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Green Synthesis of Silver Nanoparticles: A Review of
Polymer and Antimicrobial Drug Combinations for

Enhanced Antimicrobial Applications

Mukil Madhusudanan, Jian Zhang, Santosh Pandit, Priyanka Singh,* Geum-Jae Jeong,

Fazlurrahman Khan, and Ivan Mijakovic*

Silver nanoparticles (AgNPs) have emerged as a pivotal class of nanomaterials
due to their potent medicinal properties, offering promising solutions for
combating microbial resistance, which is a growing global health concern.
Traditional methods of synthesizing AgNPs often involve toxic chemicals and
energy-intensive processes, raising environmental and safety concerns. Green
synthesis approaches have gained considerable attention utilizing plant and
microbial extracts, natural polymers, and other eco-friendly reducing agents.
These methods mitigate the environmental impact and enable the production of
AgNPs with enhanced biocompatibility and tailored physicochemical proper-
ties. The synergistic effects of combining AgNPs with polymers result in
improved stability, biocompatibility, and targeted delivery capabilities, while the
incorporation of antimicrobial drugs generates composite materials with
multifaceted modes of action against a wide range of microbial pathogens. This
review delves into the green synthesis of AgNPs, focusing on the integration of
natural and synthetic polymers, as well as antimicrobial drugs, to boost their
antimicrobial efficacy. In addition, it is further explored that how these green-
synthesized nanocomposites can be applied in areas such as wound healing
and drug delivery, highlighting their potential in various biomedical fields.
Moreover, the review critically examines the challenges and prospects of green
synthesis, including scalability, cytotoxicity, biocompatibility, and stability
hurdles.

These tiny particles of silver exhibit opti-
cal, electrical, and thermal properties that
make them useful in a wide range of
applications, including medicine, elec-
tronics, catalysis, and antimicrobial
applications!! (Figure 1). Nanoparticles
possess a high surface area-to-volume
ratio, making them highly reactive with
many active sites for chemical reactions.
This also increases their potential for
interactions with biological systems, mak-
ing it one of their most significant char-
acteristics.”) The size and shape of
AgNPs can be precisely controlled, which
allows for tuning of their physical and
chemical properties for specific applica-
tions. For instance, spherical-shaped
nanoparticles are more stable than other
shapes, while rod-shaped nanoparti-
cles display unique optical properties.*
The high electrical conductivity of AgNPs
makes them valuable in electronic appli-
cations, including conductive inks, sen-
sors, and flexible transparent conductive
films.”) Moreover, AgNPs exhibit a phe-
nomenon known as surface plasmon
resonance, caused by the collective oscil-
lation of free electrons in the metal when

1. Introduction

Silver nanoparticles (AgNPs) have gained significant attention
in various fields due to their unique and distinctive properties.

excited by electromagnetic radiation. Building upon these
unique physicochemical characteristics, AgNPs have demon-
strated exceptional biological activity, particularly in antimicro-
bial, anticancer, and tissue regeneration applications.®
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Figure 1. Multifunctional applications of AgNPs including anticancer therapy, antimicrobial activity, environmental remediation, agriculture, food
packaging, sensing, imaging and diagnosis, and drug delivery, showcasing their broad biomedical, environmental, and industrial potential.

AgNPs exhibit strong antimicrobial properties and are effective
against a wide range of pathogens, including multidrug-resistant
(MDR) ones."”! Their small size and ability to interact with biolog-
ical systems make them promising candidates in nanomedicine.®
In addition to their remarkable antimicrobial properties, AgNPs
have been extensively studied for their potential as an anti-cancer
agent.) Several studies have demonstrated the efficacy of
AgNPs in inhibiting the growth of various cancer cell lines, includ-
ing breast cancer, lung cancer, prostate cancer, and liver cancer.
A study by Eltahawy et al. found that AgNPs induced apoptosis
in prostate and colon cancer cells by activating caspases and
downregulating anti-apoptotic Bcl-2 proteins.'” In addition,
AgNPs have shown potential in enhancing the efficacy of
conventional cancer therapies, such as chemotherapy and radio-
therapy.'"'¥ AgNPs can be conjugated with various chemothera-
peutic drugs or radiation sources and targeted to specific cancer
cells or tissues, allowing for more efficient delivery of the therapy
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with reduced side effects.!"*'* AgNPs have also shown promise in
wound healing and tissue regeneration. AgNPs can promote
wound healing by reducing inflaimmation and enhancing
angiogenesis.>®! Moreover, AgNPs can stimulate the growth of
bone cells and promote bone regeneration. In a recent study by Du
et al. AgNPs enhanced the osteogenic differentiation of mouse
embryonic fibroblasts.'””) Similarly, Mira et al. found that
AgNPs enhanced osteogenesis in human Wharton’s jelly mesen-
chymal stem cells (hW]-MSCs).!"®¥ These studies underline the
potential of AgNPs against MDR and cancer, as well as for wound
healing and regenerative medicine.

AgNPs have also been shown to exhibit anti-inflammatory and
immunomodulatory properties. AgNPs can inhibit the produc-
tion of pro-inflammatory cytokines, such as IL-1f, IL-6, and
TNF-a, and upregulate the production of anti-inflammatory
cytokines, such as IL-10. This makes them an attractive candidate
for the treatment of inflammatory disorders. Several studies

© 2025 The Author(s). Advanced NanoBiomed Research published by Wiley-VCH GmbH

dny) suonIpuoD pue swie | au} 8es *[G202/2T/0E] Uo Aiqiauljuo A8|IM ‘801nIes 80ioAU| qv ABojoutos | JO A1SIeAIUN SIBWIRYD Ad ¥6TO0KZ0Z 1Ue/200T OT/I0P/W00™A8 | M Ale.q Ul JUO'peOURADE//SANY WOy papeojumod ‘ZT 'S20Z ‘20866692

ol A

5UB017 SUOWILLIOD dAIR1D 3|eal|dde au Aq pausenob are sapie YO ‘3sn Jo sajnl oy Axeiqi auljuQ A3]IAA UO (SUORIPUCD-PL


http://www.advancedsciencenews.com
http://www.advnanobiomedres.com

ADVANCED
SCIENCE NEWS

ADVANCED
NANOBIOMED
RESEARCH

www.advancedsciencenews.com

have investigated the anti-inflammatory activity of AgNPs and
demonstrated that AgNPs reduced the production of pro-
inflammatory cytokines in lipopolysaccharide (LPS)-stimulated
macrophages.l">?" For example, Khashan et al. demonstrated
that AgNPs reduced inflammation in a Wistar rat arthritis
model.*? Similarly, David et al. and Moldovan et al. reported that
AgNPs reduced inflammation in the acute inflammation model
in Wistar rats.[?>**

AgNPs also exhibit unique optical properties that make
them useful in imaging applications, such as fluorescence
and surface-enhanced Raman scattering. In a recent study
by Cheng et al., a AgNPs/porous silicon Bragg mirror
(AgNPs/PSB) composite was found to aid rapid and noninva-
sive diagnosis of breast cancer, enabling the discovery of
new biomarkers for breast cancer.”® Another study by
Maiti et al. documented the enhancement of the fluorescent
signal of fluorescein by AgNPs in human lung fibroblast
cells, thereby increasing the resolution and contrast of the
images.[*® These results show that AgNPs can have significant
implications for cellular imaging applications. Among their
various applications, the antimicrobial potential of AgNPs
has been particularly notable, making them promising candi-
dates for addressing the growing challenge of antimicrobial
resistance (AMR). This review focuses on recent advance-
ments in the green synthesis of AgNPs and their integration
with polymers and antimicrobial agents to enhance their
efficacy against drug-resistant pathogens.

The biosynthesis of nanoparticles involves the interaction of
biogenic compounds from bacteria, plants, and microbial
extracts with metal precursors, resulting in the formation of
nanoparticle—protein complexes. This biological approach sets
these nanoparticles apart from those synthesized via physico-
chemical methods, imparting them with distinct structural
and functional properties. Biosynthesized AgNPs, often referred
to as “green AgNPs” offer several advantages over conventionally
synthesized nanoparticles. They exhibit enhanced biocompatibil-
ity, reduced toxicity, and environmentally friendly production
processes. Additionally, the presence of biomolecules in biosyn-
thesized AgNPs enhances their stability by acting as natural cap-
ping agents, improving their dispersion in aqueous media, and
extending their functional applications. By understanding their
synthesis and unique properties, researchers can further explore
their role in antimicrobial applications and develop innovative
strategies for combating microbial infections in an environmen-
tally sustainable manner.

However, despite their promising antimicrobial and bio-
medical applications, the use of AgNPs raises concerns
regarding cytotoxicity and potential adverse biological effects.
While AgNPs exhibit strong antibacterial and anticancer prop-
erties, their interaction with human cells can lead to unin-
tended toxicity, particularly at high concentrations or
prolonged exposure.*”) Studies have shown that AgNPs can
induce oxidative stress, DNA damage, and apoptosis in
mammalian cells, highlighting the need for careful dose
optimization and surface modifications to enhance biocompat-
ibility. Moreover, their potential to accumulate in organs, trig-
ger inflammatory responses, or interfere with normal cellular
functions remains a challenge for clinical applications.[?®
These concerns necessitate comprehensive safety evaluations,
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particularly for biomedical applications such as drug delivery,
wound healing, and antimicrobial coatings. A detailed discus-
sion on these cytotoxicity aspects and mitigation strategies is
provided in Part 6 of this review.

2. Synthesis of AgNPs

Multiple methods have been developed to produce AgNPs with
controlled size, shape, and morphology. Generally, AgNPs syn-
thesis can be categorized into two major approaches: top-down
and bottom-up. 1) Top-down approach: the top-down approach
involves the reduction of bulk silver into nanoparticles. These
methods include milling and grinding, laser ablation, electron
beam irradiation, sputtering, and chemical etching. 2) Bottom-
up approach: the bottom-up approach involves the nucleation
and growth of AgNPs from a solution containing silver precur-
sors and reducing agents. This includes chemical and biologi-
cal methods. Both approaches have their advantages and
limitations, and the choice of the synthesis method depends
on the desired size, shape, surface properties, and application
of AgNPs. The generalized mechanism of nanoparticle
synthesis involves the reduction of the metal ions followed
by nucleation, which is the formation of small clusters of
atoms, growth of these clusters into larger particles, aggrega-
tion of the particles formed in the growth phase, and their
capping to increase the thermodynamic stability of the
nanoparticles.*”!

2.1. Chemical Synthesis of AgNPs

Chemical methods offer precise control over size and shape,
often employing reducing agents such as sodium borohydride
or citrate. Common chemical methods include reduction,
precipitation, electrochemical, and microemulsion methods.
There are hundreds of products in the consumer market incor-
porating AgNPs in cosmetics, clothing, and medicine. Due to
this increased demand, the focus is shifting toward synthesizing
these nanoparticles in an environmentally friendly and sustain-
able fashion.

2.2. Biological Synthesis of AgNPs

The biological synthesis of AgNPs presents an eco-friendly and sus-
tainable alternative to chemical synthesis. This method utilizes bio-
logical agents such as plant extracts, fungi, bacteria, and algae to act
as reducing, capping, and stabilizing agents for silver ions, resulting
in the formation of stable and monodisperse AgNPs.*” Compared
to chemical synthesis, biological approaches offer enhanced
biocompatibility, making them particularly suitable for biomedical
applications.*" Researchers have developed highly productive tech-
niques using various plant and microbial sources, expanding the
potential applications of biosynthesized AgNPs. By adjusting reac-
tion conditions, such as temperature, pH, and reactant concentra-
tion, the size, shape, and stability of the nanoparticles can be
controlled. This approach aligns with the principles of green chem-
istry, bridging biotechnology and nanotechnology to develop sus-
tainable solutions for the production of nanomaterials. Figure 2
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Figure 2. Biological synthesis of AgNPs from different sources and
their morphologies: a) nanosphere, b) nanorods,”® c¢) nanocubes,®”
d) nanopyramids,”*® e) nanoflower,?*% and f) nanowires.?*%

summarizes the biological synthesis process of AgNPs from
various sources.

Several recent studies have reported the biological synthesis of
AgNPs using various biological agents. For instance, a study by
Rana and Parmar reported the biosynthesis of AgNPs using the
leaf extract of Azadirachta indica and Mangifera indica.*?’ The
synthesized AgNPs exhibited excellent antimicrobial activity
against various pathogenic bacteria and fungi. Another study
by Viswanathan et al. reported the synthesis of AgNPs by algal
extracts of Champia parvula possessing effective antimicrobial,
antioxidant, and anticancer activity.**! Additionally, a study by
Singh et al. reported the synthesis of AgNPs by Viridibacillus
sp. having excellent antimicrobial activity against pathogenic
E. coli and P. aeruginosa.*! Furthermore, Hayat et al. synthesized
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spherical AgNPs with fungal extract of Penicillium chrysogenum,
showcasing strong antibacterial activity.*>)

An important aspect of biologically synthesized AgNPs is
the formation of a nanoparticle—protein complex, commonly
referred to as the “protein corona”. This corona, formed from
biogenic compounds in plant and microbial extracts, plays a
crucial role in nanoparticle stability and bioactivity. It creates
a protective layer of proteins around the nanoparticles, shield-
ing them from interactions with other molecules in the body
that could cause aggregation or dissolution. The protein
corona can also affect the biocompatibility of nanoparticles.
Furthermore, the protein corona can enhance the bioactivity
of nanoparticles by providing a platform for the attachment
and release of active agents such as drugs. Additionally, the pro-
teins can regulate the release kinetics of the active agents, mak-
ing them available at specific times and locations. Overall, the
protein corona can modulate the biological fate of nanopar-
ticles, impacting their stability, pharmacokinetics, biodistribu-
tion, and toxicity.**! Recent studies have shed new light on the
mechanisms underlying nanoparticle protein corona formation
and its implications for nanomedicine. A study by Yeo et al.
investigated the effect of the protein corona on the targeting
and internalization of nanoparticles by cancer cells in vivo.*”!
The authors demonstrated that the protein corona can enhance
the cellular uptake of nanoparticles and improve tumor accu-
mulation. Another study by Ju et al. focused on the role of
the protein corona in the immune recognition and clearance
of nanoparticles.?® The authors demonstrated that the protein
corona can shield nanoparticles from recognition by immune
cells, reducing their clearance and prolonging their circulation
time. However, they also found that certain proteins in the
corona can trigger an immune response, leading to the activa-
tion of inflammatory pathways. Furthermore, a study by Oh
et al. assessed the impact of protein corona on minimizing
interactions with serum proteins and their effects on circula-
tion, distribution, therapeutic activity, and toxicity of the nano-
particles.*” Thus, the nanoparticle protein corona is a complex
and dynamic phenomenon that can significantly impact the bio-
logical fate of nanoparticles in various ways.

2.2.1. Microbial Synthesis of AgNPs

Various microorganisms such as yeast, bacteria, fungi, and algae
are preferred for this process due to their fast growth rate, easy
growth conditions, and user-friendliness.*” The process takes
place under mild conditions, making it a sustainable alternative
to traditional chemical methods for the fabrication of nanopar-
ticles.*!! The synthesis of AgNPs by microorganisms is made
possible by their inherent bioactivity and ability to reduce metal
ions. Two approaches are used by microbes to synthesize AgNPs,
namely extracellular and intracellular. Different mechanisms
have been proposed to explain the process, including direct
reduction by microbial enzymes, the formation of reducing com-
pounds by microbial metabolism, and the stabilization of AgNPs
by microbial extracellular polymeric substances.*? Enzymes act
as efficient biocatalysts to facilitate the transformation of silver
ions into metallic nanoparticles. Organic molecules, such as pro-
teins or polysaccharides, present on microbial surfaces, act as
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capping agents, stabilizing AgNPs and influencing their size,
morphology, and surface properties. Extracellular-mediated syn-
thesis has garnered considerable research attention owing to its
potential to reduce the downstream processing stages required
for the recovery of AgNPs in intracellular synthesis. This method
eliminates the need for sonication, centrifugation, and purifica-
tion, which are typically necessary for AgNPs recovery in intra-
cellular synthesis. Reducing these processing stages can lead to
significant cost savings and increased efficiency in AgNPs pro-
duction. The choice of microorganisms is critical in determining
the size, shape, and surface properties of synthesized AgNPs,
allowing for tunable properties for specific applications.

