mL) 0.59 0.59 0.56
SA Extract (50 ug/mL) 0.8 0.67 0.43
Positive Control (50 pg/mL) 0.8 1.5 1
Ag-Fe BMNPs (100 pug/mL) 1 1 1
SA Extract (100 pg/mL) 1.5 1.3 1
Positive control (100 pg/mL) 1.1 2.5 1.8

Antibacterial Activities

The results show that when the concentration of NPs and extract, against all of the
bacterial species, is increased, i.e., from 50 pg/mL to 100 nug/mL, there is also an increase
in the ZO], indicating that the higher the amount of extract and NPs, the higher is their
antibacterial activity (Table 5).

The results (Table 4, Figure 6¢) also show that the ZOI of SA extract is higher than
that of Ag-Fe BMNPs, indicating that the antibacterial activity possessed by the SA extract
is higher than that of the NPs. Further, the ZOI of the NPs and extract is lower than that
of the positive control, showing that the antibacterial activity of the NPs and the extract
is lower than that of the positive control [57]. However, their antibacterial activity is not
much lower than that of the positive control, as it is very close to the control in the case of
K. pneumoaeniae, and half as close to the positive control in the case of E. coli and S. aureus.

It is clearly shown that the ICs values (Table 6, Figure 6d) were higher for both the
extract and the NPs (and the value of the NPs was even higher than that of the extract) as
compared to the control against K. pneumoaeniae and E. coli and equal to that of control in
the case of S. aureus.

Table 6. Antibacterial assay in terms of ICs; values.

K. pneumoaeniae ICs E. coli ICy S. aureus 1Cs
Samples (mg/mL) (mg/mL) (mg/mL)
Ag-Fe BMNPs 65 + 0.29 75 £0.29 50 +0.31
SA Extract 54.16666667 + 0.29 62.5 + 0.37 50 £ 0.40
Positive Control 50 + 0.21 22 +0.71 50 4+ 0.57

In short, the results suggest that the NPs and the extract are better substitutes for
traditional antibiotics, like cefixime, in terms of sustainability and bacterial resistance, i.e.,
they are easy to make, cost-effective, environmentally friendly, less time-consuming in their
synthesis, produce less waste, require less energy, and easily handled conditions for their
synthesis. The results confirm the powerful antibacterial potential of NPs as an extract,
although the ZOI was lower for them as compared to the control; on the other hand, the
ICs values were higher for them than they were for the control, suggesting that they would
be the best substitute for antimicrobial agents in future.

3.5. Mechanism of Antibacterial Activity of Ag—Fe BMNPs

Due to the growing number of antibiotic-resistant strains, scientists are making on-
going efforts to find alternatives. Among these alternatives, metal nanoparticles are an-
ticipated to be best due to their capability to poison many biomolecules in bacterial cells
in one go before they develop resistance. NPs’ diminutive size makes them capable of
efficiently diffusing inside the cells and showing their magic. A lot of studies have revealed
that they kill bacteria in a variety of ways (Figure 7, Table 7), and a highly debated way
is by their reaction with mitochondrial enzymes, causing the creation of reactive oxygen
species (ROS) [11,24,58]. This causes oxidative stress in various ways, such as by causing
gene mutation due to DNA disruption, loss of tertiary and secondary structure of enzymes
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and proteins, and disruption of ion channel of the cell membrane, causing the leakage of

cytoplasmic contents, etc.

>
Ag-Fe BMNPs @

—_ IR
/—. ANANS 'AXNAl \

Y DNAdisruption \ “ﬁ"ﬂ‘ W
> ©

Loss of secondary and
teriary stuctures of proteins

lon channel
disruption

Figure 7. Antibacterial mechanism of NPs.

Table 7. Table of comparison of the current work with previous literature.

