
INTRODUCTION
The emergence of bacterial resistance to traditional medicines 
has made antibiotic-resistant bacterial illnesses a serious 
problem. As a result, developing novel and effective bactericidal 
medicines is critical for therapeutic success. Metallic 
nanoparticles (NPs) were shown to be interesting alternatives 
to antibiotics. The challenging issue of treating resistant 
illnesses has arisen as a result of bacteria developing antibiotic 
resistance. The development of drug-resistant bacteria, a global 
issue, is increasing the possibility of mortality and morbidity 
among those with the infection and adversely impacting 
the medical condition of an extensive spectrum of patients, 
including those being given cancer treatment, recently having 
surgery, receiving an organ transplant, or being admitted 
to the intensive care unit.1 In a 2017 report released by the 
WHO Global Antimicrobial Surveillance System, antibiotic 
resistance was recognized as an international concern. 
Antibiotic-resistant diseases are expected to be expensive 
to treat, costing an estimated US$50,000 per person-year 
and US$20 billion to society.2 Apart from these naturally 
existing particles, the idea of producing new particles has 
been recognized for decades, and the number and diversity of 

ways to do so are growing every year. Extracellular polymeric 
substances (EPS) produced by bacterial cells have the potential 
to function as a barrier against both host immune responses 
and some conventional antimicrobial therapies. In addition, 
biofilms show multiple changed phenotypes contributing to 
resistance to many routinely used antibiotics. Slow growth 
rates, persister cell presence, and chemical and geographical 
heterogeneities are some of these changed phenotypes.3,4

In the past ten years, there has been a lot of focus on 
coming up with new techniques and strategies for producing 
nanomaterials like metal nanoparticles, carbon nanotubes 
(CNTs), graphene, quantum dots (QDs), and their mixtures. 
These developments have significantly enhanced the field 
of nanoscience and technology.5 Green nanotechnology is a 
young branch of science and technology that aims to provide 
sustainable and ecologically friendly methods of producing 
nanoparticles (NPs). This technique employs natural materials, 
such as plants, as reducing and encapsulating agents to create 
NPs. The utilization of plants as “eco-friendly nano-factories” 
is gaining attention in pharmacy and medicine owing to 
their biocompatibility and stability. Green production of 
metallic NPs, especially silver NPs, is a viable alternative to 
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chemically manufactured NPs. Biogenic NPs, generated in 
living creatures, including plants, are enclosed by capping 
layers that offer an active surface for interaction with biological 
components. These capping layers may be changed to enhance 
the effectiveness and distribution of NPs. Biogenic NPs have 
a greater antibacterial impact than chemically generated NPs, 
notably against multidrug-resistant pathogens. Utilizing plant-
based nanoparticles in agriculture represents a promising 
advancement towards the nano-revolution in the agricultural 
industry. The use of green nanotechnology for synthesizing 
metallic nanoparticles is more advantageous than chemical 
synthesis. This is due to the simplicity, cost-effectiveness, 
and environmentally friendly nature of the synthesized NPs. 
These factors indicate the superiority of plant-based NPs over 
chemically manufactured NPs.6-9

Importance of Combating Antibiotic-Resistant Bacterial 
Infections
The increasing rise of antibiotic-resistant bacterial illnesses 
poses a substantial danger to world health and well-being. 
Antibiotic abuse and misuse have led to the emergence of 
resistance, which makes treating common infections more 
challenging.10,11

Here are some reasons why it’s critical to fight bacterial 
illnesses that are resistant to antibiotics:
Healthcare burden
Extended hospital stays, more complex diseases, and the need 
for stronger, more costly medications are all consequences of 
antibiotic-resistant infections.12

Limited therapy options 
Due to the potential need for second and third-line therapies, 
treating resistant infections can be challenging or even 
impossible. In some circumstances, there may be no treatment 
choices available, which can lead to organ failure and 
protracted care and recovery.13

Impact on medical progress 
The use of antibiotics to combat infections is essential to 
many medical advances, including cancer treatment, organ 
transplants, and joint replacements. Antibiotic resistance would 
have a substantial influence on these treatments and might 
result in a lowering of healthcare standards.
Financial implications 
The widespread increase of antibiotic resistance is a severe 
problem that is eroding the efficacy of traditional medicines 
against common bacterial infections.14 This can lead to 
increased healthcare expenditures, lost productivity, and a 
severe economic burden on countries and their citizens.

Fighting bacterial diseases resistant to antibiotics is crucial, 
and it cannot be emphasized enough. The fast evolution of 
resistance presents enormous implications to global health, 
healthcare systems, and economic stability. Urgent effort is 
necessary to solve this dilemma and create effective solutions 
to combat antibiotic-resistant bacterial infections.

Causes of resistance 
There are many different factors that contribute to antibiotic 
resistance, such as naturally occurring (biological) reasons, 
selection pressure, mutation, gene transfer, social pressures, 
improper usage, insufficient diagnosis, and excessive and 
improper use of antibiotics. Bacteria and fungi may evolve 
resistance via mutation, gene transfer, and selection pressure. 
The abuse of antimicrobials, even when administered 
responsibly, produces a selection pressure for resistant 
microbes. 
Mutation
One of the main processes by which bacteria become resistant 
to antibiotics is mutation. Mutations may happen on their own 
as a result of mistakes made during synthesizing DNA. In 
some situations, such as resistance to fusidic acid, rifampicin, 
oxazolidinones, and fluoroquinolones, mutational resistance 
predominates. Certain antibiotics may cause bacteria to 
mutate more often. Antibiotic-resistant bacteria may develop 
resistance via mutations, and these germs can withstand 
antibiotic treatment and proliferate due to natural selection.15-17 

Figure 1 shows the mutation leading to antibiotic resistance. 
E.g., when one antitubercular medication is used, also termed 
vertical transmission of resistance.
Gene Transfer
One important route via which antibiotic resistance genes 
propagate among bacteria is horizontal gene transfer or HGT. 
Resistance spreads quickly as a result of the ability of bacteria 
to exchange genetic resources, including genes that confer 
resistance to antibiotics.18 Transformation, transduction, and 
conjugation are a few examples of the mechanisms that may 
lead to HGT.19 Little circular DNA fragments called plasmids 
are essential to this gene transfer process because they make 
it easier for bacteria to share resistance genes.

Through this process, bacteria might pick up new 
characteristics from other bacteria in their surroundings, such 
as antibiotic resistance. Three main HGT techniques exist:
Conjugation
In bacterial genetics, conjugation is the process by which 
genetic material is passed from one bacterium to another. 
During direct contact between the two bacteria, a structure 
known as a pilus is used by the donor cell to transfer DNA to 
the recipient cell in this kind of horizontal gene transfer. The 
receiving cell may become an F donor during conjugation, 
donating DNA to additional cells and producing its own pilus. 
This is possible if the F factor (fertility factor) is transmitted. 
Since conjugation is the primary method by which most 
resistance genes on mobile genetic components propagate 
across bacteria, it plays a crucial role in the transmission of 
antibiotic-resistance genes. One possible tactic to stop the 
spread of antibiotic resistance is to inhibit conjugation.20

Transduction
During specialized pathways, bacteriophages can only take up 
certain regions of the host’s DNA; whereas during generalized 
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transduction, they may take up any portion of the host’s 
genome. This procedure is DNase resistant and does not need 
direct physical contact between the donor and recipient cells. 
Molecular scientists often use transduction as a technique to 
permanently insert an alien gene into a host cell.21

Transformation
Bacterial transformation is used in DNA cloning, a process that 
involves introducing a plasmid containing a desired gene into 
bacteria by transformation. The presence of certain markers, 
such as antibiotic resistance genes carried by the plasmid, 
may subsequently be used to select for the altered bacteria. 
The transformed bacteria may be selected because only the 
bacteria that have incorporated the plasmid will proliferate 
when exposed to the matching antibiotic. The synthesis of 
vital proteins for medicine, the examination of gene function, 
as well as the creation of genetically modified creatures are 
just a few of the practical uses for this procedure.22