Various microbial species have been extensively explored
for the formation of stable and biocompatible AgNPs. For
instance, Faisal et al. synthesized spherical AgNPs with an aver-
age size of 25 nm using Paraclostridium benzoelyticum.**! These
nanoparticles exhibited antibacterial activity against Haemophilus
influenza, Streptococcus pyogenes, Moraxella catarrhalis, and
Streptococcus pneumonia, as well as anticancer activity toward
the HeLa cell line. The nanoparticles were also found to possess
anti-inflammatory, anti-aging, and antioxidant properties.
Similarly, Bano et al. reported biogenic synthesis of AgNPs using
the secondary metabolites of Microbacterium proteolyticum and
Streptomyces rochei.**! The spherical AgNPs, having an average
size of 30 nm, successfully inhibited the growth of meningitis-
causing bacteria, S. pneumoniae, Haemophilus influenzae, and
Neisseria meningitidis. Vijaykumar et al. synthesized AgNPs using
the probiotic bacteria Lactiplantibacillus plantarum, having spher-
ical morphology with an average size of 14 nm./*) The nanopar-
ticles showed broad-spectrum antimicrobial activity against E.
coli, P. aeruginosa, S. aureus, and Bacillus subtilis. In addition,
the AgNPs possessed antioxidant activity, showed moderate to
low cytotoxicity toward 3T3 normal fibroblast cell line, and
were found to promote cell migration in wound healing
assays. Mohammed et al. also reported the synthesis of spherical
AgNPs using probiotic bacteria Lactobacillus acidophilus.*®!
The nanoparticles exhibited antibacterial and antifungal efficacy
against E. coli, P. aeruginosa, Salmonella enterica, S. aureus,
B. subtilis, and Candida albicans, respectively. Moreover, the
AgNPs showed cytotoxicity toward A549, Caco, and HepG2
cancer cell lines.

Similarly, multiple studies have reported AgNPs synthesis
using fungal and algal sources. For example, Soliman et al. uti-
lized the fungal strain Trichoderma saturnisporum to produce
spherical AgNPs with a size range of 10-70 nm.[*”! The nano-
particles were tested for their antimicrobial efficacy against
multidrug-resistant bacteria (MRSA, methicillin-sensitive
S. aureus (MSSA), P. aeruginosa, and K. pneumoniae). It
was observed that the AgNPs inhibited their growth and pre-
vented biofilm formation. Furthermore, the nanoparticles
demonstrated antioxidant activity and showed anticancer
effects against the MCF-7 breast cancer cell line with an IC50
value of 370.56 pgmL™'. At the same concentration, they were
minimally toxic to Vero cells. In addition, Veeragoni et al. syn-
thesized biogenic AgNPs using marine algae Padina tetrastro-
matica and demonstrated their superior anticancer efficacy
compared to chemically synthesized AgNPs.[*®! These biogenic
nanoparticles exhibited stronger cytotoxic effects against mul-
tiple cancer cell lines, including B16-F10 melanoma, MCF-7
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breast, HepG2 liver, and HeLa cervical cells, while causing sig-
nificantly lower toxicity in normal CHO-K1 cells. In a mouse
melanoma  model, treatment with  green-synthe-
sized AgNPs effectively suppressed tumor growth, which
correlated with enhanced apoptosis. The improved therapeutic
efficacy was attributed to increased silver-ion release in the
tumor microenvironment, leading to elevated reactive
oxygen species (ROS) generation, oxidative stress in cancer
cells, and activation of p53-mediated cell death pathways.
Furthermore, genotoxicity assays revealed that biosynthesized
AgNPs were less genotoxic than their chemically synthesized
counterparts, highlighting their potential for enhanced
anticancer activity with reduced side effects. In another study,
Rudrappa et al. synthesized spherical AgNPs using Penicillium
brasilianum with an average size of 25.32 nm.[**) The AgNPs
showed profound antimicrobial activity against bacterial
(E. coli, Shigella flexneri, S. aureus, and Bacillus cereus) and
fungal (C. albicans, Candida glabrata) strains. Additionally,
the AgNPs exhibited anticancer activity against the MDA-
MB-231 breast cancer cell line and photoprotective properties
with a moderate sun protection factor value of 15. Algotiml
et al. conducted a study where they synthesized AgNPs using
various marine algae species like Ulva rigida, Cystoseira myrica,
and Gracilaria foliifera.>® The AgNPs were spherical in shape
with average sizes of 12, 17, and 24 nm, respectively. The study
found that AgNPs had inhibitory properties against multiple
microbial strains and showed potential antineoplastic effects
on the MCEF-7 breast cancer cell line. Similarly, Hamida
et al. reported the synthesis of spherical AgNPs using micro-
algae Planophila laetevirens.*" The nanoparticles showed effec-
tive inhibition against the growth of E. coli, B. cereus, and B.
subtilis. Furthermore, the study found that AgNPs showed
potent anticancer activity against colon cancer (Sw620 and
HT-29) and breast cancer (MDA-MB231 and MCF-7) cell lines
while being biocompatible with human fibroblasts.

2.2.2. Plant-Mediated Synthesis

Plant-mediated synthesis is a simple, convenient, economical,
and environmentally friendly approach that mitigates the involve-
ment of toxic chemicals. Plants are readily available; their various
parts contain numerous metabolites with pharmacological
properties that can reduce the Ag ions and bind to the produced
nanoparticles, thus improving their efficacy. Recently, several
eco-friendly processes for the rapid synthesis of AgNPs have
been reported using aqueous extracts of plant parts such as
the leaf, stem, fruits, bark, roots, etc. Plants contain a variety
of secondary metabolites, such as flavonoids, alkaloids, terpe-
noids, and phenols, which can reduce and stabilize silver ions
to form AgNPs.’? The generalized mechanism of plant-
mediated synthesis of AgNPs is illustrated in Figure 3. This
approach offers several advantages, including the ability to pro-
duce nanoparticles with controlled size and shape, and the poten-
tial for large-scale production. Plant-synthesized AgNPs exhibit
superior antimicrobial and anticancer activity as compared to
their chemical counterpart. For instance, Chavira et al. did a
comparative study between AgNPs synthesized with Jacaranda
mimosifolia flower extract and the chemical method.** The study

© 2025 The Author(s). Advanced NanoBiomed Research published by Wiley-VCH GmbH

b//:sd1y) SUOIPUOD pUe WS | 8y} 88S *[5202/2T/0E] Uo Aiqiauliuo Ao|Im ‘eoines 0lonu| qy ABojouyoe 1 JO AIsRAIIN SBUWIRYD AQ Y6T00KZ0Z AUe/Z00T OT/I0p/LI0Y A8 1M Akeiq Ul Lo psoUeApe//SdIy WO pepeo|umoq ‘2T ‘G202 ‘20866692

03I

85UB017 SUOWILLIOD) 3AIIea1D) 8ot |dde ay) Aq peusenof ae sopie YO ‘asn Jo sajnl Jo) ARiqiauljuo 3|1 Uo (SUonIpuoo-pue:


http://www.advancedsciencenews.com
http://www.advnanobiomedres.com

ADVANCED
SCIENCE NEWS

ADVANCED
NANOBIOMED
RESEARCH

www.advancedsciencenews.com

; =

f\/\s/S“L\/\ :
E CH, O OH
;Organosulfur compounds

Polyphenols

Extraction

Terpenoids

**.._ Phytosterols _.-*"

; o) ]
b e N/ ' Metal salt
{ N ¢ Agt
- ee X
o N N Reduction
| :

www.advnanobiomedres.com

HO. OH:
PN

CHj .

\

Nucleation Capping

)

» AdAg
14 AgAg 4

Growth Stabilization

Alkaloids ~ .-"

Figure 3. Schematic representation of green synthesis of AgNPs using plant extracts. The bioactive phytochemicals (organosulfur compounds, poly-
phenols, alkaloids, phytosterols, and terpenoids) present in the extract reduce Ag™ to Ag®, leading to nanoparticle nucleation, growth, and stabilization.

concluded that the biologically produced nanoparticles exhibited
more profound antibacterial and biofilm inhibition activity com-
pared to chemically synthesized nanoparticles. Similarly, Ghetas
et al. studied the antimicrobial potential of AgNPs produced by
Origanum vulgare leaf extract to chemically produced AgNPs.*
The results demonstrated that biologically produced nanopar-
ticles exhibited more potent antibacterial and antifungal activity
against fish pathogens than chemically produced nanoparticles.
Moreover, Balaji et al. demonstrated that Sida acuta leaf extract-
synthesized AgNPs showed enhanced antimicrobial, anticancer,
antioxidant, anti-inflammatory, and antidiabetic activity in com-
parison to chemically produced NPs.> Plant-mediated AgNPs
have demonstrated superior anticancer efficacy and lower toxicity
compared to those synthesized through physical or chemical
methods.”® The presence of phytochemical capping molecules
in biogenic AgNPs enhances their biological activity and allows
for controlled release in the acidic tumor microenvironment,
thereby synergistically increasing cytotoxicity. These nanopar-
ticles have demonstrated potent anticancer effects across various
cancer models, while minimizing damage to healthy cells,
thereby improving therapeutic outcomes and reducing systemic
toxicity.®”) For instance, Wang et al. synthesized AgNPs using
Mentha pulegium, which displayed strong anticancer activity in
vitro, with low IC50 values against human colon (HCT116), liver
(HepG2), and cervical (HeLa) cancer cell lines.”® The authors
observed that the phytochemical-rich extract, under alkaline con-
ditions, facilitated the formation of smaller, surface-charged
AgNPs that significantly enhanced cancer cell inhibition com-
pared to nonbiogenic nanoparticles.

Additionally, green-synthesized AgNPs provide a safer and
more effective alternative for antidiabetic therapy compared
to AgNPs produced via conventional physicochemical
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methods, which often involve hazardous chemicals. Plant-
derived AgNPs have demonstrated potent antiglycation and
antihyperglycemic properties in the management of type
2 diabetes mellitus, effectively lowering blood glucose levels
while avoiding the toxicity concerns associated with chemi-
cally synthesized nanoparticles.®” These biogenic AgNPs
exert their antidiabetic effects through multiple mechani-
sms, including the inhibition of key carbohydrate-digesting
enzymes (a-amylase and a-glucosidase) and the enhancement
of insulin signaling. Additionally, their strong antioxidant
properties help mitigate diabetes-related oxidative stress, fur-
ther supporting their therapeutic potential and biocompatibil-
ity. For instance, Nagaraja et al. synthesized AgNPs using
Psidium guajava leaf extract and demonstrated significant anti-
diabetic effects in vivo.[*”! In streptozotocin (STZ)-induced dia-
betic rats, treatment with these guava leaf-derived AgNPs led to
a marked reduction in blood glucose levels, comparable to the
standard antidiabetic drug metformin. Notably, diabetic ani-
mals treated with biogenic AgNPs exhibited better glycemic
control than those receiving only the plant extract, as the nano-
particles achieved greater blood sugar reduction even at lower
doses. Over a 21-day-period, both 200 and 400 mg kg™ doses
of these green AgNPs significantly lowered fasting glucose lev-
els and prevented diabetes-induced weight loss, indicating an
overall restoration of metabolic balance and improved health
outcomes. Similarly, biosynthesized AgNPs derived from
Azadirachta indica (neem) extracts exhibited superior inhibi-
tion of a-amylase and a-glucosidase activity, reinforcing their
enhanced antidiabetic potential.[*" The presence of embedded
phytochemicals is believed to enhance the nanoparticles’ bio-
logical activity, as evidenced by improved glucose uptake and
increased enzyme inhibition in in vitro assays. These findings
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suggest that plant-derived AgNPs improve glycemic control
and leverage natural bioactive compounds to enhance antidia-
betic efficacy while maintaining biocompatibility.

In another study, AgNPs synthesized using Thymus serpyllum
(thyme) extract demonstrated significant antidiabetic effects in
STZ-induced diabetic BALB/c mice.” Treatment with these bio-
genic AgNPs led to a substantial reduction in blood glucose levels,
which was associated with the upregulation of insulin receptor
substrate-1 (IRS1) and glucose transporter-2 (GLUT2) expression
in pancreatic tissue. Additionally, the nanoparticles enhanced
insulin secretion, correlating with improved glycemic control.
Compared to untreated diabetic controls, AgNPs-treated groups
exhibited better weight profiles and reduced markers of oxidative
stress in key organs, suggesting lower diabetes-associated toxicity.
The study further noted that biogenic AgNPs outperformed con-
ventional antidiabetic agents in certain parameters, likely due to
the presence of antioxidant and anti-inflammatory phytochemicals
stabilizing the nanoparticles. Overall, these findings underscore
the advantages of phytochemical-mediated AgNPs synthesis, which
yields nanomaterials with enhanced antidiabetic efficacy and
reduced toxicity compared to conventional diabetes drugs and
chemically synthesized nanoparticles. By integrating bioactive plant
compounds into AgNPs, green synthesis not only improves thera-
peutic outcomes at both molecular and systemic levels but also
addresses safety concerns associated with traditional nanoformula-
tions. As a result, biologically synthesized AgNPs represent a
promising strategy for diabetes management, offering a more
sustainable and biocompatible alternative for future therapeutic
applications.

The choice of plant part depends on the availability of the plant,
its medicinal properties, and the composition of the phytochemicals
present in the extract (Table 1). However, the possible influence of
phytochemicals and their concentrations in the plant extracts,
extraction method, choice of solvent, and extraction and reaction
temperature, pH, reaction time, and precursor concentration, on
the size, morphology, and stability of the produced AgNPs is yet
to be fully understood. A recent study by Ajaykumar et al. used
the leaf extract of Uvaria narum to synthesize AgNPs with an aver-
age size of 16.5 nm and demonstrated that the nanoparticles exhib-
ited excellent antibacterial activity against Gram-positive and Gram-
negative bacteria along with strong anticancer properties.’*’
Similarly, another study by Zubair et al. reported the biosynthesis
of AgNPs using the extract of Acacia nilotica bark.*! The synthe-
sized AgNPs showed antioxidant and anticancer activities, making
them potential candidates for biomedical applications. In another
study by Tesfaye et al. Vernonia amygdalina leaf extract was used
for the synthesis of AgNPs.[**! The extract was found to contain var-
ious phytochemicals such as tannins, flavonoids, saponins, and
phenolic compounds that acted as reducing and capping agents
for the synthesis of AgNPs. The nanoparticles exhibited profound
antibacterial activity. Kumar et al. used the leaf extract of Cleome
rutidosperma for AgNPs synthesis./*® The extract was found to con-
tain flavonoids, terpenoids, tannins, and glycosides, which were
responsible for the reduction of silver ions and stabilization of
AgNPs. The synthesized AgNPs were found to be spherical, with
an average size of 15nm. Singh et al. reported the synthesis of
AgNPs using the root extract of Premna integrifolia.*”) The extract
was found to contain quercetin, a flavonoid that acted as a reducing
agent for the synthesis of AgNPs. The synthesized AgNPs
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were characterized, which confirmed the formation of spherical
AgNPs with an average size of 35 nm. Khane et al. synthesized
spherical AgNPs with an average size of 16 nm using Citrus limon
zest extract.®®) The NPs exhibited strong antioxidant, antibacterial,
and antifungal activity. Furthermore, the bark of cinnamon
(Cinnamomum zeylanicum) has also been investigated for its
potential in AgNPs synthesis. A study by El-Baz et al. reported
the successful synthesis of AgNPs using cinnamon bark extract.*”)
The phytochemicals present in the extract facilitated the reduction
of silver ions, leading to the formation of stable nanoparticles with
notable antioxidant and anticancer properties. In addition to
leaves, roots, fruits, and bark, flower extracts have been explored
for AgNPs synthesis. A study by Sabapathi et al. focused on the use
of Cassia auriculate flower extracts for the green synthesis of
AgNPs.”% The resulting AgNPs exhibited significant antioxidant,
antibacterial, and anticancer activities, demonstrating the potential
of flower extracts as a source for synthesizing nanoparticles with
diverse biological properties.

