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ABSTRACT

Nanotechnology has immense potential for the development of novel and necessary products that benefit
human health, the environment, and industries. Silver nanoparticles and their nanocomposites have
gained tremendous importance in the field of nanotechnology owing to their widespread usage in various
realms of science and technology, including electronics, biomedical, environmental protection, textile
industry, cosmetics, therapeutics, photonics, agriculture, and so on. Additionally, the market demand
for nano silver-based products and high therapeutic usage of silver nanostructures has diverted the focus
of researchers towards the exploration and novel use of silver-based nanoparticles for advanced nano
based pharmaceuticals, high-tech devices, biosensors and other industrial products. As the characteristic
properties of silver nanostructures, like excellent SERS/SPR, surface properties, diversity in shape, surface
charge, dissolution rate, controlled silver ion release for mediating the antimicrobial toxicity and cytotox-

Mechanism icity towards cancer cells, and efficient biocompatibility, which render them to be potential antimicro-
bial, anticancer and diagnostic agents. Here in this review, due attention has been given to highlight
the antimicrobial and anticancer properties of silver nanoparticles along with their mechanistic path-
ways. Finally, some of the miscellaneous applications of silver nanoparticles are briefly mentioned which
emphasize the understanding of silver nanoparticles’ ubiquitous role in consumer and health care prod-
ucts, biomedical devices, implants, environmental remediation, and so on.
© 2021 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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1. Introduction

Nanotechnology has played an immensely important role in
biomedical, diagnostics, therapeutics, industrial sector, scientific
research probes, and environmental protection in the last few dec-
ades (Farokhzad and Langer, 2009; Guerra et al., 2018). A vast array
of nanomaterials of different morphologies (Fig. 1) have been syn-
thesized by employing different synthetic methods and procedures
(Iravani et al., 2014; Aygiin et al., 2020). Nanomaterials range in
size between 1 nm and 100 nm or particles having at least one
dimension below the 100 nm size range (Farokhzad and Langer,
2009).

There are various types of metal nanoparticles, which include
nanoparticles of iron, gold, silver, titanium, cerium, platinum, thal-
lium, and so on (Pifién-Segundo et al., 2013). Silver nanoparticles
are one of the extensively explored metal nanoparticles for diverse
scientific purposes because of their characteristic physicochemical
and biological properties, viz, large surface area to volume ratio,
excellent surface plasmon resonance, ease of functionalization or
conjugation with different types of ligands to get desired tailored
properties, toxicity against pathogens, efficient cytotoxicity
towards cancer cells, catalytic applications and so on (Jain et al.,
2008; Akter et al., 2018). Interestingly, matter in the nanometer
size range exhibits some unique physical, chemical, and biological
properties that are completely different as compared to the matter
in its bulk state and are greatly useful in scientific or research sce-
narios. (Gatoo et al., 2014). Silver nanoparticles are notable among
the noble metal nanoparticles and nanocomposites because of
their tremendous potential and significant applications (Fig. 2) in
the textile and food industries, water purification plants, environ-
mental pollution protection, biomedical/therapeutics (anticancer,
antimicrobial, antiangiogenic, contrast agents in imaging tech-
niques for the diagnosis of diseases, biomedical devices, diagnostic
probes in biological systems for the detection of several dreadful
diseases or complications, conjugation with drugs to overcome
the resistance or hindrances facing to their efficient delivery and
also to increase the potency and therapeutic index of drugs)
(Barkalina et al., 2014; Butola and Mohammad et al., 2016;
Yetisen et al., 2016; Deshmukh et al., 2019).

In this review, an attempt has been made to highlight some of
the essential, highly significant in-vitro antimicrobial and anti-
cancer activities of silver nanostructures, and their miscellaneous
applications so that the readers can understand the importance

@/v ylinder
Cubic‘@

Sphencal‘

‘}D

Oval

T

Rods

Fig. 1. Shapes of AgNPs.

and significance of silver nanomaterials and their potential in
novel applications of science or nanotechnology. The reading of
this review will enhance the fervor for the development of more
antimicrobial formulations and also boost the research focus for
opening up new strategies in the treatment of cancer, spreading
of microbial diseases, and other novel applications in biomedical
and other sciences.

