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Abstract

Silver nanoparticles are well known potent antimicrobial agents. Although significant progresses have been achieved on the elucidation of
antimicrobial mechanism of silver nanoparticles, the exact mechanism of action is still not completely known. This overview incorporates a
retrospective of previous reviews published and recent original contributions on the progress of research on antimicrobial mechanisms of
silver nanoparticles. The main topics discussed include release of silver nanoparticles and silver ions, cell membrane damage, DNA
interaction, free radical generation, bacterial resistance and the relationship of resistance to silver ions versus resistance to silver
nanoparticles. The focus of the overview is to summarize the current knowledge in the field of antibacterial activity of silver nanoparticles.
The possibility that pathogenic microbes may develop resistance to silver nanoparticles is also discussed.

From the Clinical Editor: Antibacterial effect of nanoscopic silver generated a lot of interest both in research projects and in practical
applications. However, the exact mechanism is still will have to be elucidated. This overview incorporates a retrospective of previous reviews
published from 2007 to 2013 and recent original contributions on the progress of research on antimicrobial mechanisms to summarize our

current knowledge in the field of antibacterial activity of silver nanoparticles.
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In the past decade, many reviews have discussed the antimicro-
bial activity of silver nanoparticles and the possible mechanisms.
Here, we performed a retrospective review on the progress in this
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research. A good example of the development of new nanomaterials
such as silver nanoparticles is that of the modes of toxicity of silver
ions and silver nanoparticles to bacteria because they have a long
history of use." It has long been known that silver nanoparticles are
useful in wound management, and they have been employed since
the 18th century to treat ulcers.? This nanomaterial with its important
antimicrobial activity was regulated for wound management in the
1920s by the U.S. Food and Drug Administration.

In his review, Neal (2008)" noted several applications for
silver, including wound dressings. Antimicrobial products
containing silver nanoparticles are commercially available.
Topical application of silver nanoparticles to wounds is
responsible to promote and accelerate healing process; in
addition it acts as antibacterial agent playing a role in the
modulation of cytokines involved in tissue repair.

Antimicrobial agents are reported to disrupt the outer
membrane of target cells, as shown in the case of silver ions
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(Ag").* This effect is observed at concentrations with a 10-fold
higher magnitude than those used for silver nanoparticles.” An
important aspect of the antimicrobial activity of silver nanoparticles
is the synergistic effect that occurs when these particles are combined
with others natural and synthetic compounds. Cardozo et al® showed
that silver nanoparticles and phenazine-1-carboxamide together
increase the antibacterial effect against methicillin-resistant Staphy-
lococcus aureus (MRSA) strains by 32-fold, resulting in morpho-
logical alterations of the bacterial cell wall. Biasi-Garbin et al’
showed a synergistic effect of the antibacterial activity of silver
nanoparticles with eugenol against Streptococcus agalactiae
isolates. Wong and Liu® proposed two possible mechanisms of
silver nanoparticles toxicity. One is that silver nanoparticles provide
a large surface area for contact with bacteria, which may allow the
particles to attach to the cell membrane and easily penetrate into the
bacteria. Another possibility is that silver nanoparticles or silver ions
interfere with the respiratory chain in the bacterial mitochondria,
resulting in cell death.

Duran et al’ emphasized the antibacterial activities centered
on the action of silver ions and compared them with those of
silver nanoparticles. The data mainly suggested that silver ions
react with the thiol groups of proteins, producing bacterial
inactivation. This was a good conjecture because pmol L'
levels of silver ions impaired DNA replication due to uncoupling
of respiratory electron transport from oxidative phosphorylation,
which inhibits respiratory chain enzymes and/or interferes with
membrane permeability. Another important study examined by
Durén et al” was one of the first proteomic analyses published; it
reported that even a short exposure of E. coli cells to silver
nanoparticles altered the expression of a panel of envelope and
heat shock proteins.” A massive loss of intracellular potassium
and a decreased in ATP levels, culminating in a loss of cell
viability, were reported. An important statement by Lok et al’
was that the most highlighted difference between silver
nanoparticles and silver ions is in their antibacterial capacity:
nanomolar concentrations in the case of nanoparticles and
micromolar ranges in the case of silver ions.