In addition to their biomedical applications, AgNPs have
been used in food-related products. A study by Mouzahim
et al. used the extract of Ficus carica leaves to synthesize
AgNPs.”Yl The nanoparticles were incorporated into chitosan
(CS) food packaging film and showed strong antioxidant
activity by effectively preserving fresh apple slices. Such com-
posite films containing green synthesized AgNPs could poten-
tially be used in food packaging to prevent the oxidation of lipids
and other food components. AgNPs also show promise in the
field of environmental remediation. A recent study by Irshad
et al. reported the use of the extract of Azadirachta indica to
synthesize AgNPs with an average size of 7 nm.””l The nano-
particles were found to be highly effective in removing
chromium (Cr) from contaminated water, making them a
potential solution to the problem of water pollution. Moond
et al. synthesized AgNPs using leaf extract of Trigonella foe-
num-graecum L% The nanoparticles demonstrated effective
catalytic degradation of methylene blue, methyl orange, and
Rhodamine B dyes. In addition, the nanoparticles showed excel-
lent colorimetric sensing capabilities against Hg”™ and Fe*"
ions. In another study by Dua et al., Eupatorium adenophorum
leaf extracts were used for the synthesis of AgNPs.”* The
extract acted as both reducing and stabilizing agents, resulting
in the formation of stable AgNPs. The synthesized nanopar-
ticles, in addition to significant antibacterial and antioxidant
activity, exhibited strong photocatalytic activity against
Rhodamine B. Collectively, these studies underscore the versa-
tility of plant extracts in the green synthesis of AgNPs, opening
avenues for sustainable and environmentally friendly nanoma-
terial production.

2.3. Advantages and Limitations of Biosynthesized AgNPs

Biosynthetic approaches for AgNPs production offer significant
advantages over traditional chemical synthesis methods, partic-
ularly in terms of environmental sustainability, cost-effective-
ness, and biocompatibility. Unlike chemical synthesis, which
often requires toxic reducing and stabilizing agents, biosynthetic
methods utilize biological resources such as plant extracts, fungi,
algae, and bacteria as natural reducing and capping agents. These
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Table 1. Various plant parts used for AgNPs synthesis and their applications.
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S No Source of synthesis Shape of NP Size of NPs [nm] Application References
1 Sambucus ebulus leaf extract Spherical 18.6 Antioxidant and antibacterial [2471]
2 Anemopsis californica leaf extract Spherical 23 Photocatalytic degradation of dye [242]
3 Ageratum conyzoides leaf extract Spherical and 27.85 Antioxidant, anti-inflammatory, and antidiabetic [243]
triangular
4 Solena amplexicaulis leaf extract Spherical 20-40 Photocatalytic degradation of dye [244]
5 Curcuma longa rhizomes Round, irregular 65-75 Antifungal, enhancing innate immunity of rice [245]
6 Sida acuta leaf extract Spherical 5-25 Antibacterial and anticancer [55]
7 Punica granatum peel extract Semi spherical 624.4 Antibacterial and antifungal [246]
8 Cuphea carthagenensis leaf extract Spherical 10.45 Antimicrobial and anti-infective [247]
9 Syzygium aromaticum extract Spherical 12.34 Antibacterial and photocatalytic degradation of dye [248]
10 Argyreia nervosa leaf extract Spherical 1-10 Antimicrobial, antioxidant, anti-inflammatory, and antidiabetic [249]
1 Olea europaea fruit extract Spherical 20.5-33.2 Anticancer [250]
12 Aloe vera leaf extract Spherical 50 Bioaerosol filtration (antibacterial) [251]
13 Rumex alpinus leaf extract Spherical 12-55 Antioxidant and cardioprotective agent [252]
14 Eucalyptus globulus leaf extract Spherical 25.42 Antibacterial and photocatalytic degradation of dye [253]
15 Heliotropium eichwaldi extract Irregular 30 Anti-Alzheimer (antiacetyl cholinesterase) [254]
16 Oplopanax elatus root extract Spherical 10-40 Antibacterial and antibiofilm [255]
17 Moringa oleifera leaf extract quasi-spherical 32 Plant disease protection (antibacterial) [256]
18 Azadirachta indica leaf extract Spherical to 22-30 Agriculture (plant growth) [257]
oval
19 Calotropis procera extract Prism 28.8 Plant disease protection (antifungal) [258]
20 Echinophora platyloba extract Spherical 15 Antibacterial and catalytic degradation of dye [259]
21 Citrus limon leaf and Punica granatum peel Spherical 32 and 28 Antibacterial [260]
extract
22 Diospyros montana leaf extract Quasi-spherical 16.75 Mosquitocidal [261]
23 Grape pomace extract Spherical 10-20 Antibacterial [262]
24 Serenoa repens seed extract Spherical 11.17-38.32 Antibacterial and antioxidant [263]
25 Syzygium aromaticum extract Spherical 10.99 Antibacterial and antibiofilm [264]
26 Parthenium hysterophorus root extract Spherical 11-20 Agriculture (seed germination and seedling growth) [265]
27 Nepeta sessilifolia Bunge and Salvia hydrangea Cubic 10-50 and 10-80 Antibacterial [266]
DC. ex Benth. Extracts
28 Gallic acid Spherical 30-50 Anticancer [267]
29 Mikania cordata leaf extract Spherical 26.8-46 Antioxidant, antibacterial, and anticancer [268]
30 Camptothecin Spherical 10 Anticancer [269]
31 Coffea arabica leaf extract Spherical 28.65 Biosensor (cysteine) [270]
32 Viscum orientale leaf extract Spherical 119-222 Antibacterial, antioxidant, and anthelmintic [271]
33 Syzygium aromaticum extract Spherical 28 Antioxidant and mosquito larvicidal [81]
34 Mentha spicata essential oil Spherical 24 Antioxidant, antibacterial, and anticancer [272]
35 Clerodendrum infortunatum flower extract Spherical 27.75 Anthelmintic [273]
36 Perilla frutescens leaf extract Spherical <61 Antioxidant, antibacterial, antifungal, and anticancer [274]
37 Allium sativum leaf extract Spherical 50-350 Increased sperm motility [275]
38 Cuphea procumbens leaf extract Quasi-spherical 23.45 Antibacterial, anticancer, and photocatalytic degradation of dye [276]
39 Fagonia cretica extract Spherical 143 Antioxidant and anticancer [277]
40 Teucrium polium flower and leaf extract Spherical 16 Antioxidant, antibacterial, and anticancer [278]
41 Wheat crop leaf residue extract Spherical 2-10 Antifungal, agriculture (increased chlorophyll, seed priming [279]
agent)
42 Allium cepa peel extract Spherical 8.44-19.93 Antibacterial, antioxidant, and Alzheimer’s disease management [280]
43 Eucalyptus leaf extract Spherical 5-20 Post-harvest management (banana) [287]
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Table 1. Continued.
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S No Source of synthesis Shape of NP Size of NPs [nm] Application References

44 Bambusa arundinacea leaf extract Spherical 30-40 Antibacterial, antioxidant, anticancer, and photocatalytic [282]
degradation of dye

45 Haloxylon salicornicum leaf extract Spherical 19.1 Antioxidant, antibacterial, and anticancer [283]

biological entities not only facilitate nanoparticle formation but
also contribute to functionalization, enhancing stability and
biocompatibility.”*!

Compared to their chemically synthesized counterparts, bio-
synthesized AgNPs exhibit superior dispersibility in biological
environments due to the presence of biogenic capping molecules
such as flavonoids, proteins, and polysaccharides.”® These bio-
molecules play a critical role in improving nanoparticle stability,
reducing aggregation, and regulating the controlled release of
silver ions—an attribute particularly beneficial for biomedical
applications such as antimicrobial therapy, wound healing,
and drug delivery.””) Additionally, biosynthetic approaches allow
better control over nanoparticle morphology, including size,
shape, and crystallinity, which are essential factors in optimizing
their physicochemical properties for specific applications.”%”?!

A key distinguishing feature of biosynthesized AgNPs is their
enhanced biocompatibility. Several studies indicate that these nano-
particles exhibit reduced cytotoxicity due to the presence of naturally
derived antioxidant and anti-inflammatory molecules from biologi-
cal extracts, which help mitigate oxidative stress in mammalian
cells.® In contrast, chemically synthesized AgNPs often induce
high levels of ROS, leading to oxidative stress, apoptosis, and gen-
otoxicity in human cells.®” The enhanced interaction of biosynthe-
sized AgNPs with biological systems makes them highly suitable
for applications such as targeted drug delivery, anti-inflammatory
treatments, and regenerative medicine. For instance, biogenic
AgNPs have shown enhanced compatibility with fibroblast and epi-
thelial cells, promoting cell proliferation and migration, which
underscores their potential for wound healing and tissue engineer-
ing applications.®?) However, biocompatibility is not universally
consistent across all biosynthetic approaches. Variations in plant
or microbial extracts influence nanoparticle surface properties,
and certain biosynthetic AgNPs, particularly those synthesized
using fungal and bacterial methods, may elicit immunogenic
responses. This necessitates further systematic comparative
studies to assess their long-term invivo safety and therapeutic
applicability.®*!

The synthesis of AgNPs is governed by several critical fac-
tors, including reaction time, pH, temperature, the nature
and concentration of reactants, and the type of biological
source or extract used. These parameters, in turn, determine
the physicochemical properties of the resulting nanoparticles,
such as their size, morphology, stability, and biological activity.
While biosynthetic approaches offer a green and sustainable
alternative to conventional chemical synthesis, they also
present unique challenges in process control and scalability.
Few comparative challenges between chemical and biological
NPs are listed as: 1) nanoparticle size and size distribution:
Nanoparticle size is a critical determinant of biological interac-
tions, surface reactivity, and functional properties. Smaller

Adv. NanoBiomed Res. 2025, 5, 2400194 2400194 (9 of 31)

AgNPs (1-10 nm) exhibit higher antimicrobial and anticancer
activity due to increased surface-area-to-volume ratio, whereas
larger AgNPs (>50nm) tend to have lower bioactivity but
enhanced stability. Size distribution also affects AgNPs perfor-
mance, with narrow distributions leading to uniform physico-
chemical properties, while broad distributions can cause
variability in biological responses. Biosynthetic methods gener-
ally result in larger AgNPs (10-100 nm) due to the presence of
biomolecular capping agents, whereas chemical reduction
methods can yield more precise size control by adjusting reac-
tion conditions such as temperature, pH, and reducing agent
concentration. 2) Synthesis controllability and reproducibility:
chemical methods allow for precise control over reaction kinet-
ics, leading to consistent nanoparticle sizes and morphologies.
In contrast, biosynthetic methods often exhibit batch-to-batch
variability due to differences in the composition of plant
extracts or microbial metabolites. Standardization of biosyn-
thetic processes remains a major challenge, as variations in
temperature, precursor concentration, and reaction time can
significantly affect particle size and stability. Despite these chal-
lenges, optimization strategies such as the metabolic engineer-
ing of microbial strains and controlled bioreactor conditions are
being explored to improve reproducibility in biosynthetic
AgNPs production. 3) Scalability and industrial throughput:
scalability remains one of the greatest challenges in biosyn-
thetic AgNPs production. While chemical synthesis allows for
high-throughput nanoparticle generation through continuous-
flow and batch synthesis systems, biosynthetic methods often
suffer from slow reaction kinetics and low production yields.
Some of the key challenges affecting biosynthetic AgNPs scal-
ability include: i) longer synthesis times compared to chemical
methods. ii) Variability in biological extracts, affecting nanopar-
ticle formation. iii) Complex purification steps are required to
remove unwanted biomolecules.

However, recent advances in bioreactor-based biosynthesis
have improved production throughput by optimizing microbial
growth conditions, enzyme-mediated silver ion reduction, and
automated monitoring of synthesis parameters. Studies suggest
that engineered microbial systems can achieve AgNPs yields
comparable to chemical reduction methods while maintaining
eco-friendly and cost-effective production.

2.4. Mechanistic Insights into the Green Synthesis of AgNPs
Using Pure Bioactive Compounds

The green synthesis of AgNPs using pure bioactive compounds
allows researchers to isolate the specific functional groups and
molecular mechanisms responsible for nanoparticle formation.
Unlike crude plant or microbial extracts, which contain a

© 2025 The Author(s). Advanced NanoBiomed Research published by Wiley-VCH GmbH

b//:sd1y) SUOIPUOD pUe WS | 8y} 88S *[5202/2T/0E] Uo Aiqiauliuo Ao|Im ‘eoines 0lonu| qy ABojouyoe 1 JO AIsRAIIN SBUWIRYD AQ Y6T00KZ0Z AUe/Z00T OT/I0p/LI0Y A8 1M Akeiq Ul Lo psoUeApe//SdIy WO pepeo|umoq ‘2T ‘G202 ‘20866692

03I

85UB017 SUOWILLIOD) 3AIIea1D) 8ot |dde ay) Aq peusenof ae sopie YO ‘asn Jo sajnl Jo) ARiqiauljuo 3|1 Uo (SUonIpuoo-pue:


http://www.advancedsciencenews.com
http://www.advnanobiomedres.com

ADVANCED
SCIENCE NEWS

ADVANCED
NANOBIOMED
RESEARCH

www.advancedsciencenews.com

complex mixture of biomolecules, the use of purified bioactive
compounds enables a precise understanding of their roles in
metal ion reduction, stabilization, and surface functionalization.
Recent studies have explored a diverse range of bioactive
compounds—including flavonoids, terpenoids, polysaccharides,
and proteins—to elucidate their contributions to AgNPs biosyn-
thesis. 1) Flavonoids as reducing and stabilizing agents: flavo-
noids are a class of polyphenolic compounds widely studied
for their ability to act as both reducing and capping agents in
the green synthesis of AgNPs. Jain and Mehata investigated
the role of quercetin, a flavonoid from Ocimum sanctum, in
AgNPs synthesis.®* They found that the hydroxyl (—OH) groups
facilitated Ag™ reduction while simultaneously binding to the
nanoparticle surface, ensuring stability and preventing aggrega-
tion. Similarly, Zhao et al. demonstrated that hesperidin, a citrus-
derived flavonoid glycoside, effectively reduced Ag™ to Ag®, while
its glycosylated structure contributed to nanoparticle stabiliza-
tion, leading to well-dispersed, stable AgNPs.®*! These findings
suggest that flavonoids with multiple hydroxyl groups can act
as electron donors, undergoing oxidation to quinones while
stabilizing AgNPs via their remaining functional groups.
Furthermore, Katta et al. extended this concept by using narin-
genin, a flavanone, as a single-component reducing and capping
agent.®! The study found that naringenin’s catechol-like dihy-
droxy structures played a critical role in Ag" reduction, while
its phenolic rings adhered to AgNPs surfaces, imparting stability.
This work highlights that even within flavonoids, variations in
structure (e.g., presence or absence of glycosylation) influence
the efficiency of AgNPs formation and stability. 2) Terpenoids
and polysaccharides in AgNPs biosynthesis: terpenoids, particu-
larly glycosylated triterpenoids, have also been shown to mediate
AgNPs formation effectively. Feng et al. explored the role of gly-
cyrrhizin, a triterpenoid saponin from liquorice root, in nanopar-
ticle synthesis.®”) Their findings indicated that glycyrrhizin’s
glucuronic acid moiety played a crucial role in Ag® reduction,
while its hydrophobic backbone contributed to nanoparticle cap-
ping, resulting in stable AgNPs with enhanced antimicrobial
properties. The study provided mechanistic insights into how
sugar-linked terpenoids function as bifunctional agents, simulta-
neously facilitating electron transfer for reduction and providing
steric stabilization through their hydrophobic framework.
Similarly, Zhao et al. demonstrated that pectin, a polysaccharide,
enhanced the stability of AgNPs when combined with hesperi-
din.® The carboxyl and hydroxyl groups of pectin chelated silver
ions and facilitated uniform nanoparticles formation, while also
preventing aggregation. This underscores the importance of
biopolymer—flavonoid synergy in fine-tuning AgNPs synthesis
parameters such as particle size and stability. 3) Proteins as
multifunctional templates in AgNPs synthesis: Proteins serve
as excellent green synthesis agents due to their rich diversity
of functional groups, which can both reduce and stabilize
AgNPs. Masud et al. used silk sericin (SS), a fibrous silk protein,
to synthesize AgNPs.®®! They found that the amino (—NH,)
and carboxyl (—COOH) groups of SS played distinct roles: the
carboxyl groups donated electrons for Ag" reduction, while
the amine and peptide backbones facilitated nanoparticle stabili-
zation via electrostatic and hydrogen bonding interactions.
This study highlighted how specific amino acid residues
within proteins mediate nanoparticle formation, providing a
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molecular-level understanding of protein-based biosynthesis.
4) Polyphenols and their role in controlled nanoparticle formation:
Gangwar et al. examined the role of tannic acid, a gallotannin poly-
phenol, in AgNPs synthesis.® The study found that tannic acid’s
catechol (—OH) and galloyl groups acted as powerful electron
donors, driving rapid Ag™ reduction while simultaneously coordi-
nating with AgNPs surfaces to form stable colloids. Kinetic analyses
revealed that tannic acid not only accelerated AgNPs formation but
also controlled the size and morphology of the resulting nanopar-
ticles, demonstrating hat polyphenolic compounds can modulate
nucleation and growth rates.