2. Synthesis of nanoparticles

There are different synthetic approaches, protocols, or proce-
dures for the preparation of silver nanoparticles. Broadly, the pro-
cedures can be categorized into two, viz, top-down and bottom-up
approach (Fig. 3). The top-down approach is the mechanical trans-
formation of bulk metal into nanostructures using suitable stabiliz-
ing agents. Contrary to this, the bottom-up approach is the
transformation or nucleation and subsequent stabilization of mat-
ter at the atomic scale into nanostructures (Richards and
Bonnemann 2005). Usually and probably all the bottom-up
approaches share some common features, i.e., reduction of metal
ions obtained from metal precursors by using suitable reducing
agents, capping, or stabilizing agents in the preparation and giving
the stability to the nanoparticles or nanostructures.

As is mentioned, that silver nanoparticles can be synthesized by
three different methods like physical, chemical and biological
(Fig. 4) (Iravani et al., 2014). The various physical methods include
spark discharging, pyrolysis, tube furnace (evaporation-condensa
tion), laser ablation, gamma-irradiation, microwave processing,
and so on. These methods involve certain demerits or downsides,
like high energy consumption, low yield, and non-uniform distri-
bution of nanoparticles, but have the positive side of non-use of
environmentally hazardous chemicals. Chemical methods for syn-
thesizing silver nanomaterials include Sol-Gel method, Co-
precipitation, Pyrolysis, Sono-chemical, Electro-chemical methods,
etc. These methods are easy, inexpensive, and efficiently produc-
tive as compared to the physical methods. But have disadvantages
of the use of harmful and toxic chemicals, which render these
methods to be less biocompatible and environmentally toxic. All
the drawbacks of physical and chemical methods are being over-
come or replaced by the most widely adopted or used method by
researchers, that is the biological method, which is the most bio-
compatible of all the methods. This method of nanoparticle synthe-
sis employs biological systems like plants or plant parts, bacteria,
fungi, algae, animal tissues or cells, proteins, nucleic acids, vita-
mins, and so on, in the synthesis of nanomaterials. This approach
of synthesizing nanostructures is eco-friendly, biocompatible, easy,
and high-yielding.

Yet another approach to the biological one is the green syn-
thetic approach, which includes synthesizing nanoparticles solely
from plant extracts (Chavan et al., 2021). Nowadays, special
emphasis is given to synthesize nanoparticles by adopting a green
synthetic approach owing to the eco-friendliness, productivity,
economically cheap, also availability of huge diversity of plants,
and presence of abundant bioactive phytocompounds in plant
extracts (Iravani et al.,, 2014; Argade et al., 2019). It is important
to mention here that plants are huge repositories of naturally
bioactive phytocompounds, which not only help in the synthesis
of nanoparticles but also offer versatile properties like desired
functionalization, long term stability, biodistribution, nanolithog-
raphy to accomplish the broad spectrum of bioactivities
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Fig. 2. Application of AgNPs.

(Shejawal et al., 2020; Ansar et al., 2020). It has been also found
that temperature, pressure, pH, type of reducing agent, and precur-
sor agents have a significant impact on controlling the shape, size,
surface area to volume ratio, size distribution, morphology, and
bioactivity of synthesized silver nanomaterials. (Voronov et al.,
2008; Algadi et al., 2014; Wongpreecha et al., 2018).

3. Antimicrobial activity of silver nanoparticles

Silver nanoparticles are well-known to have antimicrobial
properties (Marambio-Jones and Hoek 2010; Zheng et al., 2018)
and luckily seem to be potent and efficient antimicrobial agents
as compared to other noble metal nanomaterials, owing to their
characteristic properties like large surface to volume ratio
(Morones et al., 2005), toxicity (Morones et al.,, 2005; Navarro
et al.,, 2008; Kruszewski et al., 2011; Beer et al., 2012), possible
interaction with the sulfur and phosphorus compounds present
in the cells (Morones et al., 2005; Yin et al., 2013), crystallographic
characteristics, and so on, which enable them to be useful agents
for treating various microbial infectious diseases and also can serve
as useful agents to overcome the microbial resistance against the
conventional drugs, either used alone or in conjugation with ther-
apeutic antimicrobial formulations (Morones et al., 2005; Khatoon
et al.,, 2019). Silver nanoparticles have also been researched and
proved to be efficient antifungal and antiviral agents.

Silver has a long history of being used as an antimicrobial, and
its nanoforms are far better and more biocompatible antimicrobial
agents. In the context of this section, an ample amount of research
work is carried out right from the beginning of the period of silver
consumption in nanotechnology. A lot of invivo and invitro
research has been done so far with relevance to the antimicrobial
potential of nanosilver or its nanoconjugates, which can assist in
our understanding about the importance and potential role of sil-
ver nanoparticles in the future while tackling microbial diseases

by counteracting the loopholes of conventional antimicrobial for-
mulations, combating drug-resistant pathogens and simultane-
ously setting the foothold of the combinatorial approach in drug
action.

