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Abstract The contemporary area of antimicrobial
research is witnessing a transformation with the advent of
novel strategies, prominently exemplified by antimicrobial
nanoparticles. This review explores this emerging field of
antimicrobial nanoparticles, focusing on the efficacy of
silver nanoparticles (AgNPs) as powerful means against
microbial threats. Addressing the pressing concern of
antibiotic resistance, the article underscores the importance
of novel approaches. A key highlight is the environment-
friendly production of AgNPs derived from various
microbial and plant origins, providing sustainable synthesis
approaches. The review thoroughly explains how AgNPs
combat microbes, utilizing mechanisms such as reactive
oxygen species generation and subtle alterations in cellular
functions. Beyond theoretical discussions, the practical
applications of AgNPs are explored through the study of
clinical researches, showcasing their potential in real-world
scenarios. By combining insights from these studies, the
review underscores AgNPs as promising candidates for
effective antimicrobial interventions. It amalgamates eco-
friendly synthesis, mechanisms of action, and clinical trial
perspectives, positioning AgNPs as valuable players in the
ongoing battle against microbial threats. The overview
provided here, not only enhances our understanding of
AgNPs' antimicrobial capabilities but also points towards

future research and development directions. Overall, the
review contributes to emphasizing the shift towards
innovative, environmentally conscious solutions in the face
of escalating microbial challenges.

Keywords AgNPs,  Antimicrobial,
Biosynthesize, Nanoparticles, Health
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1. Introduction

The exploration of antimicrobials commenced with the
accidental discovery of Penicillin in 1928, followed by the
development of Prontosil, a sulfonamide, marking the
inception of commercially available antibacterial agents by
the German biochemist Gerhard Domagk in 1930 [1].
Subsequent years witnessed extensive efforts to discover
and commercialize drugs with antimicrobial properties.
However, the overuse of antibiotics led to the emergence
of antibiotic-resistant pathogens, posing a significant threat
to global health and the economy [2]. This resistance
hampers disease diagnosis and treatment procedures [3]. A
potential solution to this challenge lies in the emerging field
of nanotechnology, introduced by the American physicist
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and Nobel Prize laureate Richard Feynman in 1959 [4].
This innovative approach involves synthesizing metallic
(Ag, Ti, Zn, Au, Pb), non-metallic (Si, Se, Carbon)
nanoparticles (NPs) using physical, chemical, or biological
methods [5-11].

Metallic nanoparticles, particularly AgNPs, have
captivated scientists for over a century [12]. Nanoparticles
can be tailored by using various chemicals or functional
groups, facilitating their combination with antibodies,
ligands, and medications of interest. Leveraging their
unique physical and chemical properties, nanoparticles
have found diverse applications [13]. Colloidal silver, a
form of nanosilver, has been registered as a biocidal
substance in the United States since 1954 and has been in
use for over a century [14]. Silver, recognized since ancient
times as a safe, nontoxic inorganic antibacterial agent, is
increasingly considered as a potential replacement or
augmentation to conventional antibiotics [15].

AgNPs, widely employed in wound dressings, medical
devices, fabrics, and keyboards, exhibit not only physical
properties such as optical, thermal, and high electrical
conductivity but also biological properties including
antimicrobial, nematicidal, and anti-cancerous activities
[16-18]. While traditional physical and chemical methods
for AgNP synthesis are costly and often hazardous [19],
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biological synthesis methods offer a simple, rapid, non-
toxic, cost-effective, and dependable alternative. These
biological methods can produce highly stable AgNPs with
well-defined size and high solubility under optimized
conditions [20]. The effectiveness of each nanoparticle is
intricately linked to its size, shape, optical, and various
chemical properties.

Therefore, this review focuses on AgNP biosynthesis
from different sources and explores their antimicrobial
efficacy against various microbes.

1.1. Mechanism of Nanoparticles Activity

A comprehensive understanding of the precise
antibacterial mechanisms of nanoparticles has been
elucidated through extensive research efforts [21,22].
AgNPs have been documented to possess both bactericidal
and inhibitory properties [23]. The antibacterial activities
of nanoparticles vary depending on their size and form,
with smaller AgNPs demonstrating enhanced bactericidal
proficiency due to a higher surface area ratio compared to
larger silver-based nanoparticles [24]. A schematic
summary of various mechanisms involved in anti-
microbial activity of silver nano-particles has been
presented in Figure 1.
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Figure 1. Mechanisms involved in Anti-microbial Activity of Nanoparticles
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Upon entering bacterial cells, AgNPs interact with
bacterial DNA, impeding the cell's reproductive system
[25]. These nanoparticles exhibit a robust oxidative
potential, posing toxicity to microbial organisms [26]. The
metal exposed to light irradiation generates reactive
oxygen species (ROS), including hydrogen peroxide,
hydroxyl radicals, superoxide radicals, and singlet oxygen,
which triggers electron mobilization [27].

Microorganisms employ enzymatic antioxidant defense
systems, such as catalase and superoxide dismutase, to
regulate oxidative stress and counteract the effects of ROS
radicals. However, excessive reactive species can induce
cell death by disrupting the electron transport chain,
proteins, DNA, cell membrane, and metabolic pathways. In
addition to triggering oxidative stress, metallic ions can
interact with functional groups (e.g., -SH, -NH2, -COOH)
in proteins and nucleic acids, leading to altered protein
structures and impaired enzyme function [28]. Notably, the
lack of lipid peroxidation markers and minimal metal ion
detection by energy-dispersive X-ray spectroscopy in
MeO-exposed bacteria suggests that oxidative stress and
metal ion release might not be the only mechanisms
underlying the antimicrobial activity [29].