Synthesis Nanoparticle Characterization s Catalytic/Biological
Study Focus Method Source Techniques Applications Efficacy References
Antioxidant: 64-73%
Ag-Fe BMNPs using Green synthesis AgNO; and UV-VIS, XRD, An.t10x1da.nt, inhibition; Ant1bac.ter1al: .
Syzygium aromaticum with plant extract FeNO3.9H,O EDX, antibacterial, 1-1.5 em ZOL; This work
Yyzys8 ’ FTIR, SEM insecticidal Insecticidal:
80-100% mortality
UV-VIS, TEM, . - .
Ag—Fe BMNPs using Green synthesis AgNOj3 and SEM, XRD, d Cataly.tlc Eff1c1en't reduction of
. L . egradation of 4-Nitrophenol [59]
Salvia officinalis with plant extract Fe(NO3)3 FTIR, 4nitrophenol to 4-Aminophenol
EDX, TGA opheno o opheno
Antimicrobial . . .
. . . Exhibited antimicrobial
Ag-Fe BMNPS usIng C.;reen synthesis Ag and Fe salts UV-VIS, SEM against (bactericidal) [24]
Gardenia jasminoides ~ with plant extract multidrug- -
- . synergistic effect
resistant strains
Good in vitro
Ag@Fe BMNPs using  Green synthesis AgNOj3 and UV-VIS, aigﬁzii;?;i a:llstlel;a;;eé‘;atla? C;T;gz’; 48]
Palm dates fruit with fruit extract Fe(NOs)3 TEM, EDX .’ 4
photocatalytic degradation of
bromothymol blue
. . Effective antibacterial
Ag-Fe BMNPs using C?reen synthesis Ag and Fe salts UV-VIS, FI-IR Antimicrobial activity on [60]
Papaya leaf extract with plant extract . .
pathogenic bacteria
Antifungal, .
Ag—Fe BMNPs using Green synthesis d 1 UV-VIS, FTIR, induces Induﬁes a{aoptoms .and
Beta vulgaris L with plant extract Ag and Fe salts SEM, apoptosis in cell cyce arrest in (601
’ TEM, EDX Candida auris
fungal cells
Demonstrated effective
Ag-Fe BMNPs using Green synthesis Ae and Fe salts UV-VIS, Antimicrobial, antibacterial and [61]
Passiflora edulis with plant extract & XRD, SEM antioxidant antifungal activities; high

antioxidant activity
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4. Experimental
4.1. Chemicals

All the used chemicals, AgNOs, FeNO3.9H,0, DPPH, Cefixime, and Cypermethrin,
were of analytical grade and bought from a local supplier. Deionized water was used to make
all solutions during the whole study. Bud extract of Syzygium aromaticum (SA) used to make
extract and maize seeds used for phytotoxic assay, were bought from the local market.

4.2. Preparation of SA Bud Extract

SA buds were washed thoroughly, dried, and ground to powder. Then, 5 g of cloves
powder was taken into 200 mL of hot deionized water and heated with stirring for 30 min
at 60 °C. The mixture was cooled at room temperature and filtered with Whatman filter
paper No. 1. The filtrate was kept in a freezer at 4 °C.

4.3. Preparation of Ag—Fe BMNPs

Next, 0.01 M AgNOs3 and FeNO3-9H,0O solutions were prepared in deionized water.
Both solutions were mixed and heated at 80 °C for 10 min, along with stirring. A total of
10 mL of the SA extract was added to the reaction solution. The solution’s color changed
dramatically from golden yellow to jet black, indicating the creation of BMNPs. The solution
was allowed to heat at 80 °C for 1 h. The jet-black colored solution was centrifuged at
400 rpm for 5 min and washed with deionized water and dried at 80 °C for 23 h (Figure 8).

)

AgNO, +
FeNO,.9H,0 -
Solution =

'3

]

INW

1o13eENjUIIU3N

Figure 8. Schematic representation of Ag—Fe NP synthesis.

4.4. Characterizations

The as-prepared Ag—-Fe BMNPs were analyzed using analytical techniques. Agilent
Cary 60 UV-VIS spectrophotometer (Agilent, Penang, Malaysia), 200-600 nm range, was
used to examine the optical properties and preliminary evaluation of the reaction. Agilent
Cary 360 FTIR spectrophotometer (Agilent, Penang, Malaysia), 4000-600 cm ! range, was
used to see the functionalities present in biomolecules for creating and stabilizing NPs. D2
Phaser Bruker XRD (Bruker AXS, Karlsruhe, Germany) with CuKe« radiations (A = 1.54 A,
45 kV, 40 mA), 25-80° range (scan rate, 0.02 min~!), was used to study crystallinity and
size of BMNPs. Nova Nano SEM 450 FE-SEM (Thermo Fisher, New York, NY, USA) was
used to check the surface morphology and the same instrument was used for EDX analysis
to find the elemental constitution.
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4.5. Applications
4.5.1. Magnetic Studies

A magnetic chip was brought closer to Ag—Fe BMNPs to observe their magnetism. The
magnetic chip was used to produce the magnetic field. The attraction of BMNPs toward
the chip showed magnetic characteristics and confirmed the core—shell structure of BMNDPs.
A similar experiment was performed by Sher et al. in 2021 [62].