Collectively, these studies reinforce that different bioactive
compounds contribute to AgNPs biosynthesis through distinct
yet complementary mechanisms. Flavonoids and polyphe-
nols primarily act as redox-active agents, donating electrons
while simultaneously stabilizing AgNPs through chelation or
n-electron interactions. Terpenoids and polysaccharides
introduce additional steric and electrostatic stabilization, reduc-
ing particle aggregation, and enhancing bioactivity. Proteins
offer multifunctional roles, participating in both Ag* reduction
and nanoparticle stabilization through diverse amino acid side
chains. By isolating and studying the roles of individual bioac-
tive compounds, researchers have significantly advanced the
mechanistic understanding of green nanoparticle synthesis.
These insights pave the way for the rational design of bio-
inspired nanoparticle fabrication strategies, allowing for
precise control over particle properties and improved biomedi-
cal applications.

3. Antimicrobial Properties of AgNPs

The widespread use of antibiotics has led to the emergence of
antibiotic-resistant bacteria, making it difficult to treat infec-
tions.l® In recent years, alternative methods to combat AMR have
been explored, including the use of AgNPs.®! One of the most
significant advantages of AgNPs in medicine is their potent broad-
spectrum antimicrobial activity against drug-resistant bacteria,
viruses, and fungi. Several studies have demonstrated the
efficacy of AgNPs against a range of bacterial pathogens, including
methicillin-resistant S. aureus (MRSA), P. aeruginosa, Enterococcus
faecium, K. pneumoniae, Acinetobacter baumannii, and E. coli, due to
their unique mechanism of action. For instance, a recent study by
Mohammed et al. found that AgNPs could effectively inhibit the
growth of MRSA, a common drug-resistant bacterium that causes
severe infections.”? Similarly, Kumar et al. demonstrated that
AgNPs could effectively inhibit the growth of MRSA by
disrupting the bacterial cell membrane.”?! Another study by
Singh et al. found that AgNPs were effective against pathogenic
E. coli and P. aeruginosa at very low concentrations due to their
ability to rupture the cell membrane and interfere with cellular
functions.**) These studies showed the effect of bare AgNPs.
However, using AgNPs as an antimicrobial agent in combi-
nation with other compounds also has many potential
applications, including wound dressings, medical devices, and
water treatment. For example, a study by Awad et al. showed that
AgNPs, when combined with vancomycin, showed synergistic
effects and were effective against MRSA at concentrations as
low as 0.39 pgmL ™4
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3.1. Mechanism of Antimicrobial Action of AgNPs

The mechanism of action of AgNPs is multifaceted, involving
interactions with microbial cells at multiple levels. AgNPs exhibit
broad-spectrum antimicrobial activity, making them effective
against both Gram-positive and Gram-negative bacteria, includ-
ing MDR strains. Their antibacterial effects stem from multiple
mechanisms, allowing them to disrupt bacterial survival through
different pathways simultaneously (Figure 4). These mecha-
nisms can be categorized into the following key processes:

3.1.1. Disruption of Microbial Cell Membranes

AgNPs interact with bacterial cell walls and membranes primar-
ily through electrostatic interactions. This interaction leads to:
1) membrane penetration and permeability alteration: AgNPs
physically interact with the cell membrane, causing structural
damage, increased permeability, and leakage of intracellular
components such as ions and proteins. 2) Loss of membrane
integrity: The compromised membrane results in cellular con-
tent leakage, ion imbalance, and ultimately, cell death.[>%¢

3.1.2. Generation of ROS and Oxidative Stress

AgNPs induce oxidative stress within microbial cells by
generating ROS, including superoxide radicals and hydrogen
peroxide. These ROS contribute to microbial cell damage
via the following mechanisms: 1) membrane depolarization
and damage: ROS disrupt cellular membranes by interfering
with the electron transport chain, leading to mitochondrial
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dysfunction. 2) Protein, lipid, and DNA oxidation: ROS interact
with vital cellular components, causing oxidative stress that leads
to protein denaturation, lipid peroxidation, and DNA damage,
thereby impairing cellular function.?”%®!

3.1.3. Interaction with DNA and Inhibition of Genetic Functions

AgNPs directly bind to microbial DNA through electrostatic inter-
actions with the negatively charged phosphate backbone, leading
to: 1) structural modification of DNA: nanoparticles interact
with the grooves of the DNA double helix via noncovalent inter-
actions, affecting DNA conformation and stability. 2) Induction
of DNA damage: ROS generated by AgNPs cause oxidative dam-
age to DNA bases, resulting in mutations, strand breaks, and
interference with DNA repair mechanisms. 3) Inhibition of
replication and transcription: AgNPs hinder DNA replication
and transcription processes, preventing microbial cells from rep-
licating and synthesizing essential proteins, ultimately leading to
cell death.”®%%

3.1.4. Inhibition of Protein Synthesis and Enzymatic Activity

AgNPs interfere with microbial protein synthesis and enzymatic
function by: 1) binding to ribosomes: disrupting translation
machinery, thereby inhibiting the synthesis of essential proteins.
2) Denaturing proteins: interfering with the secondary and ter-
tiary structures of proteins, leading to loss of function. 3) Enzyme
inhibition: binding to active sites of microbial enzymes prevents
catalytic activity and disrupts metabolic pathways. 4) Disrupting
cellular signaling pathways: interfering with protein—protein
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Figure 4. Illustrates how AgNPs exert antimicrobial effects by disrupting cell membranes, generating ROS that cause oxidative damage, and binding to

proteins to inhibit essential cellular functions.
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interactions, posttranslational modifications, and essential cellu-
lar processes, such as ATP production, ultimately affecting
microbial viability,[*%*-10%

These mechanisms collectively contribute to the potent anti-
microbial efficacy of AgNPs, making them valuable candidates
for biomedical applications.

3.2. Factors Affecting Antimicrobial Activity

Various factors influence the antimicrobial activity of nanopar-
ticles, and understanding these factors is crucial for optimizing
their effectiveness. These factors include size, shape, concentra-
tions, surface charge, coating, and corona layer. The size of
nanoparticles influences their antimicrobial activity. Small nano-
particles have a higher surface area to volume ratio, which makes
them more effective in interacting with bacterial cells and results
in greater antimicrobial activity. Furthermore, their small size
allows them to easily penetrate bacterial cell membrane, disrupt-
ing their structure and function. Additionally, smaller nanopar-
ticles are more readily internalized by bacterial cells, which can
induce higher cellular toxicity. Moreover, smaller nanoparticles
are more readily internalized by bacterial cells, which can induce
higher cellular toxicity. However, the stability and tendency of
nanoparticles to aggregate can be affected by their size; smaller
size results in higher surface energy, which can lead to nanopar-
ticle aggregation. This aggregation increases the size, which may
reduce the surface area of nanoparticles, thereby decreasing anti-
microbial activity.['9>104

The shape of nanoparticles can also significantly impact their
antimicrobial activity. Differently shaped nanoparticles interact
with bacterial cells in distinct ways, leading to variations in their
ability to disrupt bacterial processes and cause cell death. For
instance, spherical nanoparticles exhibit a high surface area-to-
volume ratio, allowing efficient interaction with bacterial cells.
Their smooth surface can promote adhesion to bacterial mem-
branes, facilitating the transfer of active components into the cell.
Meanwhile, due to their elongated structure, rod-shaped nano-
particles can exert mechanical stress on microbial structures
to penetrate bacterial membranes more effectively than spherical
nanoparticles. They can also generate localized stress on the
membrane, enhancing its disruption and leading to cell death.
Various studies have reported that nanoparticles with high sur-
face curvature, such as spherical and rod-shaped, exhibit
increased antimicrobial activity. It is important to note that
the specific effects of nanoparticle shape can depend on various
factors, including the type of nanoparticle, the microbial species
involved, and the intended application.['%>*%¢!

In general, the higher the concentration of nanoparticles, the
more effective they tend to be at killing microbes. However, the
relationship between the antibacterial activity of nanoparticles
and their concentration is not always linear. While some studies
have found that the antibacterial activity increases with concen-
tration, others have found that there is a point where increasing
the concentration beyond a certain threshold may not be effective
or may even have negative effects. This can be attributed to high
concentrations of nanoparticles, which can cause saturation
and aggregation. When nanoparticles aggregate, they may have
reduced surface area available for interactions with microbial
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cells, which can potentially reduce their antimicrobial effective-
ness. Therefore, it is essential to find the optimal concentration
of nanoparticles based on the specific type of nanoparticles,
target bacteria, and desired therapeutic outcome to achieve max-
imum antimicrobial activity while minimizing the potential
adverse side effects.['*71%%]

The surface charge of nanoparticles plays a crucial role in their
antimicrobial activity. Positively charged (cationic) nanoparticles
tend to exhibit more potent antibacterial activity than negatively
charged (anionic) or neutral nanoparticles. This is because the
negatively charged outer membranes of bacteria tend to electro-
statically attract cationic nanoparticles, leading to a more efficient
interaction between the two. As a result, the structure and integ-
rity of bacterial membranes get disrupted, causing leakage of
essential cellular contents, ultimately leading to cell death.
Also, cationic nanoparticles may be more readily taken up by cells
through electrostatic interactions, allowing for intracellular anti-
microbial effects. Nanoparticles are often designed with specific
surface charges based on the intended application and the type of
microorganisms they aim to target. The optimization of surface
charge, in conjunction with other nanoparticle properties, is a
critical aspect of developing effective and safe antimicrobial
nanomaterials."'°% Surface coating or functionalization of nano-
particles can have a significant impact on their antimicrobial
activity.''*™" By modifying the nanoparticle’s surface with
functional groups such as amino, carboxyl, or hydroxyl groups,
the particle can interact more effectively with bacterial cells,
disrupting their membrane and causing cell death. Surface func-
tionalization can improve the stability of nanoparticles in biolog-
ical fluids and enhance their dispersion. This is crucial for
maintaining the efficacy of nanoparticles and preventing aggre-
gation, which may reduce their antimicrobial activity. Moreover,
functionalization can improve the biocompatibility of nanopar-
ticles, making them less likely to cause potential toxicity to host
cells. It can also impart specificity by incorporating ligands or
targeting moieties, allowing them to target specific bacterial spe-
cies or strains. Polyethylene glycol (PEG) is a commonly used
polymer that can improve biocompatibility and prolong the
release of active components. CS is another polymer that can
enhance cellular uptake and membrane permeability. AgNPs
coated with CS are more effective against bacteria than uncoated
nanoparticles.''*!"3) Understanding these mechanisms is cru-
cial for optimizing the design and application of AgNPs in vari-
ous antimicrobial contexts, ranging from medical applications to
water treatment and consumer products. Various ongoing
research continues to explore the safety and environmental
implications associated with the use of AgNPs.

The antimicrobial activity of nanoparticles is also influenced
by the “protein corona” layer, which often forms around the
nanoparticle either during synthesis, called the “primary corona
layer”, or when the nanoparticles interact with any biological
moieties called the “secondary corona” layer. The nanoparticle
protein corona is a dynamic layer of proteins, lipids, metabolites,
and other biomolecules that coat the surface of the nanoparti-
cle."" Protein corona is often divided into two categories: hard
and soft corona. Hard corona contains higher affinity proteins
bound irreversibly to the nanoparticle surface. Meanwhile, soft
corona is formed by lower affinity proteins reversibly bound
to nanoparticles, which showcase high exchange rates with
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the media components.""*! This process is regulated by the

intermolecular interactions between nanoparticle-protein and
protein-protein in the media. Over time, proteins having weak
interactions with the nanoparticle are replaced by those possess-
ing higher affinity, thereby hardening the corona.'® The forma-
tion of protein corona on nanoparticle is influenced by the
physicochemical properties of the nanoparticle, such as the type,
composition, size, shape, and surface charge.’'”) In addition,
ambient factors such as pH, temperature, ionic strength, protein
concentration, and exposure time greatly influence the formation
and composition of the protein corona.!'®!