Methods of Various Synthetic Techniques Available for 
Creating Metal Nanoparticles
Numerous investigations have used physical and chemical 
synthesis approaches to make nanoparticles since NPs have 
been the focus of intense investigation due to their extraordinary 
capabilities that are regulated by their structural morphology.23 
Metallic nanoparticles are microscopic particles of metal 
that possess a broad range of uses in numerous industries, 
which include biotechnology, engineering, and materials 
science. They are often constructed of a shell covering a metal 
core made up of organic or inorganic materials, and their 
qualities are altered by modifying their shape, composition, 
size, structure, assembly, and optical properties.24 Metallic 
nanoparticles, which typically have sizes between 10 and 
500 nm, are particularly interesting in the field of biotechnology 
because of their potential uses in noninvasive imaging 
drug delivery systems and their capacity to interact with 
biomolecules on cell surfaces.25 The literature has examined 
two main principles of synthesis, namely bottom-up and top-
down techniques, to produce nanomaterials with certain sizes, 
shapes, and functions (Figure 2).
Top-down method
The two main synthetic approaches for creating Bottom-up and 
top-down methods are used to create metal nanoparticles. The 

bottom-up technique integrates individual atoms and molecules 
into larger structures, while the top-down method separates 
large-scale components into tiny particles of nano-dimensions 
utilizing different physical and chemical techniques.26 

The top-down technique is utilized for the reduction in 
size of current technological gadgets, whereas the bottom-up 
approach is used for developing even more complicated 
molecular devices on an atomic layout. Both top-down and 
bottom-up techniques can perform the synthesis of metallic 
nanoparticles.27 The former works with the reduction in size 
of current technological gadgets, whereas the latter performs 
an opposite role, which is creation of even more sophisticated 
molecular devices on an atomic arrangement.28

Bottom-up
In bottom-up approaches, individual atoms and molecules are 
integrated into larger structures to form metal nanoparticles. 
Some typical bottom-up synthesis methods some common 
Bottom-up methods are gas-phase synthesis, liquid phase 
formation, DNA-assisted approach, and green synthesis. 
Various synthetic techniques available for creating metal 
nanoparticles is illustrated in Figure 2. 

To manufacture NPs, two classic approaches are frequently 
utilized. Both approaches possess different synthesis principles 
but provide NPs that possess the requisite characteristics. 
Nanoparticles are created utilizing a variety of techniques that 
can be classed as a bottom-up or top-down method.29 

These bottom-up approaches offer advantages like as 
excellent control over particle dimensions, composition and 
ability to create intricate nanostructures. However, they can 
be more time-consuming and demand more exact control over 
the synthesis conditions compared to top-down techniques.
Chemical method
Using a variety of chemical reducing agents with a stabilizing 
agent present, metal ions are reduced from their ionic salts 
to create metal nanoparticles. Common chemical techniques 
include the Turkevich method (citrate reduction), which 
reduces metal ions in a citrate solution, and the creation 
of metal nanoparticles using reducing chemicals such as 
sodium citrate.26 These technologies are often employed to 
obtain particles with the necessary qualities and are possibly 

Figure 1: Mutation leading to antibiotic resistance
Figure 2: Various synthetic techniques available for creating metal 

nanoparticles.
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damaging to the environment. However, they are typically 
costly and potentially damaging to the natural world and 
living things.30

Green-synthesis
Biological components are used in green synthesis as a one-pot 
or one-step bio-reduction technique that is environmentally 
benign. This runs counter to the use of very toxic and radioactive 
reductants in traditional physical as well as chemical synthesis 
processes.5 Research on the utilization of plant extracts and 
microbes in the synthesis of metal nanoparticles is now 
underway. However, additional investigation is required to 
gain a comprehensive understanding of the biological synthesis 
process and its possible practical uses.31

Implementing environmentally friendly nanotechnology 
is the most effective technique to mitigate the negative 
consequences associated with the production of nanomaterials, 
as it minimizes the likelihood of encountering challenges 
present in alternative methods.32 Compared to wet chemical 
nanoparticles, green nanoparticles showed much less 
cytotoxicity and phytotoxicity, indicating that they may be 
safer to utilize in melanoma therapy studies.

Biosynthesis, sometimes referred to as “greener synthesis,” 
offers a useful, economical, low-risk, and environmentally 
benign method of creating NPs. The bottom-up method of 
NP synthesis is called biological synthesis. It takes living 
creatures like viruses, bacteria, fungi, algae, and plants to make 
nanoparticles using biological processes. Making ensuring that 
the bacteria, viruses, or fungus that were employed to make the 
nanoparticles don’t pose any hazards is crucial. In particular, 
when people come into contact with them, they shouldn’t be 
a threat to them.33,34

Plant-based nanoparticles
External factors have a significant influence on plant secondary 
metabolism, resulting in the production of natural products 
in various parts of the plant, like leaves, stems, shoots, 
flowers, bark, seeds, and roots. External cues can greatly 
speed up this process. Green synthesis involves using plant 
extracts or plant components to produce nanoparticles in an 
environmentally friendly way. The end product is identified 
as a plant-based nanoparticle.35 This approach entails utilizing 
phytoconstituents obtained from plants to manipulate the 
properties of nanoparticles, including their form, biological 
activity, dimensions, crystallinity, surface charge, and 
surface coating.36 The characteristics of nanoparticles may be 
examined using a variety of methods, including as dynamic 
light scattering, microscopy with scanning electrons, X-ray 
diffraction (XRD), transmission electron microscopy (TEM), 
and the Fourier transform of infrared spectroscopy (FTIR).37 
Plant-based nanoparticles are increasingly recognized as 
a kind of nanomedicine and are thought to be superior to 
manufactured nanoparticles.38 Numerous industries, including 
biomedical science, sensors, imaging, the field of biotechnology 
technology, food packaging, treatment of water, medicine, 
beauty products, fabric engineering, and dye degradation, 

may benefit from the use of these materials.39 Combinations of 
biomolecules, including alkaloids, phenolics, polysaccharides, 
proteins, vitamins, amino acids, and/or terpenes, may be used 
to reduce and stabilize Ag ions and generate AgNPs in an 
easy and economical way.40 AgNPs, or silver nanoparticles, 
have been extensively studied as plant-derived nanoparticles, 
mainly due to their strong antibacterial and antifungal 
characteristics. The different biogenic metallic nanoparticles 
having antimicrobial properties showed in Table 1. 

Notably, nanoparticles (NPs) generated by plants have 
a greater diversity in their morphology and dimensions 
in comparison to those produced by other animals.47 The 
AgNPs, which were synthesized by a green synthesis process, 
demonstrated antibacterial and antifungal activities that were 
directly proportional to their concentration. Conversely, 
AgNPs sourced from fungi exhibited enhanced antifungal 
characteristics against superficial mycoses, particularly 
Malassezia furfur (= Pityrosporum ovale) and Candida 
albicans.48 The plant Dioscorea bulbifera, which is a member 
of the Dioscoreaceae family, was used to extract an extract 
that was used to lower silver ions in water (Ag+). The resultant 
AgNPs showed strong antibacterial qualities against both 
gram-positive and gram-negative germs. This kind of plant 
exhibits substantial therapeutic qualities as a consequence of 
its particular phytochemistry.49

Due to their uncomplicated production, easy surface 
functionalization, and special qualities – such as their low 
toxicity and extremely biocompatible nature – AuNPs, or 
gold nanoparticles, have garnered a lot of interest.50 During 
the production of gold nanoparticles, a number of chemical 
elements inside biogenic complexes serve as reducing 
agents, which causes gold metal ions’ decrease as well as the 
subsequent creation of nanoparticles.51 Figure 3 shows the 
suggested synthetic technique for producing gold nanoparticles 
by plants. Furthermore, these nanoparticles could be hazardous 
in the context of biological applications.52

In order to create AuNPs, which may be used as 
biomedicines to fight bacteria that are resistant to medications, 
a number of researchers are experimenting with employing 
plant extracts. Memecylon umbellatum nanoparticles were 
suggested for use as chemical sensors by Arunachalam et al. 
(2013).53