Marambio-Jones and Hoek '” initiated their discussion of the
mechanism of antibacterial activities of silver nanoparticles by
presenting three possible mechanisms of toxicity: a) uptake of
free silver ions followed by disruption of ATP production and
DNA replication, b) reactive oxygen species (ROS) generation
by silver nanoparticles and silver ions, and c) direct damage to
the cell membrane by silver nanoparticle. The authors discussed
many studies that correlated the toxicity of silver nanoparticles
with the release of silver ions. Approximately two years after the
publication of this review, Prabhu and Poulose'' reached the
same conclusions regarding to the silver mechanisms of toxicity.

Rai et al'> and Kon and Rai'® conducted an important
retrospective analysis of the role of silver ions, ROS production
and morphological modifications after silver nanoparticles act on
bacterial cells, as well as the factors influencing the antibacterial
properties of nanoparticles, such as chemical composition,
concentration, size, and shape (Figure 1). They discussed reports
by Mirzajani et al'* related to the bacterial cell wall. The authors
analyzed variations of the peptidoglycan structure in cells in
S. aureus after silver nanoparticles treatment. Kon and Rai'? also
noted the association of silver nanoparticles with E. coli cell

wall, which interacted with all the sides of the membranes,
dissolving with the release of silver ions into the cell and
affecting the transcriptional response. The final conclusion of
this review, from a study by MaQuillan et al'>, was that the
primary mechanism of action of silver nanoparticles is cell
membrane dissolution. Kon and Rai'® emphasized a new aspect
of the importance of the target microorganism species, given that
the antibacterial activity of the nanoparticles also depends on the
target microorganism species. They mentioned the study by Kim
et al'®, who compared the effects of silver nanoparticles on
E. coli and S. aureus. The data showed a higher sensitivity of
E. coli than S. aureus due to differences in concentration of
peptidoglycan in the cell wall of S. aureus. This was an
important observation because peptidoglycans are a unique
structural feature of bacteria that are absent in mammalian cells,
which is why silver nanoparticles are toxic to bacteria and not
to humans.

In 2013 concerns arose regarding environmental toxicity of
silver nanoparticles. Lemire et al'” noted that public debate on
the toxic and environmental effects of direct and indirect
exposure to metal-based antimicrobial nanoparticles was emerg-
ing, and all the data suggested that typical microorganisms in the
environment are particularly sensitive to metal poisoning and
probably eliminate almost 100% of the microbial diversity
normally present in pristine soils.'®

The mechanism of silver nanoparticles toxicity in bacteria
was discussed extensively by Reidy et al'®, who compared silver
ions with silver nanoparticles. They discussed details of the work
by Li et al*°, who proposed possible antibacterial mechanisms of
silver nanoparticles. First, the nanoparticles probably adhere to
the surface of the bacteria and consequently alter the membrane
properties. Second, silver nanoparticles inside the bacterial cell
can result in DNA damage. Third, dissolution of silver
nanoparticles releases antimicrobial silver ions, which can
interact with thiol-containing proteins in the cell wall and affect
their functions. This is considered as an important mechanism of
the antimicrobial activity of silver nanoparticles. However, some
publications state that silver ions do not play an important role in
the antimicrobial mechanism of silver nanoparticle-modified
films coated on titanium or titanium dioxide substrates.*'**

A review ' commented on the study by Xiu et al**, which
stated that silver nanoparticles per se did not significantly exert
direct particle-specific toxicity on bacteria but may serve as a
carrier to more effectively deliver silver ions to the bacteria
cytoplasm and membrane (Figure 2). This function of silver
nanoparticles might be due to a reduced sensitivity to binding
and a reduced bioavailability with the biological ligand. Xiu
et al*® presented many indications of this above statement;
however, the authors did not specifically consider different
bacterial strains or exhaustively characterize the anaerobic
pegylated silver nanoparticles. It is not possible to generalize
the antimicrobial effect of silver nanoparticles based on results
from only one strain of E. coli. Different bacteria exhibit
different sensitivity in the function of the structures of the cell
wall.'® Another important question is whether the silver
nanoparticles synthesized under anaerobic conditions have the
same structure as those synthesized under normal conditions and
then maintained in anaerobic conditions. In cellular conditions,
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Figure 1. Proposed mechanism of antibacterial action of silver nanoparticles: 1—electrostatic attraction, 2—production of free radicals, changes in permeability,
disturbance of respiration, leakage of intracellular content, 3—modulation of phosphotyrosine profiles of proteins, involved in the cell cycle progression and in
the synthesis of capsular polysaccharides, 4—interaction with SH-groups; inhibition of protein synthesis and function, 5—interaction with
phosphorus-containing molecules (DNA) (modified from Kon and Rai'® with permission from International Digital Library of Scientific Research (IDLSR)