4. Polymer-AgNPs Nanoparticle Composites

Having established the advantages of green-synthesized AgNPs—
including their eco-friendly fabrication, enhanced biocompatibil-
ity, and potent antimicrobial activity against a wide spectrum of
drug-resistant pathogens—it becomes evident that their integra-
tion into composite systems offers further opportunities for opti-
mization. While bare AgNPs exhibit impressive antimicrobial
efficacy, their application can be limited by challenges such as
aggregation, rapid ion release, and reduced stability under physi-
ological conditions. To address these limitations and expand their
functional scope, significant attention has been directed toward
the development of polymer—AgNPs composites. These hybrid
systems combine the antimicrobial potency of silver nanoparticles
with the tunable physicochemical properties of polymers, result-
ing in materials that exhibit improved stability, sustained release
profiles, enhanced mechanical strength, and, in some cases, tar-
geted delivery capabilities. Polymer-AgNPs composites involve
integrating AgNPs into polymer matrices through two synthesis
methods: 1) direct synthesis of AgNPs within the polymer matrix
using insitu reduction methods; 2) addition of presynthesized
AgNPs to the polymer matrix through physical mixing or chemical
bonding."**! Polymer-AgNPs composites have shown promise in
applications such as drug delivery systems, wound dressings, and
tissue engineering due to their biocompatibility and ability to
control the release of therapeutic agents.'>*'*! Polymers play a
crucial role in enhancing the effectiveness of AgNPs in medical
applications due to several key factors: 1) stability enhancement:
the polymer matrix provides a stable environment, preventing the
aggregation or precipitation of AgNPs. This is essential for main-
taining the desired properties and ensuring consistent composite
performance. 2) Controlled release: engineered polymers enable
the controlled release of silver ions, which is advantageous for sus-
taining antimicrobial or therapeutic effects in applications such as
wound dressings or drug delivery systems. 3) Biocompatibility:
biocompatible polymers, such as CS, ensure that the resulting
material is suitable for contact with biological systems without
causing adverse reactions. 4) Targeted delivery: incorporating
AgNPs into polymer-based drug delivery systems allows for tar-
geted delivery, enhancing therapeutic effects while minimizing
impact on healthy cells. 5) Versatility: polymers, which can be
modified to exhibit specific properties, allow for the tailoring of
polymer-AgNPs composites into various forms, including films,
hydrogels, or nanoparticles. This versatility meets diverse medical
application requirements, ranging from wound healing to drug
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delivery. Figure 5 illustrates the application of polymer-AgNPs
in antibacterial and wound healing applications.
Polymer-AgNPs composites leverage synthetic (e.g., polyvinyl
alcohol (PVA), PEG, polyvinylpyrrolidone (PVP)) and natural
(e.g., cellulose, CS, sodium alginate) polymers as supporting bio-
materials to enhance AgNPs’ performance in medical applica-
tions.l"””) AgNPs exhibit a propensity to undergo aggregation
facilitated by van der Waals forces. The introduction of stabilizers
proves effective in impeding the agglomeration of colloidal
AgNPs.'*1241 Commonly employed end-capping agents such
as PVA, PVP, and PEG play a pivotal role in preventing nanopar-
ticle aggregation. AgNPs coated with these polymers can func-
tion as drug-delivery systems for medical treatments.'2>126]
Elbaz et al. employed PVA, PEG, and PVP to synthesize three
distinct types of core-shell Ag/polymer nanoparticles for
encapsulating the chemotherapeutic agent doxorubicin (DOX).
Remarkably, the synergistic anticancer activity of low doses of
DOX-Ag/polymer nanocarriers was evident, with DOX-Ag/
PVP demonstrating the highest cytotoxicity. The developed
nanoparticle-based combination therapy exhibited significantly
enhanced anticancer activity against breast cancer cells, under-
scoring its potent toxic effect.'*” Karuppaiah et al. employed
PVP to stabilize colloidal AgNPs and prevent aggregation. For
the first time, the AgNPs stabilized by PVP were loaded with
gemcitabine (GEM) through electrostatic interactions. The inves-
tigation revealed that the GEM-PVP-AgNPs exhibited enhanced
cytotoxic activity in MDA-MB-453 cells compared to GEM
or AgNPs alone, demonstrating that GEM and PVP-AgNPs
displayed synergistic effects on the breast cancer cells.'?*!

4.1. PVA

PVA exhibits commendable attributes, including biocompatibil-
ity, biodegradability, fiber-forming capabilities, mechanical prop-
erties, and swelling properties. PVA nanofibers, crafted through
electrospinning technology, possess the ability to absorb wound
exudate and foster tissue regeneration.'*” Jatoi et al. synthesized
AgNPs on the surface of carbon nanotubes and subsequently
embedded them in PVA nanofibers. Within 72h, the PVA/
carbon nanotube-AgNPs nanofibers demonstrated outstanding
bactericidal properties and growth inhibition against E. coli and
S. aureus strains, indicating the suitability of this nanocomposite
as a biocompatible, safe, sustainable, and effective material for
wound dressing applications.!'*”! Hydrogels represent polymer
network systems that exhibit substantial swelling in the presence
of water or biological fluids. Notably, hydrogels emulate biologi-
cal tissue characteristics owing to their significant water absorp-
tion capacity and flexibility. However, despite their advantages,
hydrogels are susceptible to microbial infection in moist wound
environments."*"] While antibiotics can maintain wound steril-
ity, their misuse may lead to the proliferation of multiresistant
microorganisms, posing significant challenges to health safety
and sustainable development. An effective strategy to construct
antibacterial biomaterials involves the incorporation of AgNPs
into hydrogel matrices."*? PVA-AgNPs hydrogels have been
subject to extensive research due to their potential to address
these challenges.****) Bhowmick et al. employed a freeze-
thaw method to synthesize a novel elastic, anti-adhesive, and
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Figure 5. Synthesis, characterization, and application of polymer-AgNPs composite for wound healing.

antibacterial PVA hydrogel, designed to encapsulate green AgNPs.
The minimum inhibitory concentration (MIC) of these AgNPs
against S. aureus and E. coli was determined to be 7.81 pgmL™",
while the MIC against P. aeruginosa was ~3.90 ygmL™". The
PVA hydrogel loaded with AgNPs demonstrated a slow and contin-
uous release of AgNPs. The antimicrobial efficacy of the scaffold
persisted even 96 h after AgNPs release, indicating the potential
of the scaffold to serve as a reservoir for AgNPs, maintaining a
moist and sterile environment for an extended period.**! Batool
et al. utilized a casting method for the fabrication of nanocomposite
films comprising PVA, starch, and AgNPs. The AgNPs were syn-
thesized through green chemistry methods employing Diospyros
lotus fruit extract. The AgNPs were incorporated into PVA and
starch blends using an ex-situ method. Antimicrobial assessments
of AgNPs and hydrogel films demonstrated results comparable to
ciprofloxacin, underscoring the potential of such films for wound
dressing applications.!"** While PVA-AgNPs composites have been
extensively studied and utilized in the antibacterial field, the high
preparation costs and limited biocompatibility pose challenges asso-
ciated with synthetic polymers. In contrast, natural polymers, such
as cellulose, CS, and alginate, which are abundant in nature, exhibit
favorable biocompatibility and biodegradability. The utilization of
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green AgNPs in conjunction with natural polymers in antibacterial
and medical applications has also been the subject of widespread
research,!*°!

4.2. Alginate

Alginate is a highly biocompatible and biodegradable polymer
derived from seaweed, which finds application in various bio-
medical scenarios. The composite of alginate and AgNPs
emerges as a promising material for wound dressing."*’138
Sodium alginate (SA) serves as an effective stabilizer for the syn-
thesis of AgNPs.[**) Pankongadisak et al. incorporated alginate
beads loaded with AgNPs into gelatin scaffolds for potential
application as wound dressings. The preparation of calcium algi-
nate microspheres loaded with AgNPs involved the electrospray
method, ultraviolet irradiation technology, and the emulsifi-
cation/external gelation method. The gelatin scaffolds, laden
with AgNPs-alginate beads demonstrated nontoxicity to normal
human dermal fibroblasts"*” and exhibited robust antibacterial
activity.'*"1*? Correia et al. employed 3D printing for the fabri-
cation of tricalcium phosphate (TCP)/SA scaffolds. Following this,
PVP-AgNPs were introduced into the scaffold using two distinct
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methods: direct incorporation and physical adsorption. The com-
posite scaffolds produced by the direct incorporation of AgNPs
are particularly well-suited for bone tissue regeneration, owing to
their favorable mechanical properties, biocompatibility, and
bactericidal activity.'*®! Kumar and Jaiswal employed a green
synthesis method utilizing Ficus bengalensis extract to synthesize
AgNPs. The AgNPs were incorporated into a blend of PVA and
SA, followed by cross-linking with boric acid and calcium
chloride to fabricate spray hydrogel dressings. The dressing exhib-
ited uniformly distributed AgNPs, high water retention, and
biodegradable characteristics. Furthermore, it demonstrated sus-
tained release of AgNPs with antibacterial activity over 24 h.l"*4
Hu et al. developed a hydrogel dressing utilizing calcium ions to
cross-link SA molecular chains and incorporate gallic acid-function-
alized AgNPs (GA@AgNPs) to form a three-dimensional network
(GA@AgNPs-SA). The hydrogel dressing demonstrated outstand-
ing biocompatibility and facilitated the sustained release of silver
ions, ensuring prolonged antibacterial activity and hindering bio-
film formation. Furthermore, invivo studies revealed that the
GA@AgNPs-SA hydrogel effectively reduced the expression of
IL-6 and TNF-a, thereby mitigating the inflammatory response.
Additionally, it promoted angiogenesis by upregulating the expres-
sion of CD31, a-SMA, and VEGF, significantly reducing the inflam-
matory response and accelerating the repair of infected wounds.™**!

4.3. Cellulose

Cellulose is an abundant polysaccharide that serves as a
natural polymer that can be extracted from plants or bacteria.
Its extensive utilization in the medical field is attributed to
numerous appealing advantages, including biodegradability,
excellent biocompatibility, nontoxicity, cost-effectiveness, and
robust thermal and chemical stability."*® Cellulose stands out
as an exceptional carrier for AgNPs, with cellulose-AgNPs com-
posites playing a distinctive role in the fabrication of wound heal-
ing dressing materials, showcasing notable antibacterial activity.
The synthesis of AgNPs can be achieved in situ on the cellulose
surface.'”1*8 Shanmugam et al. employed a green synthesis
method for in situ generation of AgNPs on the surface of a cel-
lulose matrix using Cissampelos pareira leaf extract. The resulting
cellulose-silver nanocomposite displayed potent antibacterial
activity against S. aureus, P. aeruginosa, Trichophyton rubrum,
and C. albicans, as assessed by the disk diffusion method.!*"!
Du et al. fabricated antibacterial materials by loading AgNPs onto
periodate-oxidized dialdehyde cellulose (DAC) through an in situ
method. The reduction of AgNPs occurred in situ on the DAC
surface using AgNO; as the silver precursor and DAC as both
the reducing agent and stabilizer, eliminating the need for addi-
tional reducing agents. The resulting spherical AgNPs were
uniformly distributed on the DAC surface, and AgNPs-loaded
DAC exhibited remarkable antibacterial efficacy against E. coli
and S. aureus, with inhibition zones measuring 4.90 and
7.35 mm, respectively.>® One approach for cellulose modifica-
tion involves TEMPO-mediated oxidation of cellulose surface
hydroxyl groups. This method facilitates the reduction of silver
ions on the cellulose surface through an ion exchange reaction.
The resulting AgNPs and cellulose composite demonstrate
the controlled release of silver ions!™®! and exhibit high
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biocompatibility."** Notably, the composite displays efficient
antibacterial activity against E. coli, Proteus mirabilis, P. aerugi-
nosa, B. subtilis, S. aureus, and C. albicans.'>’!

Beyond the in situ synthesis of AgNPs on cellulose surfaces, bio-
logically synthesized AgNPs can be embedded onto the cellulose
surface to create antibacterial complexes.'>**>*! Shaaban et al.
assessed the effectiveness of bacterial cellulose impregnated with
green-synthesized AgNPs as an antimicrobial film for wound heal-
ing treatment. The AgNPs were synthesized using Moringa oleifera
leaf extract. Incorporating these green AgNPs into bacterial cellu-
lose and filter paper disks demonstrated outstanding antimicrobial
activity against S. aureus and P. aeruginosa.'>>! Mariadoss et al.
employed the p-catechin (CA)-mediated synthesis of AgNPs embed-
ded in cellulose (CE) and graphene oxide (GO) nanocomposites to
enhance antibacterial activity. The combination of CA-AgNPs and
CE-GO demonstrated substantial antibacterial efficacy against
Gram-positive and Gram-negative pat.‘hogens.[15 6l

Due to the abundant hydrophilic functional groups present in
cellulose and its derivatives, they can be easily modified and
cross-linked, rendering them ideal materials for hydrogel synthesis.
Cellulose-based hydrogels find extensive applications in medical
fields, including tissue engineering, controlled delivery systems,
and wound dressings.">”! While cellulose hydrogels do not exhibit
intrinsic antimicrobial activity, their excellent modification capabil-
ities and compatibility with antibacterial materials, such as AgNPs,
bestow upon them a significant potential for development into
antibacterial hydrogels."*®***! AgNPs can be synthesized in a
green manner directly on the surface of a carboxymethylcellulose
(CMC) polymer to fabricate a hybrid hydrogel."**'*! For instance,
Capanema et al. engineered a hybrid hydrogel incorporating AgNPs
within a cross-linked network of CMC polymer. Additionally, this
cross-linked network was coupled with the anticancer drug DOX.
The results highlight the effective nucleation and stabilization
effects of spherical AgNPs, exhibiting a uniform size distribution.
The hybrid nanocomposite demonstrated antibacterial activity
against Gram-positive and Gram-negative bacteria. The hybrid
nanocomplexes exhibited finely tuned intracellular kinetics of
DOX in vitro, showcasing synergy with AgNPs in combating mela-
noma cancer cells.["*

4.4.CS

CS is another abundant polysaccharide that holds remarkable
promise in biomedical advancement and tissue engineering appli-
cations owing to its exceptional biocompatibility, rapid biodegra-
dation, potent antimicrobial capabilities, and tissue adhesive
properties. Research has highlighted the collaborative potential
of AgNPs with CS, particularly in wound healing and antibacterial
activity.!'*%'¥ The one-pot green synthesis of AgNPs, utilizing the
stabilizing and reducing capabilities of CS, showcased their anti-
bacterial efficacy and biocompatibility.'***! Wongpreecha et al.
conducted the synthesis of CS-stabilized AgNPs (AgNPs-CS) in an
autoclave, where CS served as both a reducing agent and stabilizer.
The resultant AgNPs-CS demonstrated effective antibacterial
activity against E. coli and S. aureus, with minimum bacteri-
cidal concentrations of 39.1 and 312.5pgmL™", respectively.
Importantly, no cytotoxicity to 1-929 fibroblasts was observed.!**”)
Hajji et al. employed a green method to prepare CS-PVA-AgNPs
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Table 2. Provides an overview of various AgNPs-polymer composites, including their synthesis methods and effectiveness against specific bacterial
strains in antibacterial applications.

Materials Synthesis methods Comments References
AgNPs/sodium alginate/ Tannic acid and sodium alginate were used as reducing agents MIC of the AgNPs against S. aureus ATCC 6538 was [139]
tannic acid and stabilizers to synthesize AgNPs. 31.25pgmL .
AgNPs cause irreversible damage to the cell membrane
of S. aureus.
AgNPs/CS/collagen/dextran AgNPs were synthesized in situ during the formation of COC@AgNPs have good biocompatibility and excellent [176]
(COC@AgNP) COC hydrogel. antibacterial properties.
COC@AgNPs promote the formation of epithelium and blood
vessels and accelerate the healing process of infected full-
thickness skin defects.
AgNPs/cellulose (Cel/LCP/ AgNPs were in situ generated on the surface of the cellulose Green Cel/LCP/Ag-NCs showed good DPPH radical and ABTS [149]
Ag-NCs) matrix using Cissampelos pareira leaf extract. scavenging activities.
Cel/LCP/Ag-NCs showed antibacterial activity against
S. aureus, P. aeruginosa, T. rubrum, and C. albicans.
AgNPs/cellulose AgNPs were greenly synthesized by Moringa oleifera AgNPs incorporated into bacterial cellulose showed high [155]
leaf extract. antibacterial activity against S. aureus and P. aeruginosa.
AgNPs were incorporated into bacterial cellulose. AgNPs have a distorting effect on bacterial cell morphology.
AgNPs/soybean AgNPs were obtained by SSPS as stabilizing and reducer. The addition of CG significantly improved the mechanical [284]
polysaccharide/carrageenan Nanocomposite films based on AgNPs were developed properties, thermal stability, and water resistance of the film.
(SSPS/CG/AgNPs) using the solution casting technique. SSPS/CG/AgNPs nanocomposite film showed antibacterial
activity against E. coli and S. aureus.
AgNPs/cellulose AgNPs were synthesized using cellulosic polymer as reducing AgNPs-EC and AgNPs-HPMC exhibited significant [285]
agents, coating agents, and stabilizers. antimicrobial activity.
-AgNPs-EC and AgNPs-HPMC were internalized by E. coli cells
compared to other formulations.
AgNPs/CS AgNPs were synthesized using fungal biomass and The capping of CS on AgNPs prevents agglomeration and [286]
coated with CS. promotes stability.
Nanocomposites showed antimicrobial potential against
pathogenic bacteria.
The nanocomposite confirmed no cytotoxic effect on NIH/3T3
cell lines.
AgNPs/Gum Arabic AgNPs were synthesized using gum Arabic as a stabilizer ~ The MIC of AgNPs-GA against A. hydrophila and P. aeruginosa [287]
(AgNPs-GA) and reducing agent. was 1.625 and 3.25 pgmL™", respectively.
The AgNPs-GA significantly inhibit the formation of A.
hydrophila and P. aeruginosa biofilm at concentrations of
1.625 pgmL™".
AgNPs/soluble soybean AgNPs were synthesized using SSPS. MIC of SA120 against E. coli, and S. aureus was 2 and [288]
polysaccharide (SSPS) 4pgml".
AgNPs colloidal dispersion coated kraft paper showed
excellent antibacterial activity against E. coli, S. aureus, and
P. aeruginosa.
AgNPs/soluble soybean AgNPs were synthesized using SSPS and immobilized in SSPS ~ The presence of AgNPs improves the thermal stability and [289]
polysaccharide (SSPS) film by film casting and drying methods. UV-blocking properties of SSPS films.
The SSPS/AgNPs film had excellent inhibitory activity against
E. coli and S. aureus.
AgNPs/CS AgNPs-CS nanocomposites (Ag/CS NC) were synthesized ~ AgNPs showed effective antibacterial activity against B. subtilis [290]
using Solanum nigrum seed as a reducing agent. and E. coli.
AgNPs exhibited cytotoxicity against human cancer cell
MDA-MB-231, PANC-1, SKOV-3, PC-3, Hela.
Ag/CS NC-coated cotton fabric showed significant
antibacterial activity against B. subtilis and E. coli.
AgNPs/CS AgNPs were in situ synthesized on CS hydrogel coating on  AgNPs-CS coating showed low cytotoxicity to NIH3T3 cells, [291]
stainless steel electrodes via electrochemistry. good antibacterial properties against E. coli and S. aureus and
unique pH-dependent controlled Ag™ release capability.
AgNPs/starch/agar Starch/agar-based functional film was fabricated and AgNPs significantly enhanced the water vapor barrier and [292]

Adv. NanoBiomed Res. 2025, 5, 2400194

integrated with the AgNPs prepared using Enoki mushroom
extract.