Numerous studies indicate that nanoparticles exhibit
superior activity against Gram-positive bacteria compared
to Gram-negative bacteria. The negatively charged
lipopolysaccharides in the outer membrane of Gram-
negative bacteria attract nanoparticles, such as gold, silver,
titanium dioxide, and zinc oxide through electrostatic
attraction, hydrophobic interactions and van der Waals
forces [30, 31], inducing alterations in cell shape, function,
and permeability.

Proteomic analysis identified disruptions in proteins
critical for electron transfer, nitrogen metabolism, and
substance transport when bacteria were exposed to CuO
nanoparticles [32]. The release of silver ions from AgNPs
has been observed to influence the expression of ribosomal
subunits interacting with phosphorus- and sulfur-
containing proteins, thereby affecting bacterial plasma
membrane and cell wall proteins [33]. Cui et al. [34]
demonstrated that gold nanoparticles impede binding of
ribosomal subunit to tRNA, induce membrane potential
collapse, inhibit the activity of ATPase, decrease ATP
levels and stimulate ROS generation, thereby impacting
various cellular structures.

Genomic analysis revealed that titanium dioxide
nanoparticles can influence regulatory pathways of
microbial cell division, DNA replication and transcription
due to ROS-induced mutations of DNA. Such
modifications may target nucleobases or sugar-phosphate,
leading to strand breaks and saccharide fragmentation [35].
AgNP induced cleavage was investigated in pBR322
plasmid through electrophoresis [36]. Guanine, with its low
redox potential, is particularly affected, undergoing
oxidation and producing various modifications that
ultimately impact DNA function [37]. Nanoparticles can
not only affect bacteria but also induce genetic damage in
other complex multicellular organisms [38].

Microorganisms have evolved sophisticated enzymatic
detoxification systems to combat oxidative stress. These
systems, including glutathione, superoxide dismutase
(SOD), and catalase, are regulated by signals that sense
reactive oxygen species (ROS) levels. When ROS levels
rise, these signals trigger the expression of specific genes
encoding antioxidant enzymes, ultimately protecting the
cell from oxidative damage. Microorganisms can also
employ additional strategies to mitigate stress. They can
modify metabolic pathways and allocate resources towards
repairing damaged structures like DNA or cell membranes.
This repair process often involves overexpressing genes
related to those specific functions. Studies on bacteria like
Pseudomonas putida and Escherichia coli have shown
upregulation of stress response genes after exposure to
AgNPs. These upregulated genes encode enzymes that
protect against oxidative damage from hydrogen peroxide,
including superoxide dismutase (for superoxide radical
degradation), catalase, and the superoxide removal
transcriptional activator. Notably, a two-hour incubation
with AgNPs resulted in a 3.2- to 9.2-fold increase in the
expression of these genes [39]. Although oxidative stress
serves as the primary mechanism for nanoparticle-
mediated microbial eradication, additional processes may
also contribute significantly to the antimicrobial efficacy of
nanoparticles.

A range of techniques for nanoparticle production,
spanning traditional chemical and physical methods, have
been evaluated alongside innovative approaches rooted in
green synthesis. The green synthesis of AgNPs, enabled by
enzymatic reduction of Ag" by fungal, bacterial and plant
components, showcases antimicrobial properties that hold
promise in addressing antimicrobial resistance challenges.
Moreover, biosynthesized AgNPs demonstrate superior
stability in electrolyte-rich environments compared to their
chemically synthesized counterparts [3,40].

2. Synthesis of AgNPs

2.1. AgNPs Synthesized from Bacteria

Peiris et al. [41] reported biosynthesized AgNPs were
from Acinetobacter baumannii, Escherichia coli,
Staphylococcus aureus, and Pseudomonas aeruginosa.
Notably, AgNPs derived from P. aeruginosa exhibited the
highest stability, while those from S. aureus displayed the
least stability. The AgNPs synthesized by S. aureus and P.
aeruginosa  demonstrated  significant  antimicrobial
potential against P. aeruginosa, E. coli, Candida albicans
and S. aureus. Particularly, S. aureus derived AgNPs
exhibited heightened antimicrobial activity.

AgNPs obtained from IF-11 and IF-17 strains of
Streptomyces  calidiresistens  displayed  significant
antimicrobial  effects against Candida albicans,
Staphylococcus aureus, Bacillus subtilis, Escherichia coli,
and Malassezia furfur. Their efficacy was particularly
pronounced when used in combination with antibiotic
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agents such as kanamycin or tetracycline [42].
Nocardiopsis sp.-synthesized AgNPs were employed for
antimicrobial activity against clinical isolates [43].
Additionally, AgNPs synthesized from Staphylococcus
aureus culture supernatants exhibited potent antimicrobial
efficacy against methicillin-resistant S.  aureus,
Streptococcus pyogenes, Staphylococcus epidermidis,
while demonstrating moderate activity against Klebsiella
pneumonia and Salmonella typhi [44].