Iran, under Creative Commons Attribute License of an Open Access article).

silver nanoparticles can be effectively oxidized to silver ions to
exert their antibacterial activity. This was not discussed by Xiu
et al* in their report.

Reidy et al'® commented on another possible mechanism
proposed by Cao et al?*, involving the electrochemical proton
gradient through respiratory processes in bacteria, which is the
driving force for ATP synthesis. Silver nanoparticles may interrupt
the energy source for all reactions that depend on energy, which
leads to cell death because ATP synthesis enables cell adhesion and
proliferation. Pal et al** discussed that the nanoparticles’ shape is
an important factor to determine antibacterial activity. Reidy etal '’
elegantly summarized the antibacterial actions of silver nanopar-
ticles known at that time (Figure 3).

Manke et al*> showed that the oxidative stress induced by
engineered nanoparticles is due to cellular factors such as size,
particle surface, and composition, whereas cellular responses such
as nanoparticle—cell interactions, mitochondrial respiration, and
immune cell activation are responsible for ROS-mediated damage.
Because oxidative stress promotes nanoparticles-induced injury, it
is necessary to characterize its response to nanoparticles. A
nanoparticle exposure study must collectively involve rigorous
characterization of the nanostructure and assign in vitro and in vivo
oxidative stress markers as toxicity endpoints as a predictive
paradigm for risk assessment.

It is clear from this analysis of the previous reviews on the
antibacterial activities that the more important aspects discussed
were silver ions release, cell membrane damage, DNA
interactions, free radical generation, bacterial resistance and the
difference between the resistance to silver ions and that to silver
nanoparticles. Thus, in the next sections, we discuss the state of
the art of the knowledge of these specific topics that are
important to better understand the antimicrobial mechanism of
silver nanoparticles.

Role of silver nanoparticles versus silver ions release on
antibacterial activities

There are several evidences that suggest that silver ions are
important in the antimicrobial activity of silver nanoparticles. '*' 7>
One important parameter of the antimicrobial toxicity of silver

nanoparticles is the surface area of the nanomaterial. The highest
concentration of released silver ions was observed in the case of
the highest surface area of silver nanoparticles. The lowest
concentration of silver ions released was noted for silver
nanoparticles with the lowest surface area, resulting in weak
antimicrobial properties.*® Some authors®'? sustained that that
the mechanism of antibacterial action of silver nanoparticles is
due to the release of silver ions, whereas the particle-specific
activity of silver nanoparticles is negligible. It has been reported
that the toxicity of 20-80 nm silver nanoparticles was assigned to
the release of silver ions, whereas 10 nm silver nanoparticles
proved to be more toxic for E. coli, due to the smaller nanoparticle
size. This conclusion was based on the fact that 10 nm silver
nanoparticles had more efficient cell-particle contact than
20-80 nm silver nanoparticles, leading to higher intracellular
bioavailability of silver. The toxicity mechanism of silver
nanoparticles for non-cancer cells was through internalization of
nanoparticles into the cell and then release of significant amounts
of toxic ions.***> Hence, the size of the nanoparticle is an
important parameter for the toxicity.

An interesting paper>® described comparative toxic effects of
non-coated and polyvinylpyrrolidone (PVP)-coated silver nano-
particles in rats, administrated by oral exposure, and high levels
of silver were found in the liver and spleen. Silver levels
correlated with the amount of silver ions found in the silver
nanoparticle suspension, indicating that silver ions and silver
nanoparticles (the later in a lower level) reached the intestines in
the treated- rats.>®