2400194 (16 of 31)

hydrophobicity of starch/agar-based film.

Adding AgNPs did not affect the mechanical strength and
thermal stability of the film.
AgNPs-starch/agar films exhibited antibacterial activity against
E. coli and L. monocytogenes.
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Materials Synthesis methods Comments References
AgNPs/polyacrylamide/ AgNPs were synthesized using varying amounts of NaBH,. ~ AgNPs-doped hydrogels have higher storage modulus and [293]
N-methylenebisacrylamide AgNPs of different shapes were encapsulated in the PAA-MBA Young'’s modulus.
(PAA-MBA) hydrogel matrix. Although both spherical and triangular AgNPs-doped
hydrogels exhibited strong antibacterial activity, the
antibacterial activity of hydrogels containing rod-shaped
AgNPs was relatively low.
AgNPs/locust bean gum/ AgNPs were in situ synthesized in LBG/PVA/AgNPs hydrogels ~ LBG/PVA/AgNPs hydrogels exhibited antibacterial activity [294]
PVA (LBG/PVA/AgNPs) by fig leaf extract. against E. coli, P. aeruginosa, S. aureus, and E. faecalis.
AgNPs/CS/gelatin Composite films were prepared using a solution casting Due to the cross-linking movement of AgNPs, the swelling [295]
method with CS, gelatin, and AgNPs prepared by M. frondosa degree, moisturizing ability, and water vapor transmission rate
leaf extract. decreased slightly.
Compared with polyethylene films, composite films containing
AgNPs can effectively reduce bacterial contamination.
AgNPs/PCL AgNPs were synthesized using Cilembu sweet potato extract. PCL/AgNPs scaffolds exhibit higher compressive strength and [296]
PCL/AgNPs were fabricated using a screw-assisted more hydrophilic and conductive functions compared to
extrusion system. PCL scaffolds.
PCL/AgNPs scaffolds show antibacterial properties against S.
aureus (99.5%).
AgNPs/PVA PVA electrospun nanofiber doped with AgNPs was insitu  PVA nanofibers with different cross-linking degrees can control [297)
modified. the release of Ag.
The hydroxyl groups on the PVA chain can serve as reaction PVA doped with AgNPs has good antibacterial efficacy against
sites and stabilizers for AgNPs. S. aureus.
Ag@PVA nanofibers showed good compatibility with 293 T,
NIH3T3, and U937 cells.
AgNPs/starch/gelatin AgNPs-embedded starch-gelatin hydrogels were in situ AgNPs-embedded hybrid hydrogel showed good antibacterial [298]
synthesized without the use of any reducing agents and activity against E. coli and S. aureus.
surfactants. AgNPs-embedded starch-gelatin hydrogel has high mechanical
strength, good hydrophilicity, biocompatibility,
biodegradability, noncytotoxicity, and hemocompatibility.
AgNPs/Alginate Alginate-AgNPs-LGO films were obtained by casting method. The films showed strong antibacterial activity against B. cereus, [299]
S. aureus, E. coli, and S. typhi.
The color of the film changes with temperature and the
presence of light.
AgNPs/guar gum/gelatin GG/Gl/Ag-N composites were synthesized via in situ method Guar gum and gelatin matrix act as capping agent for AgNPs. [300]
(GG/Gl/Ag-N composites) by maltose sugar reduction. GG/G1/Ag-N-composite was determined to exhibit excellent
antibacterial properties against S. aureus, E. coli, and
P. aeruginosa.
AgNPs/starch (Cs)/ AgNPs were synthesized by microwave irradiation using NFC Porosity and specific surface area were reduced after [301]
nanocellulose (NFC) as a reducing agent and stabilizer. incorporating AgNPs.
AgNPs were added to the mixture of Cs and NFC to obtain The incorporation of AGNPs improved antibacterial properties
porous cryogel. significantly.
AgNPs/PLA AgNPs were prepared with mango peel extract (MPE) as a  The addition of AgNPs improves the mechanical properties of ~ [302]
reducing agent and stabilizer. PLA/MPE/AgNPs film was the film and its barrier ability against water vapor and oxygen.
prepared using the solution casting method. The film shows excellent antibacterial properties, with an
inhibition rate of more than 95% against E. coli and S. aureus.
AgNPs/PVA/sodium alginate ~ AgNPs were prepared by reduced metabolites obtained from The hydrogels exhibited superior water absorption properties [303]
green tea leaves. PVA/sodium alginate hydrogel was prepared with a high swelling ratio (500-900%).
by incorporating the AgNPs. The hydrogels exhibited good antimicrobial activity in assays
with E. coli and S. aureus.
AgNPs/gelatin AgNPs-gelatin fiber was prepared via UV-vis and wet-spinning The increase in AgNPs concentration increases the viscosity of [304]

Adv. NanoBiomed Res. 2025, 5, 2400194

methods.
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the gelatin/AgNPs solution and greatly affects the morphology
of wet-spun gelatin fibers.

Sugar-mediated Maillard cross-linking improves water stability
and provides sustained Ag" release.
AgNPs-incorporated gelatin fibers show significant
antibacterial activity against Gram-negative and Gram-positive
bacteria.

© 2025 The Author(s). Advanced NanoBiomed Research published by Wiley-VCH GmbH

1) SUORIPUOD PUe SW | a1 39S *[5Z02/2T/0€] Uo Aiqi8UlluO AB11M 201A8S 3010AU| G ABojouLa 1 JO AISRAIUN SIWIRYD AQ P6TO0KZ0Z JAUR/Z00T OT/10p/LI00" A3 |1 ATR1q U lUO"PeOLIRADE/ /SNy WO1 Ppeo|umoq ‘ZT ‘SZ0Z L0E66692

e

03I

85UB017 SUOWILLIOD) 3AIIea1D) 8ot |dde ay) Aq peusenof ae sopie YO ‘asn Jo sajnl Jo) ARiqiauljuo 3|1 Uo (SUonIpuoo-pue:


http://www.advancedsciencenews.com
http://www.advnanobiomedres.com

ADVANCED
SCIENCE NEWS

ADVANCED
NANOBIOMED
RESEARCH

www.advancedsciencenews.com

Table 2. Continued.

www.advnanobiomedres.com

Materials Synthesis methods

Comments References

AgNPs/polyethyleneimine/
Polyethersulfone (HPEI/PES)

AgNPs/PLA/CS

Ag-HPEI/PES fibrous membrane was prepared via
electrospinning on a commercial PES membrane.

AgNPs were introduced into the oligomeric lactic acid

The Ag-HPEI/PES nanofibrous membranes showed excellent [305]
antibacterial properties against E. coli, S. aureus and P.
aeruginosa
The Ag-HPEI/PES nanofibrous membranes showed
antifouling characteristics toward BSA.

AgNPs improved the mechanical and thermal properties [306]

plasticized PLA using CS as a reducing agent and stabilizer. of PLA.

AgNPs/carrageenan (CAR)/
cellulose nanocrystals

solution during the formation of cryogel.

PLA/OLA/AgNPs composites showed antibacterial activity
against S. aureus compared with the pristine matrix.

AgNPs prepared by cellulose nanocrystals were added to CAR  Sustainable Ag™ release profiles were detected for cross-linked [307]

carrageenan cryogels.
AgNPs-loaded CAR showed 100% reduction against S. aureus

and E. coli.
AgNPs/PVA AgNPs were synthesized using black grape peel extract. AgNPs and AgPVA nanofibers showed good antibacterial [308]
AgNPs were incorporated into PVA matrix by electrospinning activity against tested food pathogenic strains.
to develop a hybrid AgPVA nanofiber. AgPVA nanofibers coated on citrus lemons and strawberries
could prevent spoilage caused by food pathogens, thereby
extending shelf life.
AgNPs/PVA AgNPs were synthesized from cabbage extract. PVA hydrogel The MIC of AgNPs-HP and AgNPs-Bc-HP for S. aureus was 25 [309]
patches loaded with AgNPs and AgNPs/clay/activated carbon and 12.5 pg mL~", respectively, whereas for E. coli, it was 3.13
biocomposites were developed via a freeze-thaw method. and 6.3 pgmL™", respectively.
The controlled release of AgNPs from the hydrogel polymer
maintains a sterile environment at the wound site, thus
accelerating the healing process.
Hydrogel patches have moisturizing properties and avoid
scaling and dryness.
AgNPs/PVA/starch Starch-AgNPs (S-AgNPs) were incorporated into PVA Nanofiber cross-linked with glutaraldehyde exhibits excellent [310]

nanofibers prepared through electrospinning.

Ag™ release and stability in simulated body fluids (SBF).
Glutaraldehyde cross-linked S-AgNPs-loaded PVA nanofibers
exhibited antibacterial properties against E. coli and S. aureus.

(CS-AgNPs), utilizing CS and PVA as stabilizers. The CS-AgNPs
exhibited heightened antioxidant activity compared to CS powder.
Additionally, the prepared CS-AgNPs significantly promoted
wound healing, attributing the observed effects to the synergistic
antibacterial and antioxidant properties of AgNPs and CS.'*®! In
addition, CS-coated or modified green AgNPs can enhance the
antibacterial ability, biocompatibility, and drug loading of the
nanoparticles."®% Farhadi et al. employed Spirulina extract
for the green synthesis of AgNPs and CS polymers for surface
modification. The study aimed to investigate the antibacterial
effects and toxic impacts on cancer cells (AGS) and normal cells
(H9¢2). The findings revealed that AgNPs exhibited higher cyto-
toxicity against AGS cells compared to chemical AgNPs, while
remaining safe for H9c2 cells. Surface modification with CS
increased the safety profile against H9c2 cells but decreased cyto-
toxicity against AGS cells.'”") Elzoheiry et al. utilized the metab-
olites of Streptomyces porphyris to synthesize green AgNPs under
sunlight. These nanoparticles were then coated with a curcumin-
CS mixture for drug delivery in targeting CCl4-induced liver
fibrosis in a mouse model. The simultaneous treatment with
curcumin/CS-coated AgNPs exhibited a reversal of liver fibrosis
induction.!"”?

CS-green AgNPs nanocomposite, coatings, films, mem-
branes, and hydrogels have also been widely studied as

Adv. NanoBiomed Res. 2025, 5, 2400194 2400194 (18 of 31)

antibacterial modifications and wound dressings.'”>~'”*! Zhao
etal. engineered a multifunctional hydrogel (COC hydrogel) with
double-crosslinking, incorporating quaternized CS, methacrylic
anhydride-modified collagen, and oxidized dextran. In the
COC hydrogel formation process, silver ions underwent rapid
insitu bioreduction, transforming into AgNPs, effectively
mitigating issues related to dispersion and agglomeration.
The COC@AgNPs hydrogel demonstrated super biocompatibil-
ity and exhibited excellent antibacterial properties compared
with hydrogel loaded with the same amount of commercial
AgNPs.'7?l Mohammed et al. investigated CS hydrogel and
microspheres incorporating green-synthesized AgNPs. The sta-
bility of AgNPs was achieved using R. officinalis leaf extract.
These AgNPs were embedded into CS to produce aerogel beads
with a diameter ranging from 2 to 3 mm. The resulting hydrogel
and microspheres demonstrated outstanding antibacterial effi-
cacy against Gram-positive and Gram-negative bacteria.l'””!
Rafiq et al. employed CS-based hydrogels as carriers for
biosynthesized, highly antibacterial AgNPs obtained from the
plant extract of Bischofia javanoca. In vitro assessments of
the AgNPs revealed potent antibacterial activity against vari-
ous microorganisms, encompassing bacteria (E. coli, S. aureus,
P. aeruginosa, K. pneumoniae) and fungi (C. albicans). Furthermore,
the infection control and angiogenic potential of the AgNPs-loaded
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hydrogel were assessed in a rat model with full-thickness infec-
tious wounds, demonstrating efficacy against bacterial infection
and promoting rapid wound healing without scar formation.!'”®
Aldakheel et al. employed green tea leaf extract as a natural reduc-
ing agent and utilized microwave irradiation technology for the
synthesis of AgNPs incorporated into a CS-grafted PVA hydrogel.
The wound healing capacity of the hydrogel samples was evaluated
through both in vitro (fibroblast) and in vivo assessments using a
rat model. The CS-grafted PVA, including AgNPs, demonstrated
exceptional antibacterial activity against E. coli and S. aureus.'””!
Table 2 provides an overview of the AgNPs and polymer compo-
sites for antibacterial applications.

5. Antimicrobials-Laced AgNPs

5.1. Introduction to Antibiotic Resistance and the Role of
AgNPs

Antibiotics, also known as antibacterial or antimicrobial medica-
tions, constitute a group of medicines that have played a critical role
in saving countless lives since their discovery. These drugs are pro-
duced by various microorganisms as secondary metabolites and are
employed for treating infections caused by germs like bacteria and
specific parasites."®” Antibiotics are typically divided into two cate-
gories: bactericidal, which could deacivate bacteria, and bacterio-
static, which can inhibit bacterial growth."®! Antibiotics with
similar chemical structures usually exhibit similar characteristics
in terms of effectiveness, toxicity, and associated adverse effects.
Examples of common antibiotic classes based on chemical or
molecular structures include p-lactams (penicillin, cephalosporins,
monobactams, carbapenems), macrolides, tetracyclines, quino-
lones, aminoglycosides, sulphonamides, glycopeptides, and oxazo-
lidinones. Nevertheless, bacteria exhibit a natural propensity for a
resistance process driven by genetic mutations.'*” Once microbial
cells acquire resistance, the drug loses its efficacy in inhibiting bac-
terial growth or deactivating the cells. Consequently, microbial cells
continue to proliferate even in the presence of therapeutic levels of
antibiotics. World Health Organization (WHO) has initiated an
action plan aimed at promoting the exploration of antimicrobial
agents that are both effective and safe, possessing multiple mech-
anisms of action.