4.5.2. Biological Studies

Biological assays were made for Ag-Fe BMNPs and SA extract. Their potential for
biological activities was checked by comparing it with that of control. Biological studies
were made in two parts: by calculation of (a) %inhibition or zone of inhibition (ZOI), with
greater %inhibition or ZOI correlating to greater biological activity and vice-versa; and
(b) ICs5 values [24], with smaller ICsy value correlating to greater biological activity and
vice versa [63]. The ICsy value for NPs and extract was calculated from the graph of %age
inhibition or ZOI versus sample concentration in every biological activity.

4.5.3. Phytotoxic Assay

The phytotoxic assay of Ag-Fe BMNPs and SA extract was performed using maize
seeds [64]. The seeds were immersed in sodium hypochlorite solution (0.1%) for 10 min for
sterilization, and further soaked in distilled water for 10 min. Then, 10 seeds were placed
inside the phytotoxic kit containing Ag-Fe BMNPs with a distance of 2 cm between each
seed, and the kit was placed in an incubator at room temperature. Growth germination
was noted after one day. Control seeds showed 100% germination. The germination rate or
% age inhibition of seed growth was calculated using the following equation:

%inhibition = (NO. of non — germinated seeds/initial No. of seeds) * 100
Lastly, the IC5p of NPs and extract was also calculated.

4.5.4. Antioxidant Assay

Antioxidant studies of Ag-Fe BMNPs and SA extract were checked by performing
a DPPH assay according to Shahzad et al. [65]. First, 1 mL of freshly prepared DPPH
methanolic solution (0.004%) was added into 3 mL of Ag-Fe BMNPs (50 mg/mL and
100 mg/mL), mixed thoroughly, and placed the mixture in the dark for 30 min, and
absorbance was taken at 517 nm. Ascorbic acid was used as a standard here. Then,
% inhibition, (DPPH radical capturing potential) was calculated using the following equation:

%age inhibition = (standard’s absorbance — sample’s absorbance/standard’s absorbance) * 100

4.5.5. Insecticidal Assay

The insecticidal potential of Ag—Fe BMNPs and SA extract was performed using red
beetles as model insects. The samples of 0.5 mg/mL, 1 mg/mL, and 1.5 mg/mL were added to
three labeled petri dishes and placed in an incubator to dry. After drying, 10 red beetles were
added to each petri dish to evaluate the insecticidal potential of extract and NPs. The highest
and lowest doses of samples were used to calculate lethal concentration. Cypermethrin was
used as a positive control. Next, %age mortality or %age inhibition, showing the insecticidal
potential of test sample and extract, was found using the following equation:

%age mortality = (NO. of dead beetles/initial NO. of live beetles) % 100

4.5.6. Antibacterial Assay

The antibacterial potential of Ag-Fe BMNPs and SA extract was checked against
K. pneumoniae, S. aureus, and E. coli using the disc diffusion method. A filtered disc (6 mm
in diameter) of 100 microliters suspension of each bacterial species; 107 colony-forming
units (CFU/mL) were made and injected into their respective petri dish containing agar
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nutrients. Each filtered disc was saturated with BMNPs and placed at 4 °C for 2 h, followed
by incubation at 37 °C for 18 h. The measurement of ZO], followed by ICs( calculation was
performed. Cefixime was used as a positive control.

4.6. Statistical Analysis

All biological assays were performed in triplicate, and results are shown as their mean
values. All of the experimental calculations were performed using MS Excel 2018.

5. Conclusions

In this study, we have produced core-shell Ag-Fe BMNPs using the bud extract of
S. aromaticum, which was confirmed by their characteristic SPR peak obtained by their
UV-VIS analysis. Phyto-molecules, present in the SA extrac and responsible for the creation
and stabilization of NPs, were confirmed by FTIR. The average crystalline size of NPs,
calculated by the Scherrer equation using XRD data, is 16 nm. The SEM image clearly
shows that the NPs are nearly spherical. The prepared NPs and extracts were evaluated
to check their antibacterial, antioxidant, and insecticidal activities as compared with the
control. The results have shown that they possess either higher or comparable activities to
those of control, suggesting them as the best possible alternatives to traditional antibiotics,
antioxidants, and insecticides made through primitive methods. We have produced them
using a simple, facile, inexpensive, one-vessel, and one-step process taking only one hour,
at 80 °C using eco-safe deionized water as a solvent, from preparing the extract and the
NPs to their applications at all stages of research work. Further, the equipment used
for their synthesis is also not very expensive compared to the equipment used in their
conventional synthesis, a step towards sustainable development. Our study paves the way
towards sustainable development and applications of Ag—Fe BMNPs in medicinal and
agricultural fields, demanding further research on their use in antioxidant, insecticidal, and
antibacterial formulations.
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