To understand if the antibacterial action of silver nanoparti-
cles depends mainly on the nanoparticle—cell interaction (in
which nanoparticle size is an important parameter) or via silver
ions interactions, silver nanoparticles were immobilized on a
functionalized surface with aminosilica (Figure 4).>’ The
antibacterial surface was found to be extremely stable in aqueous
medium and no significant leaching (~1.15% of total silver
deposited) of the silver nanoparticles was observed. The results
showed that silver nanoparticles immobilized on glass substrate
exhibited better disinfection, much beyond that of substrates that
released silver in its ionic form only, although the amount of
silver in solution was much higher from colloidal silver
nanoparticles in suspensions or in a silver plate. The antibacterial
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Natural ligands

Figure 2. Schematic representation of AgNPs, Ag”, and cell interactions.
AgNPs may serve as a vehicle to deliver Ag™ more effectively (being
less susceptible to binding and reduced bioavailability by common natural
ligands) to the bacteria cytoplasm and membrane, whose proton motive
force would decrease the local pH (as low as pH 3.0) and enhance Ag"
release (reproduced from Xiu et al*® with permission from American
Chemical Society).

effect of colloidal silver nanoparticles was significantly lower in
comparison with immobilized silver nanoparticles, although both
silver nanoparticles contained similar number of nanoparticles of
similar size and morphology. Therefore, silver nanoparticles
were found to be more effective against E. coli compared to
silver ions.?’

In a similar approach, the antibacterial activity of silver
nanoparticles was compared with silver ions.>® Small silver
nanoparticles (8 nm) covered with hydrolyzed casein peptides
inhibited the growth of E. coli, P. aeruginosa and Serratia
proteamaculans at levels of 5-20 pg/mL.*® Minimal inhibitory
concentration (MIC) values of silver nanoparticles/silver ions for
Gram-negative bacteria were different from other studied bacteria,
suggesting that the antimicrobial activity cannot be explained only
by the release of silver ions from silver nanoparticles. Silver
nanoparticles (MIC ~nmol L™')'** enter the bacteria more
effectively than silver ions (MIC ~umol L™ hyso4t, depending on
the bacterial strains analyzed.

Taken together, silver ion is important in the antibacterial
activity of silver nanoparticle. However, internalization of silver
nanoparticles needs to be considered.

Cell membrane: lipid and proteins interactions

Although the precise mechanism that explains the antimicro-
bial activities of silver nanoparticles remains the subject of
debate, silver nanoparticles have outstanding physiochemical
and biological properties that differ from those of bulk silver.*
The last decade has been fruitful for developing the antimicrobial
mechanisms of silver nanoparticles. Particularly for bacteria, key
elements in this process have been elucidated; for example,
oxygen is required for silver nanoparticle toxicity and the
correlation between the intracellular silver concentrations and its
toxic effects.”*** Silver nanoparticles must be in contact with the
bacteria, at the surface or even in the cytoplasm. To fulfill this
need, silver nanoparticles, or their released silver ions must

cross the bacterial cell envelope or the fungal plasma membrane.
This is not a trivial step, and it happens with consequences for the
cell membrane.

The bacterial envelope and plasma membrane are precisely
assembled and carefully maintained structures at the cost of
energy. One of their main functions is to protect the organisms
from the challenges posed by their environment while still
allowing nutrients to enter the cell to maintain cellular
growth.*** In bacteria, protection is granted by two structures,
which can be used to classify the bacteria as Gram-negative
(layers of lipopolysaccharides) or Gram-positive (layers of
peptidoglycans).*> Although few publications have indicated
that silver ions disrupt the membranes of both Gram-positive and
Gram-negative bacteria,** the differences in the bacterial
envelope composition remain overlooked. The interactions
between silver nanoparticles and the surface of bacteria also
play an important role in nanoparticle mechanisms.

From the outside, the first structure encountered by the silver
nanoparticles is the outer membrane, which is composed primary
of proteins and lipids. Silver can interact with the protein portion
to form complexes with electron donors that contain oxygen,
phosphorus, nitrogen or sulfur atoms.**** The interaction with
thiol groups is the most described and studied for silver ions and
silver nanoparticles. The antibacterial activity of silver nanopar-
ticles can be blocked by thiol-containing agents.” Several
bacterial membrane proteins are known to contain sulfur, and
the chemical interaction between silver and these proteins could
lead to the inactivation of membrane-bound enzymes and
proteins.>*** Bacteria respond to silver nanoparticle treatment
in a fashion similar to other membrane stresses. They express a
series of envelope proteins and periplasmic constituents, which
are responsible for protecting against the entry of foreign
substances or allowing the passive diffusion of small molecules
across the membrane.>** When the membrane is not completely
functional, the protein precursors of the envelope proteins and
periplasmic constituents accumulate in the cytoplasm, such as
when the membrane potential is dissipated by small molecules.”
The silver nanoparticles attacking the membrane can also
interfere with the respiratory chain and hinder the production
of energy.*’**