Silver nanoparticles are easily synthesized from plant extracts
with extreme stability and eco-friendliness and exhibit wide range
of antimicrobial properties because of the additive action of
nanosilver and broad range of phytoconstituents with inherent
antimicrobial properties.

A study conducted by Loo et al., reports that silver nanoparticles
(size: 4.06 nm) synthesized from pu-erh tea leaves have been
found to have strong antimicrobial activity against gram-ve food-
borne pathogens like Salmonella enteritidis, Klebsiella pneumonia,
Escherichia coli, and Salmonella typhimurium and MICs reported
were 3.9, 3.9, 7.8, and 3.9 pg/ml respectively (Loo et al., 2018). Sim-
ilarly, Garibo et al., reported synthesis of silver nanoparticles
(shape: quasi-spherical and spherical; size: 5 nm) by using an
aqueous extract of the perennial tree Lysiloma acapulcensis and
found them to be potent antimicrobial agents (Garibo et al.
2020). In an important study, Selim et al. investigated the antimi-
crobial activity of chemically synthesized silver nanoparticles of an
average size of 50 nm on two reference strains (M. tuberculosis and
M. bovis), the MDR Mycobacterium tuberculosis strain, and clinical
isolates (M. tuberculosis and M. bovis). The synthesized nanoparti-
cles significantly inhibited all the tested samples. Reports of MIC
values in case of reference strains M. bovis and M. tuberculosis were
found to be 4 pg/ml and 1 pg/ml respectively. In case of the MDR
strain of M. tuberculosis, the MIC value obtained was 16 mcg/ml.
However, 1-16 pg/ml and 4-32 pg/ml MIC values were reported
against clinical isolates of M. tuberculosis and M. bovis respectively.
This study suggests that silver nanoformulations can act as poten-
tial antitubercular agents (Selim et al., 2018). According to Singh
et al., the antibacterial activity of bacteriogenic silver nanoparticles
against Acinetobacter baumannii, a harmful nosocomial bacteria
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Fig. 3. Top-down and Bottom-up approach.

associated with hospital-acquired infections with high mortality,
that synthesized silver nanoparticles inhibited bacterial growth
with a MIC value of 16 pg/ml, which is much lower than ampicillin
(4096 pg/ml), amoxicillin (2048 pg/ml), and erythromycin (64 pg/
ml) against the selected pathogen (Singh et al., 2018). This study
suggests the higher potential and efficacy of AgNPs compared to
conventional antibiotics in the treatment of hospital-acquired
infections.

Furthermore, silver nanoparticles are conjugated or loaded with
antibiotics or antimicrobials for synergistic and enhanced antimi-
crobial effects, which can lead to the development of efficient,
potent, highly biocompatible, broad-spectrum, and least resistant
antimicrobial formulations. One of the studies conducted by Bonde
et al. has reported strong antimicrobial activity of AgNPs (size
40-80 nm) synthesized from Murraya koenigii against human

pathogens like Pseudomonas aeruginosa, Escherichia coli, and Sta-
phylococcus aureus. The synergistic enhanced antibacterial activity
of silver nanoparticles loaded with tetracycline and gentamycin
was observed (Bonde et al., 2012).

It is often a practiced method to isolate specific bioactive com-
pounds instead of whole complex crude extracts, to play a major
role in nano synthesis and bioactivity with high efficiency,
precision, and purity rather than in their crude forms. For example,
isolated flucoidan, a phytocompound, from Spatoglossum asperum
has been used for the synthesis of AgNPs (size 20-46 nm) showed
good results against K. pneumonia (with a zone of inhibition:
18 + 0.28 mm), comparatively higher than crude fluocidan (zone
of inhibition: 12 + 0.36 mm) (Ravichandran et al., 2018). Similarly,
another research work reported that silver nanoparticles synthe-
sized from Euphorbia antiquorum L. have been found to have
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efficient larvicidal and antimicrobial properties (Rajkuberan et al.,
2017). Silver nanoparticles are more toxic and highly bioactive
than metallic silver. One such study reported by Ramya and
Subapriya revealed that AgNPs are more toxic against commonly
found fungi like Aspergillus, Saccharomyces, and Candida than free
silver (Ramya and Subapriya, 2012). Additionally, silver nanoparti-
cles are functionalized by coating them with suitable polymers for
enhanced therapeutic actions. Elechiguerra et al. found that PVP-
coated AgNPs within the 1-10 nm range efficiently inhibit the
replication of HIV in a dose-dependent manner (Elechiguerra
et al., 2005). Silver nanoparticles have proven in-vitro antiviral
activity against different types of deadly viruses, which highlights
the potential of silver-based nanomedicines in the treatment of
dreadful viral diseases. In such a study, the evaluation of the antivi-
ral activity of AgNPs with or without a polysaccharide coating
against the Monkeypox virus showed that AgNPs of around
10 nm in size inhibited the virus effectively (Rogers et al., 2008).
A similar type of research work, carried out by Lara et al., revealed
that silver nanoparticles attach to gp120 (glycoprotein spikes on
the HIV surface) in a way that inhibits the attachment, fusion,