Furthermore, AgNPs synthesized from Lysinibacillus
sphaericus strains, utilizing extracellular filtrates,
demonstrated bactericidal activity against both Gram-

positive and Gram-negative bacteria. These AgNPs also
exhibited fungicidal activity against yeast and filamentous
fungi, along with virucidal activity against rotavirus.
Remarkably, AgNPs have also been studied in combination
with antibiotics (nizoarm and cephradine) to demonstrate a
synergistic antimicrobial effect against viruses, bacteria,
and fungi, which might have been attributed from an
increase in membrane permeability by cell wall disruption
and elevated release of silver ions as compared to AgNps
alone [45]. A schematic summary of silver nanoparticles
(AgNPs) synthesized from bacteria has been presented in
Table 1.

Table 1. AgNPs synthesized from bacteria

Bacteria Shape of Location of metal nanoparticles | Size (nm) of Reference
nanoparticles nanoparticles
Rhodobacter sphaeroides Spherical Extracellular 3-15 [46]
Rhodopseudomonas Spherical Extracellular 5-20 [47]
palustris
Shewanella oneidensis MR-1 Spherical Extracellular 2-16 [48]
(Ag2S)
Klebsiella pneumoniae Spherical Extracellular 15-37 [49]
Acinetobacter calcoaceticus Spherical Extracellular 4-40 [50]
Salmonella typhimurium - Extracellular 5-150a [51]
Escherichia coli Spherical Extracellular 42.2-89.6 [19]
Enterobacter aerogenes Spherical Extracellular 25-35 [52]
Pseudomonas Triangular, Cell poles 200a [53]
stutzeriAG259 hexagonal
Gluconobacter roseus - Extracellular 10 [54]
Pseudomonas aeruginosa Spherical Extracellular 8-24 [55]
Geobacter sulfur reducens - Extracellular - [56]
Aeromonas sp. - Extracellular & intracellular 6.4 [57]
Xanthomonas oryzae Spherical, Extracellular 14.86 [58]
triangular,
rod-shaped
Pseudomonas aeruginosa Quasi-spherical Intracellular 5-25 [59]
Stenotrophomonas maltophilia | Cuboidal Extracellular 93 [60]
Morganella sp. Nanoplates Extracellular 50-450a [61]
Yersinia enterocolitica - Extracellular 10-80 [62]
Vibrio alginolyticus Spherical Extracellular & intracellular 50-100 [63]
Proteus mirabilis Spherical Extracellular & intracellular 10-20 [64]
Idiomarina sp - Intracellular 25 [65]
Klebsiella pneumoniae - Extracellular 5-32 [66]
Acinetobacter calcoaceticus Spherical Extracellular 8-12 [67]
Pseudomonas aeruginosa Spherical, Extracellular 6.3+49 [68]
disk-shaped
Bordetella sp. - Extracellular 63-90 [69]
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2.2. AgNPs Synthesized from Fungus

Feroze et al. [70] reported the synthesis of AgNPs from
Penicillium oxalicum and their antibacterial activity was
assessed against Staphylococcus aureus, S. dysenteriae and
Salmonella typhi using the well diffusion method.
Previously, the antibacterial properties of AgNPs produced
by Rhodotorula mucilaginosa UANL-001 were evaluated
against clinically important pathogens [2].
Mycosynthesized AgNPs derived from Earliella scabrosa
exhibited potent antibacterial effects against two Gram-
positive bacteria, Bacillus subtilis and Staphylococcus
aureus and two Gram-negative bacteria, Pseudomonas
aeruginosa and Escherichia coli.

Interestingly, AgNPs synthesized using the mycelial
extract of the endophytic fungus Talaromyces
purpureogenus exhibited significant inhibitory effects on
the growth of both Gram-negative and Gram-positive
bacteria. Notably, Gram-negative bacterial strains
displayed greater sensitivity to the AgNPs compared to
Gram-positive strains [71]. In another study, AgNPs were
synthesized in situ on triple-helix polysaccharide-based
nanotubes extracted from black fungus. These AgNPs
exhibited uniform dispersion on the nanotube surface
without affecting their tubular morphology. The culture
medium containing AF1-Ag showed antibacterial
properties, with the bacteriostatic effect increasing with the
silver content. AF1-Ag demonstrated effective
antibacterial activity and stability, making it a promising
candidate for applications in the antibacterial field [72].

Additionally, AgNPs synthesized using the endophytic
fungus Colletotrichum incarnatum DM16.3, isolated from
the medicinal plant Datura metel, exhibited strong
inhibitory effects on thrombin activity and thrombin
generation. These microbially synthesized AgNPs showed
potent antibacterial effects against biofilm-formers like
Vibrio cholerae and Bacillus cereus [73]. Crude extracts of
polysaccharide from Agaricus brasiliensis, Phellinus
linteus and A. bisporus were employed for the synthesis of
AgNPs. The resulting AgNPs exhibited significant
antimicrobial activity against the fungus Candida albicans
and the bacterium Pseudomonas aeruginosa. Interestingly,
against Escherichia coli, the AgNPs demonstrated a more
pronounced antimicrobial effect compared to amoxicillin,
a commonly used antibiotic. Furthermore, the colloidal
AgNPs synthesized with extracts from Phellinus linteus,
Agaricus brasiliensis and A. bisporus exhibited superior
microbiostatic/microbicidal potential compared to a pure
solution, showcasing their potential as valuable additions
to the antimicrobial compounds used in clinical medicine
[74].