Due to their ability to quickly adhere to charge-negative 
bacterial surface cells and induce rupture of the cell wall 
& ensuing cell demise, positively charged FeNPs show 
extraordinary antimicrobial activity against microorganisms 
classified as bacteria that are gram-positive and bacteria 
that are gram-negative. Using the extract from leaves of 
Eichhornia crassipes (Pontederiaceae), rod-shaped FeNPs 
were bioproduced, and at aqueous FeNPs at 100 mg/mL, they 
showed excellent inhibiting action against P. fluorescens and 
S. aureus. FeNPs were also shown to inhibit S. aureus, P. 
aeruginosa and.54 K, B. subtilis, E. coli, and epidermidis. 
The lowest inhibitory dosage for the first two bacteria was 7.8 
mg/l, making them the most sensitive .55 FeNP Couroupita 
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guianensis fruit extract was shown to have more antimicrobial 
activity in relation to gram-positive and gram-negative 
bacteria, including S. typhi MTCC 3917, E. coli MTCC 2939 
and K. pneumoniae MTCC 530.56 With a little suppression 
of S. dysenteriae, this novel antibacterial drug was shown to 
be very suitable for K, S. aureus, S. typhi, and S. enterica, S. 
pneumoniae. Additionally, it was confirmed that E. coli and 
S. aureus strains were successfully suppressed by hematite 
(α-Fe2O3) nanoparticles that were made using leaf extract from 
Anacardium occidentale (Anacardiaceae). The procedure of 
bioreduction initiated via the Cynometra ramiflora leaf extract 
(Fabaceae) resulted in spherical and crystalline FeNPs with 
significant bactericidal potential against S. epidermidis.57 

Lately, there has been a great deal of curiosity around 
in zinc oxide nanoparticles, or ZnONPs, because of their 
many potential uses in biological medicine, beauty products, 
electronics, and optics. Too far, a large synthesis has been the 
subject of several published studies. and use of nanoparticles 
of zinc oxide (ZnONPs) by plants, microbes, and other species. 
Numerous studies have garnered interest because to their 
affordability, safety, and ease of synthesis. Plant materials such 
as leaves, flowers, roots, and seeds may all be used to make 
ZnONPs. These nanoparticles are notable because of their 
enormous a Their broad range of semiconducting properties 

may be attributed to their high exciton binding energy of 
60 meV and band gap of 3.37 eV.58-60

Antimicrobial Activity of Various Metallic NPs
After extensive research, metal-based It has been shown that 
nanoparticles exhibit broad-spectrum antimicrobial action 
due to their non-specific bacterial toxicity mechanisms, which 
prevent the particles from binding to a specific bacterial cell 
receptor.61 The antibacterial action of these nanoparticles is 
contingent upon and proportional to the release of ions; other 
processes, such as the production of oxygen species that 
are reactive, cation release, damage to biomolecules, ATP 
depletion, and membrane contact, have also been proposed.62 
The usage of metallic nanoparticles, like copper, zinc oxide, 
gold, silver, and copper oxide, has demonstrated promising 
antibacterial activity against diverse diseases. 
Antimicrobial action of AgNPs
Silver nanopar t icles’ (AgNPs’) capacity to combat 
microorganisms has been extensively studied. AgNPs 
indicate efficacy against a range of pathogenic and infectious 
microorganisms, including bacteria that are resistant to several 
drugs.63 Despite being widely used in the medical field, 
antibiotics might cause germs to become resistant to them over 
time. This might be the result of the self-defense mechanism of 
the bacterium, which could lead to gene mutation. This makes 
it possible to create enzymes that render antibiotics inactive.64 
Thus, antibiotic resistance in microbes has grown to be a 
significant issue. Among the other NPs, silver has the strongest 
antibacterial properties. Ag NPs serve as nanocarriers as 
well for medications and treatments that boost the efficacy 
of antibiotics against bacteria that have become resistant to 
them.65-67 Therefore, using green materials as reducing agents 
– such as plant, microbial, and algae extracts – offers several 
benefits (Figure 4). Typically, metallic salt solutions are mixed 
with biological extracts.68

Some of the most dangerous, drug-resistant bacterial 
strains are included in Table 2, along with the relevant 
antibiotics to which they have become resistant.

Table 1: different biogenic metallic nanoparticles having antimicrobial properties

Microorganism NPs Part Antibiotic References

Listeria B. cereus, S. aureus, E. coli, S. typhimurium, and 
monocytogenes

AgNPs Fight harmful germs and 
viruses, and break through 
E. coli’s outer membrane.

Kanamycin, 
rifampicin

41

Gram-negative bacteria: Salmonella typhi, Klebsiella 
pneumoniae, and Escherichia coli Bacillus subtilis and 
Staphylococcus epidermidis are examples of gram (+) 
bacteria; Aspergillus fumigatus, A. clavatus, A. niger, and 
Candida albicans are examples of fungi.

Synthesis mediated 
by plants

round nanoparticles with 
antimicrobial properties

n.c. 42

Strain BL-21 of E. coli AgNPs Tuber n.c. 43

E. coli CuONPs Leaf extract n.c. 44

Shigella sonnei, Citrobacter amalonaticus, Salmonella 
typhi, and E. coli

AgNPs Leaves extract Ciprofloxacin 45

S. aureus, Streptococcus pyogenes AuNPs Aqueous leaves extracts n.c. 46

Figure 3: Synthetic technique for the manufacture of nanoparticles of 
gold by plants.
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The Antibacterial effect of Agnps can be linked to numerous 
mechanisms

•	 Production of oxygen species that react (ROS)
Reactive oxygen compounds (ROS) that have a tendency to 
injure and interfere with bacteria’s metabolic processes are 
produced, roughly speaking, by AgNPs.69

•	 Ag+ ions are released
AgNPs may produce Ag+ ions, which may combine with the 
sulfhydryl groups of various proteins and enzymes to disrupt 
the respiratory chain and destroy the bacterial cell wall.69

•	 Binding with the cell walls of bacteria
When AgNPs adhere to bacterial cell walls, the permeability of 
the membrane is disrupted, allowing cell contents to seep out.69

•	 Relationship between thiol groups
AgNPs can interfere with the respiratory chain and damage 
the cell of bacteria wall by interacting containing various 
enzymes’ thiol groups and proteins.69 It has been demonstrated 
that AgNPs are efficient against fungi, viruses, and both 
gram-positive and gram-negative bacteria.70 Because of 
these nanoparticles’ promising effectiveness against a range 
of germs, including both gram-positive and gram-negative 
bacteria, they may eventually replace conventional antibiotics. 
Ag NPs’ size and shape affect their antibacterial action. Ag 
NPs’ surface area rises with decreasing size, according to Pal 
et al. (2007), which enhances their molecular binding affinity. 
Furthermore, the antibacterial effect of Ag NP with a triangular 
form was shown to be substantially greater than that of Ag NP 
with a spherical or rod-shaped shape.71

It has been shown that Ag nanoparticles are potent against 
gram-negative bacteria than gram-positive bacteria. This is due 
to the positively charged silver’s binding to the surrounding 
negatively polarized lipopolysaccharides. On the other hand, 
Bacteria that are gram-positive include coated with a thick 
coating cross-linked by embedding proteins, comprising linear 
polysaccharides and peptidoglycans. This layer gives the cell 
rigidity and inhibits NPs from sticking to its surface. Ag NP 
may enter cells via the holes in the cell wall that are created 
upon binding with gram-negative bacteria, silver ions.72

Function of Fe NPs as an antimicrobial
Iron nanoparticles’ antimicrobial properties (Fe NPs) have 
been investigated with varying degrees of success. Fe NPs 
have been discovered to exhibit antibacterial qualities in some 
investigations, but to have little to no influence on the growth 
of bacteria in other studies. According to one study, Fe2O3 
NPs were less effective than ZnO and CuO NPs at inhibiting 
the development of Escherichia coli.4 According to a different 
study, Fe NPs showed a stronger bacteriostatic impact than 
Fe3O4 NPs against Pseudomonas aeruginosa. On the other 
hand, unlike NPs denoted as Fe, Ag, or FeSO4. There was no 
bactericidal effect reported by Lee et al. Fe3O4 NPs against 
E. coli.