Alternatively, it has been hypothesized that the lipid portion
of the bacterial membrane may also be the site of action for the
silver species.>** Both ionic silver and silver nanoparticle were
able to increase the trans/cis ratio of unsaturated membrane fatty
acids.”® The treatment with silver species caused modifications
in fatty acid composition.”' These responses (e. g., isomerization
of cis to trans unsaturated membrane fatty acids and modifica-
tions in membrane lipid composition) can change membrane
fluidity and have been described as a response to membrane-
disturbing compounds, such as heavy metals.’*>* Alterations in
membrane lateral fluidity and the composition of lipid bilayer
can culminate in changes in membrane structure, which can
hinder membrane function by inducing increase in permeability
and loss of membrane integrity.M’M’53 Consequently, the influx
of content and leakage of intracellular contents is frequently
described for silver nanoparticles treatment.>* The bacterial
outer membrane damage has been demonstrated to be a
“nano-specific” response. Ivask et al*' used mutated strains to
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Figure 3. Schematic representation of the known mechanism(s) of antibacterial action of silver nanoparticles and released ionic silver. The numbers 1-4
correspond to the mechanisms described in the paragraphs above. Gray circles indicate silver NPs and Ag" implies ionic silver released from the NPs
(reproduced from Reidy et al'® with permission from Molecular Diversity Preservation International-MDPI AG, Basel, Switzerland, under Creative Commons

Attribute License of an Open Access article).

identify gene clusters related to nanoparticle treatment; they
found that cell-surface antigen activity (lipopolysaccharides)
correlated with a nano-specific response.’’ These findings
highlight the importance of the lipid phase of the membrane
and their components in the silver nanoparticles mechanism of
action in microorganisms.

The effects of silver nanoparticles on the membrane could be
a result of direct or indirect interactions. Several imaging
techniques (transmission electron microscope (TEM), high-
resolution TEM, and atomic force microscopy (AFM)) have
supported the idea that silver nanoparticles adsorb to the cell
membrane. ****333¢  Accumulation of nanoparticles at the
bacterial membrane has been related to structural abnormalities.
Gaps have been described, together with membrane fragmenta-
tion, characterized by the “formation of pits” on cell surfaces;
this is consistently reported upon silver nanoparticle
treatment. >***>3-3357 The membrane destabilization is observed
in fungi, Gram-positive and Gram-negative bacteria upon
treatment with submillimolar concentrations of silver
species.”***¥% Depending on the extent of the membrane
damage, silver nanoparticles can even reach the cytoplasm and
interact with sulfur-containing proteins and enzymes and
phosphorus-containing elements, such as DNA,2*43:47:37:59
Once in the cytoplasm, silver species can induce the formation
of ROS. Although the intracellular oxidative stress showed some
correlation with the size of silver nanoparticles, with smaller
nanoparticles inducing more ROS, this effect has been described
for several silver nanoparticles.”'**>3-%° The size effect could be
explained by the fact that smaller nanoparticles can reach the

cytoplasm more often than larger nanoparticles. The membrane
damage caused by silver nanoparticles is one of their most
pronounced toxic effects, and it is at least partially responsible
for the antimicrobial action.?*>¢!

In conclusion, silver nanoparticles and silver ions exert
similar effects on the cell membrane. Silver ions induce bacteria
into an active but nonculturable-ABNC state,’> whereas,
nanoparticles anchor the cell in different sites and cause damage
at various sites in the membrane. This could produce cell lysis
and nanoparticle accumulation in the membrane and some of
them are likely to penetrate the cell.” Although the findings
relating to interaction with E. coli cell membrane were similar
among nanoparticles and silver ions, the inhibition results were
not the same. For example, at 10 pug/100 mL broth, the silver
nanoparticles inhibited the dynamic E. coli growth three-fold
more efficiently than the silver ions.**