One strategy to combat bacterial drug resistance involves the
use of AgNPs, to treat bacterial infections. Despite the promising
findings from existing studies, concerns have been raised about
the potential toxicity of AgNPs at higher concentrations.'®?
Therefore, a beneficial approach could involve combining
AgNPs with other compounds possessing antibacterial effects,
thereby enhancing the antibacterial properties while reducing
the dosage and concurrently mitigating their potential toxicity.

5.2. Synergistic Potential of AgNPs with Antibiotics

It is noteworthy that the combination of AgNPs with commercial
antibiotics has consistently demonstrated favorable antimicrobial
properties, even against MDR strains.'®*'8* Combining two or
more substances in synergistic approaches results in enhanced
efficacy compared to individual components. These nanoparticle
conjugates offer several advantages, including multiple targets
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and mechanisms of action, suppression of antibiotic-resistance
formation in pathogens, improved self-assembly for delivery sys-
tems, facilitation of intracellular targeting, prolonged circulation,
and stabilization of drugs in the body, reduced individual dos-
ages to minimize host toxicity, and an expanded spectrum of
antimicrobial coverage during therapies."®>'#¢ Such drug com-
binations with nanoparticles are a prevalent strategy in clinical
practice, demonstrating therapeutic success in conditions like
acquired immunodeficiency syndrome (AIDS), cancer, cardio-
vascular disease, and microbial infections.!"®”!

Furthermore, the utilization of nanoparticle-antibiotic conju-
gates allows for a reduction in the dosage of both agents, thereby
minimizing toxicity while amplifying antimicrobial properties.
Moreover, these conjugates have demonstrated efficacy against
resistant bacteria. The conjugation has been observed to facilitate
an increased concentration of antibiotics at the site of contact
between antibiotics and microbes, thereby expediting the binding
process between microbes and antibiotics. Wan et al. documented a
synergistic outcome when AgNPs were employed in conjunction
with the antibiotics polymyxin B and rifampicin, while an additive
effect was observed with AgNPs-tigecycline.'®® In vivo experiments
demonstrated that the AgNPs-antibiotic combinations resulted in
superior survival rates in mouse peritonitis induced by A. bauman-
nii infection compared to the antibiotics alone. Additionally,
Smekalova et al. conducted 40 distinct combination tests involving
AgNPs and antibiotics, revealing seven instances of synergy,
seventeen additive effects, and sixteen cases of indifference.l'®’!
Interestingly, none of the tested combinations was found to exhibit
an antagonistic effect. Most synergistic effects were noted in com-
binations involving AgNPs and gentamicin. Notably, the most sub-
stantial enhancement of antibacterial activity occurred with
combined therapy using penicillin G against A. pleuropneumoniae.
Furthermore, A. pleuropneumoniae and P. multocida, which display
resistance to amoxicillin, gentamicin, and colistin, exhibited sensi-
tivity to these antibiotics when combined with AgNPs. In another
study, Lopez-Carrizales et al. investigated the efficacy of two cate-
gories of conventional antimicrobial agents (ampicillin and amika-
cin) both individually and in conjunction with AgNPs against a
collection of ten MDR clinical isolates and two reference strains.'**!
The researchers suggest that infections caused by MDR microor-
ganisms could be effectively addressed through a synergistic
combination of antimicrobial drugs and AgNPs. In this context,
the amalgamation of AgNPs with antibiotics resulted in a
reduction in nanoparticle size, demonstrated by transmission
electron microscopy (TEM), decreasing from 857 +1.17 to
4.01 + 0.80 nm with ampicillin and 6.03 + 0.87 nm with amikacin.
Dynamic light scattering and zeta potential results indicated
increased nanoparticle stability when combined with ampicillin
but decreased stability when amikacin was employed.

5.3. Clinical and Experimental Evidence Supporting AgNPs-
Antibiotic Synergy

The effectiveness of antibiotics like vancomycin, gentamycin,
streptomycin, ampicillin, and kanamycin was found to increase
when they were used alongside AgNPs against P. aeruginosa,
S. aureus, and E. coli'®® These results were later supported
by another study where the susceptibility of bacteria was
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demonstrated to increase by 20-35% through a synergistic effect
of antibiotics, including imipenem, gentamycin, vancomycin,
and ciprofloxacin in combination with biologically synthesized
AgNPs."% The combined impact of AgNPs and antibiotics, such
as imipenem, gentamycin, and ciprofloxacin, demonstrated sig-
nificant efficacy against various bacteria, including E. coli, S.
aureus, P. aeruginosa, K. pneumoniae, Bacillus sp., and M. luteus.

In addition, the antimicrobial activities of biologically synthe-
sized AgNPs were evaluated in conjunction with antibiotics
against Gram-negative and Gram-positive bacteria,l'”"! where
ampicillin, chloramphenicol, erythromycin, and kanamycin were
found to exhibit enhanced antibacterial activities in the presence
of AgNPs. Among the tested antibiotics, ampicillin was found to
be the most effective, with the highest synergistic effect. Higher
dosages of both AgNPs (0-40ugmL™) and amoxicillin
(0-0.5mgmL™") demonstrated increased antibacterial effects
against E. coli. The application of amoxicillin impregnated with
AgNPs resulted in superior antibacterial efficiency against E. coli
cells compared to their separate application. Additionally,
dynamic experiments revealed that this combination led to
reduced and delayed exponential and stationary phases in bacte-
rial growth."”? An obvious increase in bactericidal activity with a
higher concentration of nanoparticles was also observed. In
another study, enoxacin, kanamycin, neomycin, and tetracycline
exhibited synergistic antibacterial effects against Salmonella
typhimurium when combined with AgNPs.!*>* These antibiotic
molecules also form complexes with AgNPs in a solution,
resulting in the formation of antibiotic—AgNPs complexes.
The authors propose a four-step pathway (Figure 6) to elucidate
the observed synergistic activity: 1) antibiotic molecules, such as
tetracycline, form complexes with AgNPs (tetracycline-AgNPs).
2) The tetracycline-AgNPs complexes bind to a bacterium.
3) Bacterium-attached tetracycline-AgNPs complexes release Ag™

www.advnanobiomedres.com

in higher amounts than AgNPs alone would under the same con-
ditions, creating a temporary and localized high Ag™ concentra-
tion near the bacterium’s surface. 4) Ag" acts as an agent causing
bacterium toxicity by binding to proteins and DNA molecules in
the cell walls and within the cells, disrupting bacterial functions
and leading to bacterial death. Although AgNPs alone can follow
a similar pathway as shown in Pathway II, the presence of such
antibiotics suggests that the primary pathway is through the
antibiotic—AgNPs complex. However, pathway III was consid-
ered ineffective due to the resistance developed by the bacterium
against the antibiotics. In a separate investigation, AgNPs were
combined with Amikacin.!"** The researcher discovered that the
MIC values of Amikacin-conjugated AgNPs against A. bauman-
nii, E. coli, K. pneumoniae, and P. aeruginosa were over 10 times
lower than those of Amikacin alone across.'*4 Additionally,
strains that exhibited resistance to Amikacin became susceptible
to it when treated with Amikacin-conjugated AgNPs. In a differ-
ent investigation, the combination of AgNPs with kanamycin
exhibited a synergistic impact on bacterial growth in E. coli,
S. typhimurium, and S. aureus.”® Conversely, the combination
of AgNPs with chloramphenicol showed an additive effect on
the same bacterial strains. The E. coli strain tested in this study
displayed resistance to ampicillin, and this resistance was
successfully overcome by combining AgNPs with ampicillin.
A similar effect was observed in a clinically isolated S. aureus
strain, which demonstrated resistance to kanamycin. However,
a synergistic effect was also observed when treated with
AgNPs combined with kanamycin.

The combination of ciprofloxacin with AgNPs demonstrated
the highest synergistic effect against 91.43% of ESBL E. coli iso-
lates, with an additive effect observed in 8.57% of cases.'*”!
Concerning ESBL K. pneumoniae isolates, AgNPs combined with
cefotaxime exhibited a synergistic effect in 75% of cases, followed
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Figure 6. Schematic drawing of the synergistic antibacterial pathway of AgNPs with tetracycline against multidrug-resistant Salmonella. A four-step
procedure is proposed as the major pathway leading to cell death. Pathway Il is a minor pathway, and Pathway Ill is not effective due to antibacterial
resistance by Salmonella. Adapted with permission.l'”®! Copyright 2016, ACS Publications.
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by combinations with ceftazidime and ciprofloxacin (62.50%).
The least effective combination identified in this study was ampi-
cillin with AgNPs. In general, an enhancement in the activity of
antibiotics was noted at the MIC of AgNPs. However, at lower
concentrations of AgNPs, the enhanced effects were less pro-
nounced. AgNPs were found to inhibit the production of
beta-lactamase enzymes in 91.43% of E. coli isolates and 75%
of K. pneumoniae isolates.'® The combinations of Ag-PVP
NPs with gentamicin demonstrated a noteworthy synergistic
effect against both E. coli and S. aureus.'” Gentamicin was
observed to enhance the antibacterial activity of Ag-PVP NPs
against the tested strains, including the gentamicin-resistant
E. coli strain. However, the combined effect of Ag-PVP NPs
and ampicillin was found to be antagonistic, while the combina-
tion of Ag-PVP NPs and penicillin G exhibited an additive effect,
indicating a weak interaction between Ag-PVP NPs and these
two antibiotics in the environment. When used alone at a con-
centration of 12.5 pg/mL, Ag-PVP NPs were unable to deactivate
bacteria. However, when gentamicin was added, even at a con-
centration as low as 1 pgmL ™", Ag-PVP NPs significantly inhib-
ited the growth of E. coli and S. aureus by 97% and 80%,
respectively. However, gentamicin appears to play a dual role
within the complex system. The AgNPs-gentamicin complex
exhibits lower toxicity than both free silver ions and free genta-
micin. Consequently, the formation of a silver-gentamicin
complex diminishes their individual antibacterial activities.
Conversely, the silver-gentamicin complex can act as a reservoir
of soluble silver ions, providing a source of silver ions for bio-
molecules (such as proteins) in biological media. If the quantity
of AgNPs surpasses the binding capacity of gentamicin, an equi-
librium shift leads to the dissolution of more AgNPs, gradually
increasing the total amount of soluble silver ions. This
includes free silver ions, silver—-gentamicin complexes, and silver
complexes with other biomolecules in biosystems, thereby
enhancing their antibacterial activities. Additionally, gentamicin
was found to facilitate the attachment of Ag-PVP NPs to the sur-
face of bacteria by mitigating the negative charge of the NPs.
This, in turn, increases antibacterial activity by elevating the local
concentration.

Similarly, AgNPs form complexes with ampicillin, disrupting
the peptidoglycan in the cell wall™®" Due to their positive
charge, they target the negative charges of transmembrane pro-
teins, leading to the destruction of the cell membrane and block-
ing transport channels."®”) AgNPs also have the potential to
penetrate bacterial cells, disrupting various cellular activities
such as transportation, protein synthesis, and nucleic acid func-
tioning.[**® Similarly, imipenem, in combination with positively
charged AgNPs, inhibits and disrupts cell wall synthesis.!'* Tt
has been suggested that silver ions can penetrate the cell, inter-
calate between pyrimidine and purine, and denature the DNA
molecule.”” The antibiotics ciprofloxacin and imipenem, when
combined with these AgNPs, demonstrated the highest effective-
ness in inhibiting bacteria.'®” In cases of resistance develop-
ment to one of them, the other bactericidal agent would still
eliminate the bacteria.

In synergism, the bactericidal effect is amplified by the inter-
action between active groups, such as hydroxyl and amino groups
present in these antibiotics, with AgNPs through chelation.!*?
This results in the formation of an antibiotic-:AgNPs conjugate
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where an AgNPs core is surrounded by antibiotic molecules.
Consequently, the antimicrobial concentration is increased
at the focal site, leading to increased eradication of bacteria.
However, more studies are required to uncover the exact mecha-
nism of action for developing novel antimicrobial drug combina-
tions against MDR bacteria.

Based on the current research and growing body of evidence, it
is evident that there is a clear shift toward leveraging the com-
bined properties of AgNPs and different antibiotics to achieve a
synergistic outcome in neutralizing MDR bacteria. In a recent
study, green AgNPs were functionalized with Amikacin modified
by carbodiimide-based chemistry.**!] The bacteriostatic and bac-
tericidal potential of prepared nanodrug was examined against
amikacin-resistant A. baumannii strains. The MIC and MBC
were found to be lower than 0.5 pgmL™" and biofilm metabolic
activity of A. baumannii was reduced at rates of >50%. Another
study constructed nanostructured antimicrobials by conjugating
colistin and meropenem antibiotics with biosynthesized AgNPs
using Rosa damascena extract.’°?! The bacteriostatic and bacteri-
cidal activity of the developed nanostructure was evaluated
against both standard and MDR clinical strains of E. coli and
K. pneumoniae. Antibiotic-conjugated nanoparticles exhibited
stronger antimicrobial efficiency by lowering the MIC up to
1024-fold compared to free antibiotics, suggesting the strong
potential of antibiotic-conjugated nanoparticles against the
MDR E. coli and K. pneumoniae strains. Similarly, the antimicro-
bial effect of capped AgNPs combined with imipenem was also
tested against the K. pneumoniae strain.?**! In the biofilm analy-
sis, the viability of bacterial cells was found to decrease by more
than 80%. In another study, AgNPs were synthesized in the pres-
ence of ceftazidime, cefotaxime, ceftriaxone, and cefepime, along
with the extract of Mentha longifolia, and their antimicrobial activ-
ity was tested against cephalosporin-resistant P. aeruginosa,
K. pneumoniae, S. aureus, and E. faecalis.?®"! The obtained results
showed a significant increase in the antimicrobial activity of
antibiotic-conjugated AgNPs against all tested strains compared
to plant-based AgNPs alone. Pernas-Pleite et al. synthesized
AgNPs using microalgae broth and tested the antibacterial effi-
ciency of NPs in combination with various antibiotics against E.
coli and S. aureus.*°>! Most of the AgNPs were shown to render
synergistic antibacterial effects against both bacteria with kana-
mycin and streptomycin. Furthermore, most AgNPs were
observed to render a synergistic effect against S. aureus with
ampicillin and against E. coli with tetracycline. This difference
in synergistic effect could be due to the antibacterial potential
of the antibiotics used against specific bacterial strains.
However, this study also elucidates the enhanced generation
of intracellular ROS by the combined treatment of AgNPs and
antibiotics, suggesting that the degree of intracellular ROS
generation could have been different with the combination of
different antibiotics with AgNPs. In a recent study, iron-coated
AgNPs were produced using Cupressus sempervirens, and their
antibacterial activity was examined against methicillin-resistant
S. aureus with and without cefoxitin.”°® The results obtained
in this study showed a synergistic effect of iron-coated AgNPs
and cefoxitin against 90% of MRSA infections, while an additive
effect against 10% of infections.

Not all studies in the field seem to follow the standard method
for synergistic activity calculation, such as fractional inhibitory
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concentration index and statistical analysis. Future studies must
follow the standard method to properly define synergistic, addi-
tive, and antagonistic effects to be more conclusive. Most studies’
synergistic effects are demonstrated based on invitro analysis.
Invitro, results may not always complement those in vivo due
to the complex environment within the host. Thus, in vivo stud-
ies are required to demonstrate a similar synergistic effect of
AgNPs with antibiotics. Furthermore, studies are needed to
fully understand the mechanisms involved and ensure these
combinations’ safety and efficacy in clinical applications.