Numerous invest igations on iron nanopar t icles’ 
antibacterial properties have been carried out (Fe NPs). The 
results of numerous investigations have shed light on Fe 
NPs’ possible antibacterial qualities. Both free iron ions and 
nanoparticles based on iron oxides (IONPs) have demonstrated 
the antibacterial qualities of Fe NPs.73 According to reports, 
Fe3+ at specific doses suppressed the growth of E. coli, whereas 
Fe3O4 NPs showed a more prominent bacteriostatic effect on 
P. aeruginosa.74

FeNPs’ green manufacturing method, which is economical, 
environmentally benign, and yields stable nanoparticles made 
from metals that don’t need hazardous chemicals, has been 
linked to their antibacterial efficacy.75 Moreover, iron oxide 
nanoparticles’ ability to modify the nanoparticle-bacteria 
interface, where they have demonstrated antimicrobial action 
at comparatively high concentrations, has been related to 
their antimicrobial activity. The results of these investigations 

Figure 4: Schematic illustration of the technique for green 
manufacturing of silver nanoparticles employing diverse biological 

entities.

Table: 2 Bacterial strain and corresponding antibiotics with resistance

Bacterial strain Corresponding antibiotics with 
resistance

Staphylococcus aureus resistant to 
methicillin (MRSA)

Methicillin, penicillin, 
amoxicillin

Enterococcus vancomycin-
resistant (VRE)

Vancomycin, teicoplanin, 
daptomycin

Mycobacterium tuberculosis with 
multiple drug resistance (MDR-
TB)

Isoniazid, rifampin, ethambutol, 
pyrazinamide

Enterobacterales that produce 
carbapenemase (CPE)

Carbapenems, fluoroquinolones, 
aminoglycosides

Group A Streptococcus resistant 
to erythromycin (GAS)

Erythromycin

Resistant to clindamycin Group B 
Streptococcus (GBS)

Clindamycin

Acinetobacter resistant to 
carbapenems

Carbapenems, fluoroquinolones, 
aminoglycosides

Staphylococcus aureus resistant to 
vancomycin (VRSA)

Vancomycin, teicoplanin, 
daptomycin

Resistance to fluoroquinolones in 
campylobacter

Fluoroquinolones
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indicate that Fe NPs have the potential to have antibacterial 
activities, especially when they come from biogenic sources. 
To completely comprehend the processes and possible uses of 
Fe NPs in antibacterial activities, more study is necessary.76

Zinc oxide nanoparticles’ bactericidal characteristics
Significant antibacterial activity of zinc oxide nanoparticles 
(ZnO NPs) against a variety of bacterial infections has been 
shown. Numerous theories have been put forth to account for 
their bactericidal effects. ROS generation, cellular integrity 
loss upon ZnO material contact, internalization of ZnO 
NPs, and Zn2+ ion release are a few of these. ZnO NPs’ 
antibacterial activities are thought to be primarily mediated 
via the generation of ROS and the release of Zn2+ ions. While 
the release of Zn2+ ions can contact with the cell membrane of 
the bacterium and impair biological activities, the production 
of ROS has the potential to cause harm to bacterial cells. 
Furthermore, ZnO NPs’ smaller size has been associated 
with higher antibacterial action; these nanoparticles have the 
ability to penetrate bacterial cells and harm lipids, proteins, 
and DNA.77

Additional knowledge on ZnO NPs’ antimicrobial activity 
has been obtained through scientific investigations. Mendes 
et al.’s paper from Scientific Reports in 2022, for instance, 
described ZnO NPs and demonstrated their antibacterial 
efficacy against S. aureus and E. coli. The bactericidal activity 
of ZnO NPs was shown to be mediated via the generation 
of ROS and the release of Zn2+ ions, according to the study. 
Mendes et al. (2022) looked into the impact of ZnO NPs’ size 
and shape on their antibacterial activity and cytotoxicity profile 
in a different study published in Scientific Reports. The results 
of the study demonstrated ZnO NPs and nanorods had the 
most antibacterial activity against S. aureus and E. coli when 
compared to other antibacterial materials, demonstrating the 
significance of size and shape microparticles.78 It is well known 
that pathogenic bacteria’s cell surface proteins facilitate colony 
growth and adhesion. Tiechoic acid and polysaccharides are 
additional components of the cell wall that protect it from the 
host defense mechanism and outside influences. The modified 
surfaces of NPs may be used to induce specific interactions 
that jeopardize the integrity of the cell wall since they are 
all charged macromolecules. ZnO NPs directly interact with 
bacterial cell walls to undermine their integrity. ZnO shows 
strong bactericidal action against both gram-positive and gram-
negative bacteria.79 The study came to the conclusion that the 
following factors were mostly manifested in cell killing: (a) 
Photochemical reactions, (b) nanomaterial morphology, and (c) 
cell kinds and resistance mechanisms. The morphology of zinc 
oxide nanorods (ZnO NRs) is shown in Figure 5 in a magnified 
format, providing a basic example of materials relevant to 
toxicity. Due to their low toxicity and biocompatibility, ZnO 
nanoparticles (NMs) are regarded by several researchers 
as potential medication delivery vehicles. However, some 
ZnONM topologies can cause cell toxicity, and an overdose 
can cause necrosis in the cells. Different cells have varying 
qualities when it comes to losing their ability to survive; some 

are less resistant and more readily necrosed, while others have 
extremely high resistance and can withstand higher dosages 
of radiation or drugs before dying.

With processes including the current generation of ROS and 
the Zn2+ ions’ release playing a major part in their bactericidal 
action, ZnO NPs have shown considerable antimicrobial 
properties. Additionally, it has been demonstrated that the form 
and size of the nanoparticles affect their antibacterial qualities, 
with smaller nanoparticles having higher antibacterial 
activity. These results highlight ZnO NPs’ potential as strong 
antibacterial agents with a range of uses.
Bactericidal characteristics of Au NPs
It has been discovered that gold nanoparticles, or Au NPs, 
exhibit antimicrobial properties against a range of bacterial 
diseases. The primary reason for Au NPs’ antibacterial action 
is the large ratio of their volume to the surface, which makes it 
easier for them to enter cell walls and membranes. Au NPs may 
interact with bacterial surfaces and enter cells because of their 
tiny size, damaging lipids, proteins, and DNA, among other 
biological components. The size, shape, and concentration 
of the nanoparticles affect their antibacterial activities. It has 
also been discovered that biosynthesized Au NPs possess 
antibacterial qualities. The nanoparticles’ antibacterial activity 
can be increased by functionalizing them with natural plant 
chemicals.81-83 These pathogens’ effective minimum inhibitory 
doses (MICs) ranged from 8 to 64 nM, and it was believed 
that the disintegration of the bacterial cell was what led to the 
membrane.84

Characterization Techniques
Antibiotic resistance in bacteria is characterized using a variety 
of methods.
Concentration at which MIC
The quantity of an antibacterial drug that completely prevents 
the test strain of an organism from growing under precisely 

Figure 5: These four distinct morphologies of ZnO nanostructures are: 
zinc oxide nanoporous (ZnO Nps) (c), generated ZnO NRs in an amplified 
form of SEM representation (b), and amplified form of ZnO Nps (d).80
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controlled in-vitro conditions is known as the MIC, and it is 
stated as μg/mL, or micrograms per milliliter.85