Studies have shown that AgNPs synthesized from the
fungus Paecilomyces variotii exhibit varying degrees of
antimicrobial activity against various pathogenic strains.
These strains include Vibrio  parahaemolyticus,
Staphylococcus  aureus,  Shewanella  putrefaciens,
Escherichia coli and the fungus Candida albicans.

Interestingly, the research by Nayak et al. [75] found that
combining these AgNPs with methanol solvent extracts
from yeast extract mannitol broth (YEMB) further
enhanced their inhibitory effects, particularly against E.
coli and C. albicans. Their results suggest that the specific
combination of AgNPs with the YEMB culture filtrate
extract yielded the most effective results against E. coli,
whereas the combination with the aqueous filtrate extract
proved more effective against C. albicans.

Furthermore, research has explored eco-friendly
methods for AgNP biosynthesis. One study Ma et al. [76]
demonstrated an energy-efficient approach using a cell-free
filtrate from Penicillium aculeatum Sul as a reducing agent.
The AgNPs produced using this method displayed superior
antimicrobial activity against Gram-negative bacteria,
Gram-positive bacteria, and fungi compared to silver ions
alone. This finding highlights the potential of Penicillium
aculeatum Sul as a promising bioresource for the cost-
effective and sustainable production of potent
antimicrobial AgNPs.

2.3. Algae-Mediated Synthesis of Antibacterial AGNPs

An Indian research study demonstrated a bio-based
method for synthesizing AgNPs using an aqueous extract
of the algae Nostoc muscorum. This extract served as a dual
purpose, acting as both a reducing agent (to convert silver
ions to metallic silver) and a capping agent (to control the
size and stability of the nanoparticles). The synthesized
AgNPs exhibited a polycrystalline structure with a size
range varying from 6 to 45 nanometers. Notably, these
purified AgNPs displayed significant antibacterial activity,
with the highest efficacy observed against the bacteria
Staphylococcus aureus [77].

2.4. Actinomycete-Derived AgNPs

Actinomycetes, a group of filamentous bacteria, have
emerged as a potential source for eco-friendly AgNP
synthesis. Here are some key findings from recent research:
Hamed et al. [ 78] isolated two endosymbiotic Actinomycete
strains from the marine sponge Crella cyathophora.
Interestingly, culture broth extracts from these strains acted
as reducing agents for AgNP synthesis. These AgNPs
displayed significant antimicrobial activity against various
pathogenic  microbes,  particularly  Pseudomonas
aeruginosa and Enterobacter cloacae. This activity was
dose-dependent, meaning the stronger the concentration,
the greater the effect. Additionally, the AgNPs
demonstrated remarkable biofilm inhibition against
common bacteria like Staphylococcus aureus, Bacillus
subtilis, and P. aeruginosa.

Wypij et al. [79] synthesized AgNPs using the
Actinobacterium strain SL19, isolated from acidic forest
soil in Poland. These AgNPs were polydisperse (having a
range of sizes), stable, and spherical, with an average size
of 23 nm. Notably, the study revealed promising
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antibacterial activity against E. coli and P. aeruginosa.
More importantly, the research highlighted a synergistic
effect when AgNPs were combined with specific
antibiotics like ampicillin, kanamycin, streptomycin, and
tetracycline. This synergy allowed for reduced antibiotic
doses while maintaining or even enhancing antimicrobial
efficacy. The effect was particularly pronounced with
streptomycin and tetracycline.

Buszewskiet al. [80] reported that AgNPs from the
Actinomycetes HGG 16n strain displayed effectiveness
against various bacteria, including both Gram-positive (e.g.,
Bacillus subtilis) and Gram-negative (e.g., Escherichia coli)
strains. Notably, these bacteria showed no development of
resistance when treated with the biocolloidal AgNPs.

Railean-Plugaru et al. [81] explored a cost-effective and
eco-friendly  approach. =~ They used acidophilic
Actinobacteria strain CGGl1ln as a reducing agent for
AgNP synthesis. These bio-synthesized AgNPs inhibited
the growth of a range of bacteria, with the strongest effect
against Pseudomonas aeruginosa. Interestingly, the
AgNPs displayed a synergistic effect when combined with
certain antibiotics, most notably tetracycline and
kanamycin, against specific bacteria.

Golinska et al. [82] investigated AgNPs synthesized
using acidophilic actinobacteria strains SL19 and SL24
isolated from soil. These AgNPs exhibited antibacterial
activity against various clinical pathogens, including B.
subtilis, Klebsiella pneumoniae bacteriosis, K. pneumoniae,
P. aeruginosa, S. aureus and E. coli. Notably, the AgNPs
from SLF24 showed a low minimum inhibitory
concentration (MIC) against E. coli. Furthermore,
combining these AgNPs with antibiotics enhanced their
overall effectiveness.

Research by Fouda et al. [83] explored AgNPs derived
from Streptomyces capillispiralis Ca-1, Streptomyces
zaomyceticus Oc-5, and Streptomyces pseudogriseolus
Acv-11. These AgNPs displayed a broad spectrum of
activity, inhibiting both Gram-positive and Gram-negative
bacteria, fungi (unicellular and multicellular), and even
demonstrating bioinsecticidal properties. Additionally, the
study suggests potential antioxidant properties of these bio-
synthesized AgNPs.