and infectivity of CD4-dependent virions, serving as an important
antiviral agent against cell-associated and cell-free viruses. Silver
nanoparticles also inhibit the post-entry stages of the HIV-1 life
cycle (Lara et al. 2010). Even though silver nanoparticles are
tremendously exploited for invitro antimicrobial studies, there is
still an insufficiency of data regarding invivo research and systemic
toxicity assessment in humans.

Surface engineering and functionalization of silver nanoparticles
with suitable molecular moieties is the most attractive and fasci-
nating part of silver nanotechnology. It associates or imparts the
desired properties, like structural, topographical, binding capacity,
synergistic drug efficacy, solubility and distribution of conjugated
drugs, and other pharmacokinetic parameters of nanomedicines
that enhance the exploration of the novel applications of silver
nanoparticles in medicine. Conjugants often used with AgNPs are
drugs, bio and inorganic moieties, antibodies, therapeutic proteins,
nucleic acids (RNA and DNA), and bioactive therapeutic compounds
isolated from plants, animal bodies, bacteria, and fungi.

As such silver nanoparticles are functionalized with different
groups to form the desired nanostructures like graphene oxide-
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silver nanocomposite (de Moraes et al., 2015; Ikhsan et al., 2015;
Choi et al.,, 2018), nAg-psf (Zodrow et al., 2009; Verma and
Maheshwari 2019), PVP coated silver nanoparticles, etc (El
Hotaby et al., 2017), to have enhanced therapeutic efficiencies or
other applications. There is a long list of conjugating agents with
silver nanoparticles which include drugs: anticancer (Patra et al.,
2015; Benyettou et al., 2015), antibacterial (Shanmuganathan
et al.,, 2018; Masri et al., 2018; Kaur and Kumar, 2019); polymers:
PEG (Zhao et al., 2019; Cho et al., 2012), PVP (Gélvez et al., 2018;
Zhao et al., 2019) PEI (Li et al., 2016), cellulose (Lin et al., 2015),
beta cyclodextrins (Xie et al., 2010; Zhai et al., 2017); amino acids
(Kumar et al., 2018); proteins (Tai et al., 2014; Joshi and Soni,
2014); fatty acids (Anwar et al., 2019; Rajendran et al., 2019); glu-
cosamine (Veerapandian and Yun, 2010; Veerapandian et al.,
2010); 4-aminobenzenethyol (Patel et al, 2015); 4-
mercaptopyridine (Li et al., 2012); polyhexamethylene biguanide
(PHMB) and so on (Ashraf et al., 2012). These conjugating agents
enable silver nanoparticles to have a broad spectrum of applica-
tions in therapeutics and biomedical science.

3.1. Mechanism of antimicrobial activity of silver nanoparticles

The mechanism behind the antimicrobial activity of silver
nanoparticles is still a topic of deep discussion. Silver nanoparticles
are reported to cause structural and physiological changes in
microbial cell membranes, such as accumulation and changes in
permeability and membrane potential, as well as inhibition of res-
piratory proteins attached to the membrane, disrupting the cell’s
homeostasis and ultimately leading to microbial cell death. It is
also suggested that a positive charge of Ag ions is essential for
antimicrobial properties (Rai et al., 2009; Abbaszadegan et al.,
2015). The antimicrobial action of AgNPs is greatly influenced by
several parameters, including microbe type, temperature, pH, and
AgNO3 concentration (Marambio-Jones and Hoek, 2010). The con-
centration of Ag+ has an inverse relationship with it. This is due to
the fact that smaller particles have a bigger surface area for con-
tact, resulting in greater bactericidal effects than bigger particles
having less surface area (Chanda, 2013). It is revealed that the
Ag" ions released from AgNPs mediate the toxicity to the bacterial
cells as Ag" ions penetrate the bacterial cells and get oxidized to
Ag,0 (Hsueh et al; 2015). Also, Ag" ions released from internalized
AgNPs bind to the sulphydryl groups of proteins and lead to their
denaturation. It has been reported that AgNPs attach to the bacte-
rial respiratory chain and disrupt the essential physiological pro-
cesses that eventually lead to cell death (Menu et al., 2012).
Silver nanoparticles have been well-documented to generate reac-
tive oxygen species like hydroxyl and superoxide radicals that
induce oxidative stress in the cell, leading to the serious damage
or death of the microbial cell (Lok et al., 2006; Kim et al., 2011;
Rautela et al., 2019).