Once a pure culture has been isolated, the MIC is 
ascertained by cultivating the microorganisms in liquid or on 
solid growth media plates. The MIC value is a crucial tool for 
directing antibiotic treatment as it is used to assess a bacteria’s 
sensitivity to antibiotics. When a medicine has a lower value 
of the MIC, it takes less of the drug to stop the organism from 
growing, making these drugs more potent antimicrobial agents. 
To classify microorganisms as drug-resistant, MIC values are 
compared to the suggested breakpoint concentrations. The MIC 
approach is often used in drug research and diagnostic labs. It 
is a vital tool for understanding the processes behind antibiotic 
resistance and creating successful countermeasures.86

Surface-enhanced raman spectroscopy
The technique surface-enhanced Raman Spectroscopy (SERS) 
enhances the scattering of Raman molecules and is sensitive 
to surface conditions. It is often used to identify and describe 
microorganisms that are antimicrobial resistant. SERS is a 
potent method for examining the chemical makeup of bacterial 
cells and detecting particular biomolecules, especially those 
linked to antibiotic resistance since it can detect single 
molecules.87,88 In order to enhance the signals associated with 
Raman of the molecules adsorbed on them. The approach 
makes use of nanostructured metal surfaces or nanoparticles. 
This improvement may reach up to 1010 to 1011, which makes 
it possible to identify molecules at very low concentrations. 
This is especially helpful when researching antibiotic 
resistance in bacteria.89 Because of its great sensitivity and 
specificity, surface plasmon resonance (SPR) has the potential 
to completely transform antibiotic resistance detection and 
characterization. It may help with the establishment of focused 
treatment plans and the tracking of antibiotic resistance in 
clinical and environmental settings by quickly and accurately 
identifying bacterial strains and their resistance profiles.88

ResFinder and resfams
Two databases are used to predict antibiotic resistance genes 
(ARGs) in bacterial genomes: ResFinder and resfams. While 
Resfams is a database that finds antibiotic resistance genes 
conserved structural domains, ResFinder is a database that 
concentrates on acquired resistance genes. These databases 
may be used to determine if bacterial isolates include ARGs 
and to forecast the resistance profiles of such isolates. Widely 
employed in diagnostic and drug development labs, ResFinder 
and Resfams are crucial instruments for understanding the 
processes behind antibiotic resistance and creating successful 
countermeasures.90

CONCLUSION
In order to fight the growing threat of bacterium resistant to 
antibiotics infections, the green synthesis of nanoparticles for 
combatting antibiotic-resistant bacterial infections. Because 
of their capacity to affect several biological processes, 
metallic nanoparticles are highlighted in the paper as 
potentially effective substitutes for conventional antibiotics. 

It also emphasizes the overwhelming support for the safe 
and sustainable future, sustainable, and eco-friendly creation 
of metallic nanoparticles utilizing natural chemicals. The 
important ramifications of treating antibiotic-resistant bacterial 
infections are also covered in the conclusion, including the 
financial cost, restricted treatment alternatives, healthcare 
burden, and influence on medical advancement. It emphasizes 
the critical necessity for coordinated efforts to create workable 
solutions to deal with this serious global health issue. The 
conclusion aims to emphasize how serious the issue is and how 
aggressive and creative solutions are needed to fight bacterial 
illnesses that are resistant to antibiotics. 

REFERENCES
1.	 Rütten A, Kirchner T, Musiol-Kroll EM. Overview on strategies 

and assays for antibiotic discovery. Pharmaceuticals (Basel) 
[Internet]. 2022 [cited 2024 Jun 21];15(10):1302. Available from: 
https://www.mdpi.com/1424-8247/15/10/1302

2.	 Naylor NR, Atun R, Zhu N, Kulasabanathan K, Silva S, 
Chatterjee A, et al. Estimating the burden of antimicrobial 
resistance: a systematic literature review. Antimicrob Resist 
Infect Control [Internet]. 2018;7(1). Available from: http://dx.doi.
org/10.1186/s13756-018-0336-y

3.	 Patel R. Biofilms and antimicrobial resistance. Clin Orthop Relat 
Res [Internet]. 2005 [cited 2024 Jun 21];NA;(437):41–7. Available 
from: https://journals.lww.com/corr/fulltext/2005/08000/
Biofilms_and_Antimicrobial_Resistance.8.aspx

4.	 Van Acker H, Van Dijck P, Coenye T. Molecular mechanisms 
of antimicrobial tolerance and resistance in bacterial and fungal 
biofilms. Trends Microbiol [Internet]. 2014;22(6):326–33. 
Available from: http://dx.doi.org/10.1016/j.tim.2014.02.001

5.	 Singh J, Dutta T, Kim K-H, Rawat M, Samddar P, Kumar P. 
‘Green’ synthesis of metals and their oxide nanoparticles: 
applications for environmental remediation. J Nanobiotechnology 
[Internet]. 2018;16(1). Available from: http://dx.doi.org/10.1186/
s12951-018-0408-4

6.	 Aboyewa JA, Sibuyi NRS, Meyer M, Oguntibeju OO. Green 
synthesis of metallic nanoparticles using some selected medicinal 
plants from southern Africa and their biological applications. 
Plants [Internet]. 2021;10(9):1929. Available from: http://dx.doi.
org/10.3390/plants10091929

7.	 Shahid-ul-Islam, Bairagi S, Kamali MR. Review on green 
biomass-synthesized metallic nanoparticles and composites and 
their photocatalytic water purification applications: Progress 
and perspectives. Chemical Engineering Journal Advances 
[Internet]. 2023;14(100460):100460. Available from: http://dx.doi.
org/10.1016/j.ceja.2023.100460

8.	 Rehman K ur, Khan SU, Tahir K, Zaman U, Khan D, Nazir 
S, et al. Sustainable and green synthesis of novel acid 
phosphatase mediated platinum nanoparticles (ACP-PtNPs) and 
investigation of its in vitro antibacterial, antioxidant, hemolysis 
and photocatalytic activities. J Environ Chem Eng [Internet]. 
2022;10(3):107623. Available from: http://dx.doi.org/10.1016/j.
jece.2022.107623

9.	 Beltrán-Gracia E, López-Camacho A, Higuera-Ciapara I, 
Velázquez-Fernández JB, Vallejo-Cardona AA. Nanomedicine 
review: clinical developments in liposomal applications. Cancer 



Antibiotic Resistance and Green Synthesis of Metallic Nanoparticles

IJPQA, Volume 15 Issue 2, April - June 2024 Page 998

Nanotechnol [Internet]. 2019;10(1). Available from: http://dx.doi.
org/10.1186/s12645-019-0055-y

10.	 Cdc.gov. [cited 2024 Jun 21]. Available from: https://www.cdc.
gov/drugresistance/biggest-

11.	 Ventola CL. The antibiotic resistance crisis: part 1: causes and 
threats. P T. 2015;40(4):277–83.

12.	 Fda.gov. [cited 2024 Jun 21]. Available from: https://www.fda.
gov/consumers/consumer-updates/combating-

13.	 Cdc.gov. [cited 2024 Jun 21]. Available from: https://www.cdc.
gov/drugresistance/about.html

14.	 Détail [Internet]. Who.int. [cited 2024 Jun 21]. Available from: 
https://www.who.int/news-room/fact-sheets/detail/

15.	 Revitt-Mills SA, Robinson A. Antibiotic-induced Mutagenesis: 
Under the microscope. Front Microbiol [Internet]. 2020;11. 
Available from: http://dx.doi.org/10.3389/fmicb.2020.585175

16.	 Woodford N, Ellington MJ. The emergence of antibiotic 
resistance by mutation. Clin Microbiol Infect [Internet]. 
2007;13(1):5–18. Available from: http://dx.doi.org/10.1111/j.1469-
0691.2006.01492.x

17.	 Martinez JL, Baquero F. Mutation frequencies and antibiotic 
resistance. Antimicrob Agents Chemother [Internet]. 
2000;44(7):1771–7. Available from: http://dx.doi.org/10.1128/
aac.44.7.1771-1777.2000

18.	 Sun D, Jeannot K, Xiao Y, Knapp CW. Editorial: Horizontal gene 
transfer mediated bacterial antibiotic resistance. Front Microbiol 
[Internet]. 2019;10. Available from: http://dx.doi.org/10.3389/
fmicb.2019.01933

19.	 Ellabaan MMH, Munck C, Porse A, Imamovic L, Sommer MOA. 
Forecasting the dissemination of antibiotic resistance genes 
across bacterial genomes. Nat Commun [Internet]. 2021 [cited 
2024 Jun 21];12(1):1–10. Available from: https://www.nature.
com/articles/s41467-021-22757-1

20.	 Graf FE, Palm M, Warringer J, Farewell A. Inhibiting conjugation 
as a tool in the fight against antibiotic resistance. Drug Dev 
Res [Internet]. 2019;80(1):19–23. Available from: http://dx.doi.
org/10.1002/ddr.21457

21.	 Nature [Internet]. Nature.com. Springer Nature; 2024 [cited 2024 
Jun 21]. Available from: https://www.nature.com/

22.	 Science Learning Hub [Internet]. Science Learning Hub. [cited 
2024 Jun 21]. Available from: https://www.sciencelearn.org.