These findings highlight the promising potential of
Actinomycete-synthesized ~AgNPs as  multifaceted
antimicrobial agents. Their effectiveness against various
pathogens and the lack of observed resistance development
suggest they could be valuable tools in combating
infectious diseases.

2.5. Yeast-Derived AgNPs

The study by Niknejad et al. [84] highlights the
advantages of wusing the common baker's yeast,
Saccharomyces cerevisiae, for AgNP synthesis. This
method leverages the natural metabolic processes of yeast
cells. When exposed to a silver nitrate solution (AgNO3),
yeast acts as a biological factory, reducing silver ions (Ag+)
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into metallic AgNPs. The key advantage lies in the
reducing and stabilizing agents present within the yeast.
These biomolecules, like enzymes and proteins, facilitate
the reduction process and prevent the nanoparticles from
clumping together. This translates to a simpler, less toxic
approach compared to conventional chemical methods.

Beyond S. cerevisiae, research by Liu, X et al. [85]
explores the potential of novel yeast strains for AgNP
production. The study successfully isolated two new yeast
strains, HX-YS and LPP-12Y, capable of synthesizing bio-
silver-nanoparticles (BioAgNPs). These BioAgNPs
exhibited promising antimicrobial and anticancer
properties. This finding expands the possibilities of yeast-
based AgNP production, suggesting that different yeast
strains might offer unique advantages in terms of
nanoparticle size, shape, and biological activity.

Yeast-derived AgNPs often exhibit good size control
and stability. Studies have shown that AgNPs produced
using yeast can range in size from a few nanometers to
hundreds of nanometers, depending on the specific yeast
strain and synthesis conditions. This size control allows for
tailoring the nanoparticles for specific applications. For
instance, smaller nanoparticles often exhibit enhanced
antimicrobial activity.

2.6. Plant-Based AgNPs

The use of plants for synthesizing AgNPs has gained
significant attention due to its non-toxic and efficient
nature, making it attractive for pharmaceutical applications.
This section highlights recent research on plant-based
synthesis of AgNPs and their potential as antibacterial
agents.

Coriandrum sativum L. (cilantro): A study explored
the antibacterial activity of AgNPs synthesized using
Coriandrum sativum L. (cilantro). The AgNPs inhibited the
growth of various bacteria, with a stronger effect against
Bacillus subtilis and Pasteurella multocida (Gram-positive)
compared to Enterobacter aerogenes and Staphylococcus
aureus (Gram-negative). Interestingly, the study suggests
that smaller AgNPs have a higher antibacterial effect due
to their increased surface area. The mechanism of action
might involve penetration of the bacterial cell wall and
interference with cellular processes by silver ions binding
to DNA [25].

Punica granatum (pomegranate peel): Another study
utilized Punica granatum (pomegranate peel) extract for
AgNP synthesis. These AgNPs exhibited broad-spectrum
antimicrobial activity against both Gram-negative and
Gram-positive bacteria, including Escherichia coli,
Pseudomonas aeruginosa and Staphylococcus aureus [86)].

Eucalyptus camaldulensis (eucalyptus): Research
using Eucalyptus camaldulensis (eucalyptus) leaf extract
successfully produced spherical AgNPs with potent
antifungal activity against Candida albicans. These AgNPs
inhibited the fungus' ability to adhere to host cells and form
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biofilms, ultimately leading to cell death. Additionally, the
study suggests that the AgNPs might have potential as
antioxidants [87].

Naringi crenulate (bitter orange peel): A recent study
demonstrated that AgNPs synthesized using Naringi
crenulate (bitter orange peel) extract exhibited antibacterial
activity against multidrug-resistant bacteria [88].

Bacillus sp. and Amaranthus sp.: Another investigation
explored the potential of Bacillus sp. bacteria and
Amaranthus sp. plant extracts for AgNP synthesis. The
study also evaluated the combined effect of these AgNPs
with the antibiotic streptomycin, revealing a significant
increase in the antibiotic's effectiveness [89].

Ocimum  basilicum (holy basil): Researchers
successfully synthesized AgNPs for the first time using
Ocimum basilicum (holy basil) extract grown under
controlled conditions. These AgNPs displayed good
antibacterial activity against both Gram-positive and
Gram-negative bacteria [90].

Carduus crispus (welted thistle): A study explored
AgNP synthesis using Carduus crispus whole plant extract.

Analysis of the nanoparticles revealed a blue shift in their
absorption spectra, indicating a high yield and small
particle size. These AgNPs exhibited effectiveness against
both Gram-negative Escherichia coli and Gram-positive
Micrococcus luteus bacteria [91].

Tribulus terrestris L (Tribulus): Researchers
synthesized AgNPs from the dried fruit extract of Tribulus
terrestris L. The presence of active phytochemicals in the
plant facilitated the rapid reduction of silver ions. Notably,
these AgNPs demonstrated antibacterial activity against
clinically isolated multidrug-resistant bacteria, including
Pseudomonas  aeruginosa, Streptococcus  pyogenes,
Bacillus subtilis, Staphylococcus aureus and Escherichia
coli [92].