4. Anticancer properties of silver nanoparticles

Cancer is a disease of international concern that is a major cause
of worldwide human deaths. According to the WHO report, 9.6 mil-
lion deaths occurred globally in 2018 due to this deadly disease
(World Health Organization, 12 Sep 2018; Bray et al., 2018). Any
type of tissue or cell in the body is at a risk of abnormal prolifera-
tion and that is the reason for the diversity in cancer. The type of
cancer varies according to the type of cell, tissue, or organ involved
in the disease. Furthermore, the causes of cancer are rapidly
increasing, while treatment strategies have simultaneously been
expanded and modified into advanced means of combating this
dreadful disease. Treatment strategies for various types of cancers
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include radiation therapy (Balaji et al., 2016; Baskar and Itahana
2017; Deng et al., 2018), surgeries (Rega et al., 2019), chemother-
apy (Dickens and Ahmed, 2018), hormonal therapy (Fekete and
Gyorffy, 2019) immunotherapy (Fang et al., 2017; Thomas et al.,
2018) bone marrow transplantation (Gahrton et al., 1991; Giebel
et al,, 2019), targeted therapy (Gerber 2008), cryoablation (Lee
et al., 1994; Bahn et al., 2006), radiofrequency ablation (Brem,
2018; Rajyaguru et al., 2018), and so on. Cancer treatment aided
by nanomaterials has emerged with effective therapeutic benefits
in the last few decades, capturing the attention and enthusiasm
of researchers to develop novel ways of nanotechnology to treat
various types of cancers (Barreto et al., 2011; Nazir et al., 2014).
Metal oxide nanomaterials (Martinez-Boubeta et al., 2013; Zhou
et al., 2014; Vinardell and Mitjans, 2015) and metal nanoparticles
(Conde et al., 2012; Sharma et al., 2015) have been particularly
effective as anticancer agents. Conjugates of nanomaterials with
chemotherapeutic anticancer drugs: doxorubicin (Kievit et al.,
2011), fluorouracil (Ashwanikumar et al.,, 2014), methotrexate,
(Wu et al, 2014), etc.; biopolymers (Carvalho et al., 2019); pep-
tides (Yeh et al., 2016); nucleic acids (Guo et al., 2016); folic acid
(Boca-Farcau et al., 2014) and so on, have created a synergistic
approach to the treatment of cancer. Silver nanoparticles and
nanocomposites are highly involved in the list of scientific research
and literature to have anti-cancer properties (El-Naggar et al.,
2017; Yuan et al., 2017).