6. Challenges for the Development/
Implementation of Green-Synthesized AgNPs-
Based Antimicrobial Agents

Several obstacles restrict the applicability of AgNPs in the phar-
maceutical, and medical industries. The mechanism by which
AgNPs display antimicrobial properties is not fully known, nor
are the deep insights into how extracts utilized as biological
reducing agents facilitate the production of AgNPs. It is neces-
sary to research the biomolecules found in extracts from a wide
variety of organisms, including plants, animals, and microbes,
to determine whether or not these biomolecules are involved in
producing AgNPs. According to Anthony et al., to clearly define
the mechanism of AgNPs synthesis utilizing extracts, it is nec-
essary to conduct future research focusing on particular biomo-
lecules involved in producing AgNPs.[?*”) Kokila et al. studied
the biomolecules in the Carica papaya peel extract involved in
manufacturing AgNPs.**®! Further investigation of the biomo-
lecules found in the extracts and their specific chemical reac-
tions will enable the development of stable and homogenous
AgNPs with customized properties. Furthermore, it is critical
to optimize several reaction parameters such as AgNO; concen-
tration, extract concentration, reaction time, and reaction tem-
perature in AgNPs synthesis, as well as solvent, temperature,
and pH conditions in organism extraction. Saxena et al.
improved the synthesis method for the quick synthesis of
AgNPs utilizing the fungus Sclerotinia sclerotiorum by manipu-
lating many reaction parameters (medium, fungal biomass,
AgNOj; concentration, pH, and temperature).[zog] Liaqat et al.
optimized parameters such as AgNO; concentration, time,
pH, and temperature to ensure that AgNPs using Eucalyptus
camaldulensis and Terminalia arjuna extracts had maximum
yield, tuned size, and stability.”*'”) Optimization of various reac-
tion parameters can control the size and shape of AgNPs,
enabling large-scale production of AgNPs for commercial pur-
poses. The practicality, economics, and cost-effectiveness of raw
materials used as extraction materials should be verified to
enable industrial production and large-scale application of
green synthesized AgNPs. Overcoming seasonal and regional
raw material availability enables large-scale economic produc-
tion of AgNPs. In addition, due to the inherent properties of
nanomaterials, their physicochemical properties may change
as the production scale increases, so careful consideration
should be given to expanding the production scale of AgNPs.
Avanti et al. performed process optimization for large-scale pro-
duction of AgNPs using medicinal plant extracts, resulting in a
10-fold increase in synthesis volume compared to previously
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reported processes.*'"! Besides, biocompatibility and safety
issues need to be addressed regarding the use of green synthe-
sized AgNPs in animal models and clinical studies for higher
applications as antibacterial agents. Lethongkam et al. used a
human urine-supplemented medium, a host mimicking media,
to mimic the microenvironment during infection instead of in
vivo testing to confirm the antibiofilm effect of AgNPs using E.
camaldulensis leaf extract.l*'?

6.1. Interaction of AgNPs in the Biological Environment

The rapid surge in the usage of AgNPs has generated concerns
about their effect on persons and the environment. During
the manufacture, distribution, use, and disposal of AgNPs-
containing items, AgNPs may be released or deposited in the
environment. After AgNPs are released into the environment,
their interaction with other ecosystem components may result
in ecotoxicity. Furthermore, AgNPs’ toxicity to organisms may
be physiologically extended across the trophic chain. As a result,
research on the ecotoxicity of AgNPs in soil, water, and associ-
ated organisms has been done. Dobias and Latmani evaluated the
impact of AgNPs on natural waters by releasing AgNPs of differ-
ent sizes into rivers and lakes for up to 4 months.”"*! AgNPs
smaller than 10 nm showed a loss of more than 80% but did
not completely dissolve, and AgNPs with a size of 50 nm did
not lose 50% of their initial silver content. These results sug-
gested that AgNPs have the potential to persist in natural water
for a long period and can act as a source of Ag". Kwak et al.
exposed AgNPs to the soil to confirm the effects of AgNPs on
soil and plants in the ground ecosystem.”'* 20 mg AgNPs/kg
soil treatment significantly impacted soil and organisms by
inducing developmental delay, inhibiting growth, reducing
photosynthetic activity, producing small amounts of fruit, and
decreasing soil enzyme activity. Ribeiro et al. evaluated the toxi-
cological effects of AgNPs obtained using fungi Aspergillus tubin-
gensis on shrimp (Palaemon pandaliformis), which showed lower
toxicity to shrimps compared to AgNO; even at concentrations
100 times higher than AgNO;.**®! These findings contributed
to understanding the toxicity of AgNPs produced using fungi
on aquatic organisms. However, most toxicological studies have
focused on AgNPs exposure to cultures grown in laboratory
media. Laboratory research is necessary to reveal the ecotoxicity
mechanism, but applying the results to the ecosystem is difficult.
Moreover, laboratory studies are limited in predicting the
impacts of AgNPs due to the numerous direct and indirect inter-
actions that occur in the complex terrestrial environment. These
interactions can be challenging to replicate accurately in a labo-
ratory setting, which hinders the ability to fully understand the
environmental exposure to AgNPs. The transport mechanism of
AgNPs once they are released into the environment is yet to be
determined. There is a tremendous need to collect sufficient data
on the transport mechanisms of AgNPs since AgNPs may cause
damage to the environment after being discharged into the eco-
system. Furthermore, data acquired from laboratory trials lack
validation for predictive modeling, needing further studies in
standardized settings. These efforts are needed to fill the infor-
mation gap on the toxicity of AgNPs to comprehend their risks
for individuals and the environment.
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6.2. Challenges with Morphology Control and Surface Corona

The shape and size of the AgNPs are the two most important factors
that determine how they might be used in various biological appli-
cations. The synthesis of AgNPs has been carried out using several
different approaches to realize the desired shape and size of the
particles. To this point, several physical, chemical, electrochemical,
ultrasonic, microwave, irradiation, hydrothermal, and biological
processes have been used to produce the various morphologies
of AgNPs.*® Because of the way this process is carried out,
AgNPs of many distinct morphologies are produced, including
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©) Surface Characteristics
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Surface Charge

Formation of
Protein Corona
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Figure 7. Nanoparticles and protein corona formation. Specific or nonspe-
cific interactions of proteins with nanoparticles form a surface coating
layer called the protein corona. Protein corona formation is affected by
size, surface characteristics, morphology, composition, surface hydropho-
bicity, surface charge, and incubation conditions (pH and time) of
nanoparticles.”'

Biological milieu
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dendrites, flower-like structures, nanocubes, nanoprisms, nano-
plates, nanowires, nanorods, and nanospheres.?'”!

Because there is a significant probability of contact between
AgNPs and biomolecules, especially proteins, these various mor-
phologies of AgNPs will affect their activity in the biological sys-
tem. The tight and specific or nonspecific interaction of proteins
with NPs creates a surface coating layer known as the protein
corona, which underpins the biological identity of AgNPs
and, as a result, affects their functionality and reactivity.[*'®!
The adsorptive and composition of the corona that surrounds
AgNPs are both affected by the size, surface characteristics,
morphology, composition, surface hydrophobicity, surface
charge, and incubation conditions (pH and time) of the AgNPs
(Figure 7). The protein corona formed within the host affects
the activity of various biological systems, including cytotoxicity,
cellular uptake, physiological stability, and aggregation
(Figure 8).%2%?2!) Accordingly, several studies have adjusted
some of the properties of AgNPs to control the protein corona
surrounding them. Bhargava et al. modulated the surface prop-
erties of AgNPs through protein precoating. Protein-precoated
AgNPs disrupted protein corona formation, resulting in
improved stability in biological media and altered cytotoxicity
profile.”*”! Barbalinardo et al. modulated the surface properties
of AgNPs by replacing the native ligands that favor protein
adsorption with oligo (ethylene glycol)-based ligands that could
increase protein adsorption resistance to control their effects
on cellular uptake and cytotoxicity.*?!) In fact, cellular silver
uptake and toxicity decreased dramatically as oligo (ethylene gly-
col) density increased, suggesting that tuning the surface prop-
erties of AgNPs could modulate their biological properties.
Additionally, the presence of the protein corona on the surface
of the AgNPs would provide stability and protect against toxicity
effects.”??! The interaction of the AgNPs with the various kinds
of corona proteins has been shown in a number of in vitro experi-
ments. Recently, Zhang et al. revealed that the incubation of
AgNPs of varied morphology, such as nanospheres, nanorods,
and nanotriangles, with the bovine serum albumin (BSA)
resulted in distinct morphological modifications.**! When com-
pared to the control group, the size of the nanospheres and nano-
rods that have been encapsulated by the BSA corona is much
larger. However, the size of the nanotriangles was not altered

Protein corona

V Cytotoxicity

D V Cellular uptake
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Vv Aggregation

Model organism
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Figure 8. Protein coronas affect a variety of biological milieu, including cytotoxicity, cellular uptake, physiological stability, and aggregation.
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in any way by the BSA corona; instead, the shape of the nano-
triangles was transformed into a nanodisc.

6.3. Challenges with Biocompatibility and Toxicity in the
Human Body

In general, AgNPs can trigger apoptosis in human cells. AgNPs
first reach the cell interior via endocytosis or diffusion.
Cytoplasmic enzymes oxidize some AgNPs that enter the cell,
releasing Ag™. The liberated Ag™ binds to the thiol groups of
mitochondrial membrane proteins, causing mitochondrial mal-
function and ROS production. ROS at low levels controls a variety
of cellular processes./”**! In contrast, high quantities of ROS may
induce protein, lipid, and DNA damage, eventually leading to cell
death.*?] Excessive ROS generation has been shown to impact
the viability of several human cancer cells, including lung, colon,
breast, prostate, and pancreatic tumors.***! Depending on the
shape, size, reducing agent, and cell line being investigated,
the cytotoxicity of AgNPs might vary.

Some invitro studies have demonstrated the toxicity of
AgNPs in different human cancerous and noncancerous cell
lines. Recent studies discussing the cytotoxicity of green synthe-
sized AgNPs in human cell lines are summarized as follows.
AgNPs synthesized from the marine algae Chaetomorpha linum
were found to be an agent capable of inducing apoptosis (ICsq
48.84 +0.78 pg mL™") in colon cancer cell HCT-116 due to their
small size and spherical shape.?””) AgNPs synthesized using
Carica papaya leaf extract were shown to have better effective-
ness against various human cancer cells (DU145, A549, MCF-7,
and A431) and lower toxicity to normal cells.!**®! Upon exposure
to AgNPs containing Zingiber officinale leaf extract, HUVEC
standard cell lines exhibited high viability and demonstrated
substantial anti-human pancreatic cancer properties against
human pancreatic cancer cell lines (PANC-1, AsPC-1, MIA
PaCa-2), resulting in low cell viability. This was consistent with
the high antioxidant activity investigated in the same study.’**")
AgNPs prepared from Juniperus chinensis leaf extract showed no
toxicity to normal cells (HEK293) and cytotoxic effects to cancer
cell lines (A549), which was attributed to the synergistic prop-
erties of a group of biomolecules derived from J. polycarpos.**%
Meanwhile, AgNPs synthesized from Rhizophora apiculata
aqueous leaf extract showed higher toxicity to normal cells
(HEK293) compared to cancer cells (HeLa), suggesting the need
for additional research to develop anticancer drugs.””*!} AgNPs
biosynthesized using aqueous Eucalyptus camaldulensis leaf
extract not only exhibited potent antifungal and antibiofilm
activities but also exhibited noncytotoxicity toward Hela and
HaCaT cells, suggesting that they can be used as therapeutic
agents for fungal and biofilm control.***) AgNPs using aqueous
leaf extract of Ocimum americanum showed cytotoxic activity
(ICsp 25pugmL™") against A549 lung cancer cells through
ROS generation and cell cycle arrest.”*’) AgNPs using
Ruellia tuberosa leaf extract were tested on the A549 lung
cancer cell line, and as the concentration of AgNPs increased,
the proliferation of cancer cells decreased rapidly (ICsq
68 pg mL™").2** AgNPs synthesized using Streptomyces hirsutus
strain SNPGA-8 not only significantly inhibited the growth of
A549 (ICso 31.41 pgmL™") but also induced an increase in
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ROS production at ICso concentration./”**! In addition, cytotox-
icity analysis (MTT assay, Hoechst and AO/EtBr staining, ROS
measurement, mitochondrial membrane potential, clonogenic,
and wound healing assays) on AgNPs synthesized using root
extract of Premna integrifolia showed that AgNPs exhibit strong
cytotoxicity against HepG2.[®”)

For the widespread application of AgNPs, it is imperative to
establish conditions for their safe use. When evaluating the tox-
icity of AgNPs, it is important to emphasize that at low doses,
they exhibit minimal to no toxicity toward normal cells. The
low toxicity of green synthesized AgNPs in normal cells may
be a result of the natural compounds capped on the surface.
However, despite data from numerous studies, the unpredictable
release of silver ions makes it challenging to determine whether
the toxicity of AgNPs is due to the ions or the nanoparticles
themselves. Nonetheless, high concentrations of AgNPs can have
negative effects on human cells. In most studies, the toxicity of
AgNPs synthesized by various methods was evaluated after an
arbitrary exposure period. Additionally, because various studies
used different human cell lines and assays in assessing
AgNPs toxicity, it is difficult to link the collected information.
Furthermore, the toxicity of AgNPs may be due to their
physical properties, chemical composition, surface coating, or
Ag™ release, so the effect of the physicochemical properties of
AgNPs should be clearly characterized. Accordingly, the applica-
tion of green synthesized AgNPs in food, medicine, and
pharmaceutical fields requires in-depth research to accumulate
consistent basic data.

7. Conclusion and Future Perspectives

Biosynthetic approaches for AgNPs production offer multiple
advantages over conventional chemical methods, including sus-
tainability, biocompatibility, and tunable physicochemical prop-
erties. The ability to utilize naturally derived reducing and
stabilizing agents provides an opportunity for large-scale,
cost-effective production while reducing environmental haz-
ards. Future advancements in biosynthetic strategies, such as
optimization of biological precursors and improving synthesis
conditions, will further enhance the applicability of green-
synthesized AgNPs in medicine, environmental remediation,
and industrial applications.

The integration of biosynthesized AgNPs with polymers,
antimicrobial drugs, and protein corona presents significant
potential for advanced antimicrobial applications. Especially,
advancements in the functionalization of AgNPs have high-
lighted their potential. However, to fully harness the capabilities
of these nanomaterials, several challenges and knowledge
gaps must be addressed. One critical area that requires further
research is the evaluation of the antibacterial effectiveness of
AgNPs in hostrelevant systems. Most studies to date have
focused on in vitro experiments, which may not accurately reflect
the behavior of AgNPs in complex biological environments, espe-
cially against polymicrobial species. To better assess their clinical
potential, conducting extensive studies under conditions that
mimic the host environment is essential.

Understanding the interactions between AgNPs and biological
components such as blood, bodily fluids, and proteins is another
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critical area for future research. These interactions, particularly
the formation of a protein corona on AgNPs, play a significant
role in determining their behavior and efficacy in biological sys-
tems. Future studies should focus on elucidating the molecular
mechanisms underlying these interactions, particularly how pro-
tein-AgNPs interactions influence protein unfolding and subse-
quent cellular responses. Additionally, exploring strategies to
guide or minimize protein corona formation to achieve desired
effects in vivo should be a key research focus. Furthermore, it is
essential to conduct thorough assessments of the toxicity, bio-
transformation, and long-term effects of AgNPs within biological
systems. Advanced analytical techniques must be employed to
enhance the accuracy of predicting the harmful effects of
AgNPs. Methodologies for quantifying the release of Ag+ ions
from AgNPs in vivo and determining the surface ionization frac-
tion to select AgNPs with optimal size and surface chemistry for
clinical use are important. Addressing these challenges will be
vital for translating the promising potential of AgNPs into safe
and effective clinical therapies.
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