Amentotaxus assamica (Himalayan yew): Another
study reported the green synthesis of AgNPs using
Amentotaxus assamica bark extract under sunlight
irradiation. These bio-synthesized AgNPs effectively
inhibited the growth of Escherichia coli and
Staphylococcus aureus bacteria, highlighting an eco-
friendly approach compared to chemical methods [93].

Table 2. Plant based AgNPs

Plant Shape Size (nm) Reference
Allium sativum cloves spherical 19 [95]
Salvadora persica spherical 37 [96]
Salvia leriifolia leaves spherical 27 [97]
Cuminum cyminum L. spherical 50 [98]
Callicarpa maingayi leaves sheet 15 [99]
Ocimum tenuiflorum leaves spherical 20-25 [100]
Populus ciliata spherical 4 [101]
Oak leaf spherical 20-25 [102]
Acacia cyanophylla spherical 88 [103]
Camellia japonica leaves spherical 12-25 [104]
A. nilotica Wild twig bark circular 10-50 [105]
Onion extract spherical 10 [106]
Citrus sinensis var. Kozanyerly fruit spherical 4-10 [107]
Cleome viscosa spherical 20-50 [108]
Rosa canina spherical 150 [109]
Piper betel leaves spherical 48 [110]
Ficus hispida Linn. f spherical 20 [111]
Convolvulus pluricaulis leaves spherical 10-11 [112]
Parthenium hysterophorus spherical 10 [113]
Mimosa pudica root spherical 35-42 [114]
Lithodora hispidula leaves spherical 15 [115]
Plectranthus amboinicus leaves spherical 22 [116]
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Grapefruit Peel Extracts: This research investigated
the antibacterial properties of aqueous and hydroalcoholic
grapefruit peel extracts, along with their potential for
inclusion in AgNP synthesis. The study tested the
antibacterial activity against both Gram-positive and
Gram-negative bacteria. Interestingly, the synthesized
AgNPs showed size variation depending on the silver
nitrate concentration. While the extracts displayed dose-
dependent antibacterial activity, a trend emerged: they
were more effective against Gram-positive bacteria, while
AgNPs had a stronger effect on Gram-negative bacteria.
The study also revealed variations in minimum inhibitory
concentrations (MICs) and minimum bactericidal
concentrations (MBCs) for different bacteria. Overall, the
findings suggest potential for both grapefruit peel extracts
and their AgNPs as antimicrobials. Additionally, the
research proposes the possibility of using the extracts
synergistically with existing antibiotics against bacteria
with intermediate susceptibility [94].

These studies showcase the promising potential of plant-
based AgNPs for developing novel antibacterial agents.
Their effectiveness against various bacteria and their eco-
friendly synthesis methods make them an exciting area for
further research. A schematic summary of silver nano-
particles (AgNPs) synthesized from plants has been
presented in Table 2.

3. Applications of AgNPs

3.1. Nanoparticles and Antimicrobial Drugs: A
Powerful Synergy

This section explores the synergistic effects of
combining nanoparticles with antimicrobial drugs like
antibiotics, antifungals, and antivirals. The combination
approach offers a promising solution to address limitations
associated with single-drug therapies. These conjugates act
as drug delivery systems, offering several benefits. They
extend drug circulation within the body, enabling targeted
delivery to specific cells and improving drug stability. This
translates to a need for lower drug doses, potentially
minimizing side effects while broadening the spectrum of
targeted microbes. The observed synergy is attributed to
multiple mechanisms, including the generation of free
radicals, disruption of bacterial defenses, and the potential
to inhibit biofilm formation. Studies have shown that
combining antibiotics with nanoparticles proves more
effective than using antibiotics alone [117].

Research by Mazur et al. [118] investigated the
synergistic bactericidal activity of gentamicin (an antibiotic)
and AgNPs against multidrug-resistant Staphylococcus
epidermidis, a biofilm-forming bacterium. The study
utilized hydrophilic, non-ionic surface-modified AgNPs,
ensuring they remained active and un-aggregated within
the complex bacterial cells.
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The combination of gentamicin and Tween-stabilized
AgNPs exhibited significant bactericidal activity, notably
reducing the minimum inhibitory concentration (MIC) of
gentamicin required. This suggests a synergistic effect. The
study proposes an oxidative-based mechanism, where
gentamicin enhances the generation of reactive oxygen
species (ROS) by the AgNPs, ultimately leading to a more
potent antibacterial effect by damaging nucleic acids and
proteins and inhibition cell proliferative process [118].

These findings highlight the potential of combining
nanoparticles with traditional antimicrobial drugs. This
approach could lead to the development of more effective
treatments for various microbial infections, including those
caused by multidrug-resistant bacteria.

3.2. Nanoparticles: Boosting Vaccines and Drugs

Nanoparticles are emerging as powerful tools in
medicine, particularly as nano-adjuvants for vaccines and
drugs. These tiny particles offer unique advantages. Nano-
adjuvants can encapsulate or adsorb vaccine antigens or
DNA within a specific formulation. This approach
enhances the stability, cellular uptake, and ultimately, the
immunogenicity (ability to trigger an immune response) of
the vaccine or drug. A study by Asgary et al. [119]
exemplifies this concept. They prepared AgNPs using
Eucalyptus procera leaf extract and evaluated their use as
an adjuvant for a veterinary rabies vaccine. The AgNP-
adjuvanted vaccine demonstrated increased potency in
mice and dogs without any in vivo toxicity, meeting the
strict European Pharmacopeia 8.0 standards.