In recently reported research work, Shejawal et al. synthesized
silver nanoparticles with the help of 1% aqueous extract of the Car-
otenoid phytopigment “Lycopene”, isolated from tomato, extracted
in benzene and observed their anticancer activity. The Lycopene
AgNPs were tested on Hella, COLO320DM, H29 cancer cell lines,
and it was reported through MTT assay the percent inhibition of
409 + 0.69, 4141 = 041, and 3543 + 0.67 against Hella,
COLO320DM and H29 cancer cell lines respectively (Shejawal
et al., 2021). In another study conducted by Lin et al., it was found
that silver nanoparticles act as anticancer agents by induction of
autophagy of cancer cells through activation of the ptdins3K path-
way. Furthermore, they observed that inhibition of autophagy by
autophagic inhibitor like wortmannin results in enhanced cancer
cell killing efficacy in the mouse melanoma cell model (B16 cell
lines) (Lin et al., 2014). Shejawal et al., in their research work, syn-
thesized iron and silver nanoparticles ranging in size from 50 to
100 nm by a green synthesis method from a polyphenolic bioactive
phytocompound “proanthocyanidin”, isolated from grape seed and
successfully evaluated various biological activities of synthesized
nanoparticles. They reported significant anticancer activity against
different colon cancer cell lines (COLO320DM and H29) through
SRB and MTT assays. According to the SRB assay,
proanthocyanidin-AgNPs inhibited the growth of COLO320DM (in-
hibition: 71.61.97%) and H29 (inhibition: 69.211.86%) cell lines.
The MTT assay reveals that proanthocyanidin-AgNPs showed
6427 + 1.63 and 63.34 + 1.64 percent inhibition against
COLO320DM and H29 cell lines respectively (Shejawal et al,
2020). In another research work carried out by Mittal et al., biosyn-
thesized silver nanoparticles from plant extracts of Potentilla ful-
gens caused cytotoxicity in a dose-dependent manner in the U-87
and MCF-7 cell lines. The IC50 value was found to be 8.23 pg/ml
and 4.91 pg/mL in U-87 and MCF-7 cell lines respectively (Mittal
et al., 2015). Invitro evaluation of the anticancer and antioxidant
potential of Morinda pubescens green mediated synthesized silver
nanoparticles by Inbathamizh et al., revealed significant cytotoxic-
ity to the HEP.G2 cell lines. The Gi50 value was found to be
93.75 pg/ml (Inbathamizh et al., 2013). Researchers carry out the
desired conjugations with AgNPs to have enhanced cytotoxicity
towards cancer cells. Preethi and Padma observed the enhanced
anticancer activity of silver nano bioconjugates synthesized from
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the leaf extract of Piper betle and its active polyphenol compound
“eugenol”. The cytotoxicity to oral “KB” cancer cell lines was found
to be elevated by the application of nanoconjugates in comparison
to non-conjugates or crude parts of the plant (Preethi and Padma
2016). Yuan et al., reported synergistic enhanced cytotoxicity and
apoptosis of Hela cancer cells with combinatorial therapy of AgNPs
and Camptothecin (CPT) (Yuan et al,, 2018). Venkatesan et al.
biosynthesized porous chitosan-alginate AgNPs and revealed that
the nanocomposite has potential anticancer and antimicrobial
properties. The nanocomposite was tested in-vitro on MD-MB-
231 (breast cancer cells) and the IC50 value is reported to be
4.6 ng/ml (Venkatesan et al., 2017). Benyettou et al., successfully
conjugated the anticancer drugs: Doxorubicin and Alendronate
with AgNPs (carrier vehicle) and tested the drug-nano conjugate
on Hela cell lines. Interestingly, an enhanced anticancer potential
was observed compared to Doxorubicin or Ald used alone. These
findings prove that AgNPs could and do act as carriers for efficient
transportation and delivery of anticancer chemotherapeutic drugs
with increased therapeutic index and potency, thereby sparing the
need for a high dose of chemotherapy to lessen the cytotoxic
effects on normal healthy body cells (Benyettou et al., 2015). But-
tacavoli et al., synthesized silver nanoparticles embedded in
polysaccharide (EPS) from the bacteria Klebsiella oxytoca and
observed the cytotoxicity to cancer cell lines (SKBR3, 8701-BC,
Caco-2, HCT-116 and HT-29). They reported that bio-generated sil-
ver nanoparticles under aerobic conditions (AgNPs-EPS*") are
more efficacious in cytotoxicity to breast cancer (SKBR3, 8701-
BC) than in colon cancer (Caco-2, HCT-116, HT-29) in terms of their
MICs. MIC values for SKBR3, 8701-BC, HT-29, HCT-116, and Caco-2
were found to be 5 £0.5,8.2 +0.8,20 + 2,26 + 2 and 34 + 4 respec-
tively (Buttacavoli et al., 2018). Gomathi et al., synthesized AgNPs
by using the fruit shell of Tamarindus indica, and the resulting
biosynthesized nanoparticles proved effective in a dose-
dependent manner against the MCF-7 cell line (human breast can-
cer) (Gomathi et al., 2020). Rajkuberan et al. reported the biosyn-
thesis of AgNPs from the latex of Euphorbia antiquorum L., which
was successful in controlling the in-vitro growth of the human cer-
vical carcinoma cell line (Hela). The IC50 value was found to be
28 pg/ml (Rajkuberan et al., 2017).