23.	 Pandit C, Roy A, Ghotekar S, Khusro A, Islam MN, Emran TB, 
et al. Biological agents for synthesis of nanoparticles and their 
applications. J King Saud Univ Sci [Internet]. 2022 [cited 2024 
Jun 21];34(3):101869. Available from: http://eprints.sunway.edu.
my/id/eprint/2650

24.	 Sciencedirect.com. [cited 2024 Jun 21]. Available from: 
ht tps://www.sciencedirect.com/science/ar t icle/abs/pii /
B9780323997041000278

25.	 Mody V, Siwale R, Singh A, Mody H. Introduction to metallic 
nanoparticles. J Pharm Bioallied Sci [Internet]. 2010 [cited 
2024 Jun 21];2(4):282. Available from: https://journals.lww.
com/jpbs/fulltext/2010/02040/introduction_to_metallic_
nanoparticles.2.aspx

26.	 Habibullah G, Viktorova J, Ruml T. Current strategies for noble 
metal nanoparticle synthesis. Nanoscale Res Lett [Internet]. 
2021;16(1). Available from: http://dx.doi.org/10.1186/s11671-
021-03480-8

27.	 Sannino F, Costantini A, Ruffo F, Aronne A, Venezia V, Califano 
V. Covalent immobilization of β-glucosidase into mesoporous 
silica nanoparticles from anhydrous acetone enhances its 
catalytic performance. Nanomaterials (Basel) [Internet]. 2020 
[cited 2024 Jun 21];10(1):108. Available from: https://www.mdpi.
com/2079-4991/10/1/108

28.	 Wang Y, Xia Y. Bottom-up and top-down approaches to the 
synthesis of monodispersed spherical colloids of low melting-
point metals. Nano Lett [Internet]. 2004;4(10):2047–50. Available 
from: http://dx.doi.org/10.1021/nl048689j

29.	 Roy A, Sharma A, Yadav S, Jule LT, Krishnaraj R. Nanomaterials 
for remediation of environmental pollutants. Bioinorg Chem 
Appl [Internet]. 2021;2021:1–16. Available from: http://dx.doi.
org/10.1155/2021/1764647

30.	 Makarov VV, Love AJ, Sinitsyna OV, Makarova SS, Yaminsky 
IV, Taliansky ME. Green” nanotechnologies: synthesis of metal 
nanoparticles using plants. Acta Naturae. 2014;6:35–44.

31.	 Vijayaram S, Razafindralambo H, Sun Y-Z, Vasantharaj S, 
Ghafarifarsani H, Hoseinifar SH, et al. Applications of green 
synthesized metal nanoparticles — a review. Biol Trace Elem 
Res [Internet]. 2024;202(1):360–86. Available from: http://dx.doi.
org/10.1007/s12011-023-03645-9

32.	 Murthy HCA, Ghotekar S, Vinay Kumar B, Roy A. Graphene: 
A multifunctional nanomaterial with versatile applications. Adv 
Mater Sci Eng [Internet]. 2021;2021:1–8. Available from: http://
dx.doi.org/10.1155/2021/2418149

33.	 Raina S, Roy A, Bharadvaja N. Degradation of dyes using 
biologically synthesized silver and copper nanoparticles. Environ 
Nanotechnol Monit Manag [Internet]. 2020;13(100278):100278. 
Available from: http://dx.doi.org/10.1016/j.enmm.2019.100278

34.	 Ahmed T, Noman M, Manzoor N, Shahid M, Hussaini KM, 
Rizwan M, et al. Green magnesium oxide nanoparticles-based 
modulation of cellular oxidative repair mechanisms to reduce 
arsenic uptake and translocation in rice (Oryza sativa L.) plants. 
Environ Pollut [Internet]. 2021;288(117785):117785. Available 
from: http://dx.doi.org/10.1016/j.envpol.2021.117785

35.	 Verma ML, Dhanya BS, Thakur M, Jeslin J, Jana AK. Plant 
derived nanoparticles and their biotechnological applications. 
In: Biosynthesized Nanomaterials. Elsevier; 2021. p. 331–62.

36.	 Jain N, Jain P, Rajput D, Patil UK. Green synthesized plant-based 
silver nanoparticles: therapeutic prospective for anticancer and 
antiviral activity. Micro Nano Syst Lett [Internet]. 2021;9(1). 
Available from: http://dx.doi.org/10.1186/s40486-021-00131-6

37.	 Hano C, Abbasi BH. Plant-based green synthesis of nanoparticles: 
Production, characterization and applications. Biomolecules 
[Internet]. 2021;12(1):31. Available from: http://dx.doi.
org/10.3390/biom12010031

38.	 Khan MF, Khan MA. Plant-derived metal nanoparticles 
(PDMNPs): Synthesis, characterization, and oxidative stress-
mediated therapeutic actions. Future Pharmacology [Internet]. 
2023;3(1):252–95. Available from: http://dx.doi.org/10.3390/
futurepharmacol3010018

39.	 Muddapur UM, Alshehri S, Ghoneim MM, Mahnashi MH, 
Alshahrani MA, Khan AA, et al. Plant-based synthesis of gold 
nanoparticles and theranostic applications: A review. Molecules 
[Internet]. 2022;27(4):1391. Available from: http://dx.doi.
org/10.3390/molecules27041391



Antibiotic Resistance and Green Synthesis of Metallic Nanoparticles

IJPQA, Volume 15 Issue 2, April - June 2024 Page 999

40.	 Tolaymat TM, El Badawy AM, Genaidy A, Scheckel KG, Luxton 
TP, Suidan M. An evidence-based environmental perspective of 
manufactured silver nanoparticle in syntheses and applications: a 
systematic review and critical appraisal of peer-reviewed scientific 
papers. Sci Total Environ [Internet]. 2010;408(5):999–1006. 
Available from: http://dx.doi.org/10.1016/j.scitotenv.2009.11.003

41.	 Anand U, Carpena M, Kowalska-Góralska M, Garcia-
Perez P, Sunita K, Bontempi E, et al. Safer plant-based 
nanoparticles for combating antibiotic resistance in bacteria: 
A comprehensive review on its potential applications, recent 
advances, and future perspective. Sci Total Environ [Internet]. 
2022;821(153472):153472. Available from: http://dx.doi.
org/10.1016/j.scitotenv.2022.153472

42.	 Pandian CJ, Palanivel R, Dhanasekaran S. Research Article 
Screening Antimicrobial Activity of Nickel Nanoparticles 
Synthesized Using Ocimum sanctum Leaf Extract.