While nano-adjuvants enhance existing vaccines, some
nanoparticles themselves can function as vaccines. A
prominent example is the NVX-CoV2373 vaccine. NVX-
CoV2373 is a recombinant spike protein nanoparticle
vaccine, meaning it's essentially a nanoparticle made of the
corona virus spike protein, the key molecule the virus uses
to enter cells. This design itself possesses inherent adjuvant
properties. Clinical trials in the United Kingdom, South
Africa, the United States, and Mexico have demonstrated
the effectiveness and safety of NVX-CoV2373. Notably,
the Phase 3 trials conducted in 2021 showed a remarkable
efficacy of 92.6% against various COVID-19 variants with
mostly mild side effects. This promising vaccine highlights
the potential of nanoparticles as standalone vaccines [120].

Thus, nanoparticles are revolutionizing vaccine and drug
development. Their ability to function as adjuvants,
enhancing existing vaccines, or even act as vaccines
themselves offers exciting possibilities for improving
human health.

3.3. Antimicrobial Activity of AgNPs in Milk

Silver has demonstrated efficacy in controlling the
growth of single-celled organisms in fluid milk without
affecting tissue cells. In an experiment investigating the
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effects of AgNPs on various microorganisms in cow milk,
AgNP100 treatment at 22 °C for 1 hour resulted in silver
concentrations below safety limits (6.1pg/L). The presence
of nanoparticle-coated braids in milk samples reduced
counts of yeasts, molds, coliform bacteria, Escherichia coli,
and Staphylococcus aureus. AgNPs inhibited microbial
growth and held promise for complementing the cooling
chain and thermal processes in dairy products. Further
research is warranted to assess sensory properties and long-
term safety [121].

3.4. AgNPs: Promising Applications in Health

This section explores the diverse applications of AgNPs
in various healthcare settings.

Combating Helicobacter pylori Infection: A study
investigated the effectiveness of AgNPs derived from
Peganum harmala L. seeds against Helicobacter pylori, a
bacterium associated with peptic ulcers. The AgNPs
displayed significant anti-H. pylori activity in both in vitro
and in vivo tests. Interestingly, the AgNPs maintained
efficacy at varying pH levels and did not induce drug
resistance in the bacteria, unlike some standard antibiotics
[122].

Antimicrobial Orthodontic Retainers: Another study
explored the use of AgNPs incorporated into the acrylic
baseplates of orthodontic retainers. The research aimed to
address plaque accumulation caused by Streptococcus
mutans bacteria. While the group using AgNP-infused
retainers initially showed higher bacterial colonies, a
significant reduction occurred over time. This suggests the
potential of AgNPs in minimizing bacterial growth on
orthodontic appliances [123].

Combating Catheter-Associated Infections: Research
has explored the use of AgNPs in intraventricular catheters
to prevent infections. These catheters release silver ions,
demonstrating an  antimicrobial = effect against
Staphylococcus aureus, a common cause of catheter-
related infections [124]. However, further research is
needed to optimize the efficacy of this approach.

AgNPs and Neurodegenerative Diseases: A recent
study explored the use of metabolites from Aspergillus
niger fungus for synthesizing AgNPs. These metabolites
not only have antioxidant and neuroprotective properties
but can also create AgNPs. Interestingly, the study found
that AgNPs significantly enhanced the inhibitory activity
of these metabolites against Acetylcholinesterase (AChE),
an enzyme implicated in Alzheimer's disease. This finding
suggests potential for further research on AgNPs in
neurodegenerative disease treatment [125].

These studies highlight the diverse potential applications
of AgNPs in healthcare. Their ability to combat bacteria,
enhance existing therapies, and potentially offer
neuroprotective  benefits opens doors for future
advancements in medical treatments.

4. Discussion

The advent of penicillin in 1945 marked the beginning
of the antibiotic era, and extensive efficacy of antibiotics
was observed against almost all kinds of pathogenic
bacteria till 1960s, and this period is often known as golden
age of antibiotics. However, the current effectiveness of
antibiotics is diminishing as increasingly resistant bacteria
emerge, posing a global threat to the efficacy of
conventional antibiotics. This escalating issue is becoming
a significant health concern, as indicated by various studies
[126, 127]. Many pathogenic bacteria have the capability
to develop resistance to a majority of antibacterial agents,
highlighting the challenge we face [128]. The intricate
exploration of antimicrobial nanoparticles, with a
particular emphasis on AgNPs, underscores their
promising role in mitigating the growing challenges posed
by microbial resistance.

The rise of antibiotic resistance in bacteria poses a
significant global health threat. Bacteria employ various
mechanisms to evade antibiotics, such as hindering drug
entry, target modification by mutation, enzymatic
breakdown and active expulsion of antibiotics out of their
cells. This resistance poses a serious challenge, as the
World Health Organization (WHO) [129] identifies lower
respiratory and gastrointestinal infections as leading causes
of illness and death worldwide. The emergence of
antibiotic-resistant strains significantly worsens these
infections, increasing their severity and mortality rates. In
fact, a recent study suggests that deaths associated with
antibiotic resistance may even surpass those from cancer
and diabetes combined [130].