The above-mentioned research works (invitro analysis) revealed
the potential of biosynthesized “especially green synthesis” silver
nanoparticles with size-controlled, dose-dependent, and high ther-
apeuticindex anticancer activity on different cell lines. Additionally,
combinatorial therapy (silver nanoparticles with conventional anti-
cancer chemotherapeutic drugs) delivers a synergistic effect on can-
cer cells, which is a very essential need in chemotherapy while
addressing the toxicity, potency, therapeutic index, biodistribution,
dosage, and targeted delivery of anticancer drugs. Further, the green
synthesis approach of nanoparticles adds a double benefit owing to
the presence of a diversity of medicinal plants with known anti-
cancer properties to be employed in the therapeutics of cancer.

Silver nanoparticles or composites have a dual role, that is, they
act as theranostic agents. They absorb and scatter particular wave-
lengths of visible light, commonly known as surface Plasmon reso-
nance (SPR), and also possess an enhanced SERS. These properties
of silver nanomaterials enable them to be useful in imaging differ-
ent body parts, which assists or facilitates the diagnosis of tumor
location, size, stage of cancer, and angiogenesis process. In other
words, they act as diagnostic probes and contrast agents for several
imaging technologies (Soica et al., 2018).

4.1. Mechanism of anticancer action of silver nanomaterials
There are various mechanisms, as mentioned in the research

works through which the anticancer properties of silver nanomate-
rials can be justified. As is evident, silver nanomaterials efficiently
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interact with cancer cells because cancer cells show the enhanced
permeation and retention effect (EPR) that results in the entry and
accumulation of more and more silver nanoparticles, leading to the
death of cancer cells or hindering their uncontrolled division. Addi-
tionally, AgNPs act by downregulating and upregulating the signal-
ing physiological pathways, resulting in early apoptosis or
checking the rapid pace of the division of tumor cells. Further,
some research works suggest the activation of p53, caspase-3,
and p-Er K1/2 by silver nanomaterials eventually leads to apopto-
sis and regulates cell division through a series of events taking
place in the cells (Gurunathan et al., 2015; Buttacavoli et al,
2018; Murali et al.,, 2018). Miriam Buttacavoli and coworkers
investigated the mechanistic pathway of silver nanoparticles on
the breast cancer cell line (SKBR3) by employing sophisticated
techniques and procedures. Their findings give a conclusive insight
into the mechanism of the anticancer potential of silver nanoparti-
cles on human cancer cell lines (SKBR3). They reported significant
inhibition of cell motility and inhibitory action on metallopro-
teinases (MMPs). Significant morphological changes in the cancer
cells were observed by treating them with silver nanoparticles, like
shrinkage, irregularity in shape, blebbing of cytoplasm, change in
the shape of intracellular vacuoles, and chromatin condensation.
In addition to these changes in cancer cells, the production of
ROS causes oxidative stress and cell death. Further, they reported
the up-regulation of LC3-II, ATG7, beclin-1, ATG5, and downregula-
tion of HSP90, AKT, P62, p-AKT autophagic markers (Buttacavoli
et al., 2018)

It is also evident from research work that cancer cells have an
enhanced permeation and retention (EPR) effect (Torchilin, 2011),
which leads to the intake of more and more nanosilver and gener-
ating more cytotoxic silver ions. Oxidative stress, in this way, gen-
erated in the tumor cells destroys the vital biomolecules, thereby
disrupting the various physiological processes and molecular path-
ways and destruction of vital cellular organelles, biomembranes,
and finally death of the tumor cells (Han et al., 2014; Al-Sheddi
et al., 2018).

It is reported that vascular endothelial growth factor (VEGF)
promotes angiogenesis, an important process in the progression
and spread of tumors by forming new blood vessels (Carmeliet
2005). Reports reveal that silver nanoparticles affect the function
of VEGF and hence act as an anti-angiogenic (Kalishwaralal et al.,
2009).

Silver nanomaterials act as carrier vehicles for carrying the ther-
apeutic anticancer payload (drugs), resulting in the increased effi-
ciency and potency of anticancer drugs and countering anticancer
drug resistance by cancer cells, and also facilitating targeted deliv-
ery of anticancer drugs to lessen the cytotoxic effects of
chemotherapy on normal healthy tissues (Patra et al., 2015;
Karuppaiah et al., 2020).

Lin et al., found that silver nanoparticles act as anticancer
agents by induction of autophagy of cancer cells through activation
of the ptdIns3K pathway. Furthermore, they observed that inhibi-
tion of autophagy by autophagic inhibitor like wortmannin results
in enhanced cancer cell killing efficacy in the mouse melanoma cell
model (B16 cell lines) (Lin et al., 2014).