43.	 Sathishkumar M, Sneha K, Yun Y-S. Immobilization of silver 
nanoparticles synthesized using Curcuma longa tuber powder 
and extract on cotton cloth for bactericidal activity. Bioresour 
Technol [Internet]. 2010;101(20):7958–65. Available from: http://
dx.doi.org/10.1016/j.biortech.2010.05.051

44.	 Potbhare AK, Chaudhary RG, Chouke PB, Yerpude S, Mondal A, 
Sonkusare VN, et al. Phytosynthesis of nearly monodisperse CuO 
nanospheres using Phyllanthus reticulatus/Conyza bonariensis 
and its antioxidant/antibacterial assays. Mater Sci Eng C Mater 
Biol Appl [Internet]. 2019;99:783–93. Available from: http://
dx.doi.org/10.1016/j.msec.2019.02.010

45.	 Adil M, Khan T, Aasim M, Khan AA, Ashraf M. Evaluation of 
the antibacterial potential of silver nanoparticles synthesized 
through the interaction of antibiotic and aqueous callus extract of 
Fagonia indica. AMB Express [Internet]. 2019;9(1):75. Available 
from: http://dx.doi.org/10.1186/s13568-019-0797-2

46.	 Shittu KO, Bankole MT, Abdulkareem AS, Abubakre OK, 
Ubaka AU. Application of gold nanoparticles for improved 
drug efficiency. Adv Nat Sci Nanosci Nanotechnol [Internet]. 
2017;8(3):035014. Available from: http://dx.doi.org/10.1088/2043-
6254/aa7716

47.	 Iravani S. Green synthesis of metal nanoparticles using plants. 
Green Chem [Internet]. 2011;13(10):2638. Available from: http://
dx.doi.org/10.1039/c1gc15386b

48.	 Mechouche MS, Merouane F, Messaad CEH, Golzadeh N, 
Vasseghian Y, Berkani M. Biosynthesis, characterization, and 
evaluation of antibacterial and photocatalytic methylene blue dye 
degradation activities of silver nanoparticles from Streptomyces 
tuirus strain. Environ Res [Internet]. 2022;204(Pt D):112360. 
Available from: http://dx.doi.org/10.1016/j.envres.2021.112360

49.	 Ghosh S, Patil S, Ahire M, Kitture R, Kale S, Pardesi K, et al. 
Synthesis of silver nanoparticles using Dioscorea bulbifera tuber 
extract and evaluation of its synergistic potential in combination 
with antimicrobial agents. Int J Nanomedicine [Internet]. 
2012;7:483–96. Available from: http://dx.doi.org/10.2147/IJN.
S24793

50.	 Ghosh P, Han G, De M, Kim CK, Rotello VM. Gold nanoparticles 
in delivery applications. Adv Drug Deliv Rev [Internet]. 
2008;60(11):1307–15. Available from: http://dx.doi.org/10.1016/j.
addr.2008.03.016

51.	 Khan SA, Shahid S, Lee C-S. Green synthesis of gold and 

silver nanoparticles using leaf extract of Clerodendrum inerme; 
Characterization, antimicrobial, and antioxidant activities. 
Biomolecules [Internet]. 2020;10(6):835. Available from: http://
dx.doi.org/10.3390/biom10060835

52.	 Herizchi R, Abbasi E, Milani M, Akbarzadeh A. Current 
methods for synthesis of gold nanoparticles. Artif Cells Nanomed 
Biotechnol [Internet]. 2016;44(2):596–602. Available from: http://
dx.doi.org/10.3109/21691401.2014.971807

53.	 Arunachalam KD, Annamalai SK, Hari S. One-step green 
synthesis and characterization of leaf extract-mediated 
biocompatible silver and gold nanoparticles from Memecylon 
umbellatum. Int J Nanomedicine [Internet]. 2013;8:1307–15. 
Available from: http://dx.doi.org/10.2147/IJN.S36670

54.	 Jagathesan G, Rajiv P. Biosynthesis and characterization 
of iron oxide nanoparticles using Eichhornia crassipes leaf 
extract and assessing their antibacterial activity. Biocatal Agric 
Biotechnol [Internet]. 2018;13:90–4. Available from: http://dx.doi.
org/10.1016/j.bcab.2017.11.014

55.	 Khalil AT, Ovais M, Ullah I, Ali M, Shinwari ZK, Maaza M. 
Biosynthesis of iron oxide (Fe2O3) nanoparticles via aqueous 
extracts of Sageretia thea (Osbeck.) and their pharmacognostic 
properties. Green Chem Lett Rev [Internet]. 2017;10(4):186–201. 
Available from: http://dx.doi.org/10.1080/17518253.2017.1339831

56.	 Sathishkumar G, Logeshwaran V, Sarathbabu S, Jha PK, Jeyaraj 
M, Rajkuberan C, et al. Green synthesis of magnetic Fe3O4 
nanoparticles using Couroupita guianensis Aubl. fruit extract 
for their antibacterial and cytotoxicity activities. Artif Cells 
Nanomed Biotechnol [Internet]. 2018;46(3):589–98. Available 
from: http://dx.doi.org/10.1080/21691401.2017.1332635

57.	 Groiss S, Selvaraj R, Varadavenkatesan T, Vinayagam R. 
Structural characterization, antibacterial and catalytic effect of 
iron oxide nanoparticles synthesised using the leaf extract of 
Cynometra ramiflora. J Mol Struct [Internet]. 2017;1128:572–8. 
Available from: http://dx.doi.org/10.1016/j.molstruc.2016.09.031

58.	 Ansari MA, Murali M, Prasad D, Alzohairy MA, Almatroudi A, 
Alomary MN, et al. Cinnamomum verum bark extract mediated 
green synthesis of ZnO nanoparticles and their antibacterial 
potentiality. Biomolecules [Internet]. 2020;10(2):336. Available 
from: http://dx.doi.org/10.3390/biom10020336

59.	 Ahmad H, Venugopal K, Rajagopal K, De Britto S, Nandini B, 
Pushpalatha HG, et al. Green synthesis and characterization of 
zinc oxide nanoparticles using eucalyptus globules and their 
fungicidal ability against pathogenic fungi of apple orchards. 
Biomolecules [Internet]. 2020;10(3):425. Available from: http://
dx.doi.org/10.3390/biom10030425

60.	 Zaeem A, Drouet S, Anjum S, Khurshid R, Younas M, Blondeau 
JP, et al. Effects of biogenic zinc oxide nanoparticles on growth 
and oxidative stress response in flax seedlings vs. In vitro 
cultures: A comparative analysis. Biomolecules [Internet]. 
2020;10(6):918. Available from: http://dx.doi.org/10.3390/
biom10060918

61.	 Sánchez-López E, Gomes D, Esteruelas G, Bonilla L, Lopez-
Machado AL, Galindo R, et al. Metal-based nanoparticles as 
antimicrobial agents: An overview. Nanomaterials (Basel) 
[Internet]. 2020;10(2):292. Available from: http://dx.doi.
org/10.3390/nano10020292

62.	 Slavin YN, Asnis J, Häfeli UO, Bach H. Metal nanoparticles: 



Antibiotic Resistance and Green Synthesis of Metallic Nanoparticles

IJPQA, Volume 15 Issue 2, April - June 2024 Page 1000

understanding the mechanisms behind antibacterial activity. J 
Nanobiotechnology [Internet]. 2017;15(1):65. Available from: 
http://dx.doi.org/10.1186/s12951-017-0308-z

63.	 Bruna T, Maldonado-Bravo F, Jara P, Caro N. Silver nanoparticles 
and their antibacterial applications. Int J Mol Sci [Internet]. 
2021;22(13):7202. Available from: http://dx.doi.org/10.3390/
ijms22137202

64.	 Poole K. Mechanisms of bacterial biocide and antibiotic 
resistance. J Appl Microbiol. 2002;92 Suppl:55S-64S.

65.	 Yount NY, Yeaman MR. Emerging themes and therapeutic 
prospects for anti-infective peptides. Annu Rev Pharmacol 
Toxicol [Internet]. 2012;52(1):337–60. Available from: http://
dx.doi.org/10.1146/annurev-pharmtox-010611-134535

66.	 Kalimuthu K, Suresh Babu R, Venkataraman D, Bilal M, 
Gurunathan S. Biosynthesis of silver nanocrystals by Bacillus 
licheniformis. Colloids Surf B Biointerfaces [Internet]. 
2008;65(1):150–3. Available from: http://dx.doi.org/10.1016/j.
colsurfb.2008.02.018

67.	 Pandian SR, Deepak V, Kalishwaralal K, Viswanathan P, 
Gurunathan S. Mechanism of bactericidal activity of silver 
nitrate-a concentration dependent bi-functional molecule. 
Brazilian Journal of Microbiology. 2010;41:805–9.