The global surge in antibiotic resistance has reached
alarming proportions, necessitating innovative approaches
to counteracting microbial threats. AgNPs emerge as a
formidable alternative, harnessing their intrinsic
antimicrobial properties. The synthesis of AgNPs from
diverse microbial and plant sources, as expounded in this
review, presents a sustainable and eco-friendly avenue.
This eco-conscious approach not only mitigates
environmental concerns associated with traditional
synthesis methods but also paves the way for scalable and
cost-effective nanoparticle production.

Understanding the mode of action of AgNPs is
paramount for optimizing their efficacy. As highlighted
earlier, AgNPs exhibit versatility in their antimicrobial
mechanisms. By generating reactive oxygen species (ROS)
and inducing subtle changes in cellular functions, AgNPs
exert their antibacterial, antifungal, and antiviral effects.
This comprehensive understanding informs the tailoring of
AgNPs for specific applications, emphasizing the
importance of size, shape, and surface modifications in
influencing their antimicrobial activity.

The eco-friendly synthesis methods of AgNPs,
particularly from microbial and plant sources, address
critical concerns related to environmental impact. Biogenic
synthesis routes not only reduce the reliance on harsh
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chemicals but also capitalize on sustainable resources. The
utilization of microorganisms like bacteria, fungi, and
actinobacteria, as well as plant extracts, exemplifies a
harmonious convergence of biotechnology and green
chemistry.

Preclinical research on animals and clinical trials on
human serves as a litmus test for the translational potential
of AgNPs. The efficacy demonstrated in these real-world
scenarios underscores the practical utility of AgNPs in
diverse clinical settings. The trials, as explained previously,
validate the promise of AgNPs as potent antimicrobial
agents, urging further exploration and optimization for
human applications.

5. Challenges and Future Directions

While the promise of AgNPs is undeniable, challenges
persist. The potential toxicity of AgNPs, especially when
used in higher concentrations, demands rigorous
assessment. Balancing the fine line between antimicrobial
efficacy and cytotoxicity is imperative for safe clinical
applications. Future research should delve into refining
synthesis techniques to tailor AgNPs with enhanced
specificity and reduced toxicity.

Additionally, the elucidation of AgNPs' mechanisms,
although extensive, warrants further exploration.
Understanding how AgNPs interact with specific
microorganisms at the molecular level could unlock
unprecedented precision in their application. Investigating
the dynamics of AgNPs in complex biological
environments, such as biofilms, is crucial for expanding
their utility in combating persistent infections.

Furthermore, the interdisciplinary nature of AgNPs
necessitates collaborative efforts. Researchers, clinicians,
and industry experts must synergize their expertise to
navigate challenges and unlock the full potential of AgNPs.
Integrating knowledge from diverse fields, including
microbiology, material science, and medicine, is pivotal for
advancing AgNPs from theoretical concepts to practical
solutions.

6. Environmental Levels and Exposure
and Risk Management

Silver concentrations in ambient air are generally very
low, typically in the low nanogram per cubic meter range,
indicating minimal exposure through the air. In natural
waters, silver concentrations are usually between 0.2 and
0.3 pg/litre. In untreated drinking water in the USA, silver
levels range from being non-detectable to around 5 pg/litre.
A study of Canadian tap water found that only 0.1% of
samples contained silver levels higher than 1-5 ng/litre.
Water treated with silver for disinfection purposes can have
much higher silver concentrations, sometimes reaching 50
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pg/liter or more. In these cases, most of the silver is present
as non-dissociated silver chloride. Silver is present in most
foods in trace amounts, typically in the range of 10-100
pg/kg. While silver exposure from food is generally
minimal, it contributes to overall exposure [131].

For individuals working with silver compounds, the
American Conference of Governmental Industrial
Hygienists (ACGIH) has established separate threshold
limit values (TLVs) for metallic silver (0.1 mg/m?®) and
soluble silver compounds (0.01 mg/m?). Additionally, both
the Occupational Safety and Health Administration (OSHA)
and the Mine Safety and Health Administration (MSHA)
set a permissible exposure limit (PEL) for silver of 0.01
mg/m? for all forms, as recommended by the National
Institute for Occupational Safety and Health (NIOSH).
Silver contamination risk ~management involves
implementing regulations to control its environmental
discharge, using advanced wastewater treatment methods
to remove silver, and promoting responsible use and
disposal of silver-based products.  Furthermore,
encouraging safer alternatives and enhancing public
awareness are key to reducing its impact on both human
health and ecosystems [132, 133].

7. Conclusions

The review navigates the pivotal landscape of
antimicrobial research, underscoring the significance of
novel strategies, particularly antimicrobial nanoparticles,
with a spotlight on AgNPs. It delves into antibiotic
resistance challenges, exploring the antimicrobial potential
of AgNPs synthesized from diverse microbial and plant
sources. The intricate mechanisms of AgNPs' antimicrobial
action, ranging from reactive oxygen species generation to
cellular function alterations, are elucidated. Crucially, the
review extends its purview to preclinical studies and
clinical trials, showcasing the translational potential of
AgNPs in medical contexts. The amalgamation of eco-
friendly Dbiosynthesis, elucidation of antimicrobial
mechanisms, and clinical trial insights positions AgNPs as
promising antimicrobial agents, marks a significant stride
in the ongoing battle against microbial threats. This
comprehensive overview propels further exploration and
underscores the imperative nature of sustained research in
this evolving field.
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