5. Miscellaneous applications

Apart from discussing the antimicrobial and anticancer applica-
tions of silver nanoparticles, several other applications are worth
to mention here. These include applications or uses in the biomed-
ical field, consumer products, agriculture, cosmetics, air, and water
purification, textile industries, automobiles, and so forth (Haider
and Kang, 2015; Naidu et al., 2015; Kumar et al., 2020; Shafique
and Luo, 2019). These applications define the ubiquitous role of
nanosilver in the present era of science and technology.
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Silver nanoparticles are being employed as antimicrobial coat-
ings/constituents of various biomedical products like catheters,
stents (Yang et al., 2016), artificial heart valves, surgical instru-
ments, contact lenses, cannulas, urinary dilators, intrauterine
devices, pacemakers, and disinfecting of hospital bedding. They
are used in bandages and dressing of wounds (Naidu et al., 2015;
Lem et al., 2012). Silver nanoparticles are used in dentistry as dental
alloys, dental resins, prostheses, and dental coatings, thereby pro-
tecting the implants from biofilm formation and maintaining
long-term oral hygiene (Yin et al., 2020). The usefulness of silver
nanoparticles in biomedical products relies on the fact that they
are potent and proven antimicrobial agents. The durability, long-
term effectiveness, broad-spectrum antimicrobial resistance, and
sustained release of silver ions enable them to be used in diverse
biomedical and consumer products. Silver nanoparticles are being
used in textile industry to create antimicrobial fabrics. AgNPs are
blended with fabrics and impart them unique properties like dura-
bility, disinfecting, hygienic, and color performance or brightness
enhancers (Deshmukh et al., 2019). Silver nanoparticles are increas-
ingly used in consumer products thriving in markets with desired
and unique properties. For example, in personal health care prod-
ucts (deodorants, skin creams, body lotions, soaps, toothpaste,
antimicrobial socks), kitchen scrubbers, antimicrobial toys, disin-
fecting sprays, pesticides, keyboard covers, air and water treat-
ment/purification devices, detergents, facial masks, automobile
interiors, packaging of food materials and many more
(McGillicuddy et al.,2017; Lem et al., 2012; Shafique and Luo, 2019).

Aside from human life, nanoparticles’ unique chemical and
physical features make them ideal for various high-tech applica-
tions, such as the development of new and improved sensing
devices, particularly electrochemical sensors and biosensors. AgNPs
and other core-shell metal nanoparticles have also been used to
mark biomolecules in electroanalysis. An electrochemical DNA
biosensor based on the AgNPs label is capable of sensing target
oligonucleotides at concentrations as low as 0.5 pM (Luo et al,,
2006). In addition, studies have found that AgNPs can be used as
an electrical bridge for electron transmission between cytochrome
c and the electrode (Liu et al., 2003; Luo et al., 2006). In comparison
to many electrically conductive fi llers, the silver particle is a better
option for use as adhesives and conductive inks owing to its poten-
tial thermal conductivity, electrical conductivity, low cost in com-
parison to graphene or gold and chemical stability (Ren et al., 2015).

It is a fact that nanosilver based consumer products are increas-
ingly used for their attentive properties and are flooding the mar-
kets, but evaluation work regarding the sustained release,
accumulation, clearance, and many other toxicity profiles and risk
assessments in biological systems and the environment, is unsatis-
factory, which is an alarming and wake-up call that needs to be
addressed scientifically at the earliest.

6. Conclusion and future perspectives

Nanotechnology represents an emerging and novel approach to
develop and validate novel formulations based on metallic
nanoparticles. Silver nanoparticles and their nanocomposites have
tremendous potential for application in varied fields of science and
nanotechnology, especially in biomedical and therapeutics. They
represent promising and potential antimicrobial, anticancer, and
theranostic agents. Due to the unique properties of silver and its
nanomaterials, as already discussed in the above part of article,
they are enlisted as valuable and significant nanomaterials with
huge potential and applicability in the field of nanotechnology.
Despite the tremendous biomedical potential of silver nanoparti-
cles, it is important to note that the possible health and environ-
mental risks posed by silver nanoparticles are still not clear and
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further analysis with evidence of toxicity is the need of the hour.
There needs to be more research and management strategies on
systemic toxicity to humans, other animals, aquatic ecosystems,
soil, and the atmosphere because of the increasing usage and
demand of nano silver-based products in the commercial markets.
Moreover, the antiviral activity of silver nanoparticles also needs
more clarification. Therefore, the production of nanoparticles with
well-controlled morphological and physicochemical characteristics
for use in human bodies and other areas still remains an active
field of interdisciplinary study.
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