68.	 Mittal AK, Chisti Y, Banerjee UC. Synthesis of metallic 
nanoparticles using plant extracts. Biotechnol Adv [Internet]. 
2013;31(2):346–56. Available from: http://dx.doi.org/10.1016/j.
biotechadv.2013.01.003

69.	 Urnukhsaikhan E, Bold B-E, Gunbileg A, Sukhbaatar N, 
Mishig-Ochir T. Antibacterial activity and characteristics of 
silver nanoparticles biosynthesized from Carduus crispus. Sci 
Rep [Internet]. 2021;11(1):21047. Available from: http://dx.doi.
org/10.1038/s41598-021-00520-2

70.	 Loo YY, Rukayadi Y, Nor-Khaizura M-A-R, Kuan CH, Chieng 
BW, Nishibuchi M, et al. In vitro antimicrobial activity of green 
synthesized silver nanoparticles against selected gram-negative 
foodborne pathogens. Front Microbiol [Internet]. 2018;9. 
Available from: http://dx.doi.org/10.3389/fmicb.2018.01555

71.	 Pal S, Tak YK, Song JM. Does the antibacterial activity of silver 
nanoparticles depend on the shape of the nanoparticle? A study 
of the Gram-negative bacterium Escherichia coli. Appl Environ 
Microbiol [Internet]. 2007;73(6):1712–20. Available from: http://
dx.doi.org/10.1128/AEM.02218-06

72.	 Rai MK, Deshmukh SD, Ingle AP, Gade AK. Silver nanoparticles: 
the powerful nanoweapon against multidrug-resistant bacteria: 
Activity of silver nanoparticles against MDR bacteria. J Appl 
Microbiol [Internet]. 2012;112(5):841–52. Available from: http://
dx.doi.org/10.1111/j.1365-2672.2012.05253.x

73.	 Gudkov SV, Burmistrov DE, Serov DA, Rebezov MB, Semenova 
AA, Lisitsyn AB. Do iron oxide nanoparticles have significant 
antibacterial properties? Antibiotics (Basel) [Internet]. 
2021;10(7):884. Available from: http://dx.doi.org/10.3390/
antibiotics10070884

74.	 Batool F, Iqbal MS, Khan S-U-D, Khan J, Ahmed B, Qadir 
MI. Biologically synthesized iron nanoparticles (FeNPs) from 
Phoenix dactylifera have anti-bacterial activities. Sci Rep 
[Internet]. 2021;11(1):22132. Available from: http://dx.doi.
org/10.1038/s41598-021-01374-4

75.	 Arakha M, Pal S, Samantarrai D, Panigrahi TK, Mallick 

BC, Pramanik K, et al. Antimicrobial activity of iron oxide 
nanoparticle upon modulation of nanoparticle-bacteria interface. 
Sci Rep [Internet]. 2015;5(1):14813. Available from: http://dx.doi.
org/10.1038/srep14813

76.	 Armijo LM, Wawrzyniec SJ, Kopciuch M, Brandt YI, Rivera 
AC, Withers NJ, et al. Antibacterial activity of iron oxide, 
iron nitride, and tobramycin conjugated nanoparticles against 
Pseudomonas aeruginosa biofilms. J Nanobiotechnology 
[Internet]. 2020;18(1):35. Available from: http://dx.doi.
org/10.1186/s12951-020-0588-6

77.	 Mendes CR, Dilarri G, Forsan CF, Sapata V de MR, Lopes PRM, 
de Moraes PB, et al. Antibacterial action and target mechanisms 
of zinc oxide nanoparticles against bacterial pathogens. Sci 
Rep [Internet]. 2022;12(1):2658. Available from: http://dx.doi.
org/10.1038/s41598-022-06657-y

78.	 Babayevska N, Przysiecka Ł, Iatsunskyi I, Nowaczyk G, 
Jarek M, Janiszewska E, et al. ZnO size and shape effect on 
antibacterial activity and cytotoxicity profile. Sci Rep [Internet]. 
2022;12(1):8148. Available from: http://dx.doi.org/10.1038/
s41598-022-12134-3

79.	 Sirelkhatim A, Mahmud S, Seeni A, Kaus NHM, Ann LC, 
Bakhori SKM, et al. Review on zinc oxide nanoparticles: 
Antibacterial activity and toxicity mechanism. Nanomicro 
Lett [Internet]. 2015;7(3):219–42. Available from: http://dx.doi.
org/10.1007/s40820-015-0040-x

80.	 Academia.edu. [cited 2024 Jun 21]. Available from: https://www.
academia.edu/download/70027009/809e96109a6690b01b9055b
47141b148ea7c.pdf

81.	 Timoszyk A, Grochowalska R. Mechanism and antibacterial 
activity of gold nanoparticles (AuNPs) functionalized with 
natural compounds from plants. Pharmaceutics [Internet]. 2022 
[cited 2024 Jun 21];14(12):2599. Available from: https://www.
mdpi.com/1999-4923/14/12/2599

82.	 Shahzadi S, Zafar N, Sharif R. Antibacterial activity of metallic 
nanoparticles. In: Bacterial Pathogenesis and Antibacterial 
Control. InTech; 2018.

83.	 Sharma D, Kanchi S, Bisetty K. Biogenic synthesis of 
nanoparticles: A review. Arab J Chem [Internet]. 2019;12(8):3576–
600. Available from: http://dx.doi.org/10.1016/j.arabjc.2015.11.002

84.	 Li X, Robinson SM, Gupta A, Saha K, Jiang Z, Moyano DF, et 
al. Functional gold nanoparticles as potent antimicrobial agents 
against multi-drug-resistant bacteria. ACS Nano [Internet]. 
2014;8(10):10682–6. Available from: http://dx.doi.org/10.1021/
nn5042625

85.	 Methods for the determination of susceptibility of bacteria 
to antimicrobial agents. Terminology. Clin Microbiol Infect 
[Internet]. 1998;4(5):291. Available from: http://dx.doi.
org/10.1111/j.1469-0691.1998.tb00061.x

86.	 Kowalska-Krochmal B, Dudek-Wicher R. The minimum 
inhibitory concentration of antibiotics: Methods, interpretation, 
clinical relevance. Pathogens [Internet]. 2021;10(2):165. Available 
from: http://dx.doi.org/10.3390/pathogens10020165

87.	 McNay G, Eustace D, Smith WE, Faulds K, Graham D. Surface-
enhanced Raman scattering (SERS) and surface-enhanced 
resonance Raman scattering (SERRS): a review of applications. 
Appl Spectrosc [Internet]. 2011;65(8):825–37. Available from: 
http://dx.doi.org/10.1366/11-06365

88.	 Almehmadi LM, Curley SM, Tokranova NA, Tenenbaum SA, 



Antibiotic Resistance and Green Synthesis of Metallic Nanoparticles

IJPQA, Volume 15 Issue 2, April - June 2024 Page 1001

Lednev IK. Surface enhanced Raman spectroscopy for single 
molecule protein detection. Sci Rep [Internet]. 2019;9(1):12356. 
Available from: http://dx.doi.org/10.1038/s41598-019-48650-y

89.	 Dieringer JA, McFarland AD, Shah NC, Stuart DA, Whitney 
AV, Yonzon CR, et al. Introductory Lecture : Surface enhanced 
Raman spectroscopy: new materials, concepts, characterization 

tools, and applications. Faraday Discuss [Internet]. 2006;132:9–
26. Available from: http://dx.doi.org/10.1039/b513431p

90.	 Anjum FR, Anam S, Rahman S, Ali A, Naveed A. Evaluation 
of antibacterial activity of plant based silver nanoparticles in 
Synergism with Antibiotics. International Journal of Biosciences 
(IJB). 2018;13(03):250–61.