DNA interaction: damage and repair

Silver nanoparticles were incorporated into a gel (S-T-Gel) in
the presence of Pluronic F127 and F68 to achieve a suitable
silver concentration.®® This S-T-Gel showed effective activity
against S. aureus and was less effective against E. coli and
Pseudomonas aeruginosa (P. aeruginosa). The gel led to the
formation of “pits” in the cell walls and could enter into the
periplasm through the pits and destroy the cell membrane. The
S-T-Gel also interacted with the cytoplasm of the damaged
bacteria to promote coagulation. This interaction resulted in
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Figure 4. Schematic representation of the silanization procedure, followed by immobilization of silver nanoparticles on the amine-functionalized glass surface.
(A) Additional silanol (Si—OH) sites were generated by sulphochromic acid treatment and stabilized at 120 °C, 1.5 h under Ar atm. (B) Substrates were treated
with 3-(2-aminoethylaminopropyl) trimethoxysilane solution (2% AEAPTMS, 30 min) and condensation of siloxane bonds (120 °C, 30 min) was achieved. (C)
Immobilization was mediated by overnight incubation of the amine-functionalized glass substrate in silver nanoparticle solution (reproduced from Agnihotri et
al*” by permission of The Royal Society of Chemistry Press, under a Creative Commons Attribution 3.0 Unported Licence).

the leakage of the cellular components and the consequent loss
of DNA replication, which promoted degradation and inhibited
bacterial growth. Genomic DNA of untreated S. aureus, E. coli,
and P. aeruginosa respectively, was lighter than that represent-
ing the genomic DNA of S-T-Gel-treated S. aureus, E. coli,
and P. aeruginosa cells. S-T-Gel can also increase the
decomposition of the genomic DNA. This antimicrobial
mechanism of S-T-Gel reported by Chen et al®® could be
applied as a novel dosage platform.

Vishnupriya et al®* studied the interaction between E. coli
and citrate-reduced silver nanoparticles (size 25 nm) through
Raman spectroscopy in conjunction with plasmon resonance
imaging of single bacterial cells. The technique of hyperspectral
imagining as a function of time showed silver nanoparticles
inside the E. coli, and Raman spectroscopy demonstrated that
the bacterial DNA was degraded after 1 h, causing a decrease in
the nucleotide-specific Raman, indicating that the silver
nanoparticle interacted mainly with proteins and DNA. Exother-
micity was observed, suggesting an increased strength of the
silver nanoparticle—E. coli interaction. Silver nanoparticles
specifically interacted with the exocyclic nitrogen present in
the adenine, guanine, and cytosine bases, which led to the
changes in the DNA.

Radzig et al*® studied the silver nanoparticles (8.3 nm) MIC
values for isogenic E. coli wild type strains and mutant strains
deficient in different repair systems and found that E. coli strains
with mutations in genes responsible for the repair of oxidative
lesions in the DNA were less resistant to the silver nanoparticles

than the wild-type strains were. These genes may be involved in
the repair of DNA damage caused by the silver nanoparticles.
Similar results were found with silver ions, and the data
suggested that the oxidative DNA damage plays an important
role in the antibacterial effects of silver nanoparticle/silver ion.
The quorum sensing systems did not participate in controlling
the sensitivity of Pseudomonas and Serratia to the silver
nanoparticles. However, E. coli mutant strains deficient in OmpF
or OmpC porins were ~6-fold more resistant to the silver
nanoparticles as compared to the wild-type strain, indicating that
porins have an important role in the silver nanoparticles’
antibacterial effects. Because the size of pores formed by the
porin proteins is approximately 1 nm, silver ions passed through
these pores. However, the silver nanoparticles ~8 nm in
diameter did not. The authors concluded that the antibacterial
effect of the silver nanoparticles was due to primary to silver ions
penetrating the cell walls.

The study by Ouda® on the antimicrobial activity and
mechanism of silver nanoparticles on Proteus sp. and Klebsiella
sp. showed a MIC value of 10 pg/mL for the silver nanoparticles
(size 38 nm); both bacterial strains were inhibited, the cellular
components became disorganized, and the cell wall ruptured.
Agarose gel electrophoresis images showed the destructive effect
of the silver nanoparticles on both pathogenic bacteria genomes.
This destructive effect resulted in a loss of DNA replication and
promoted degradation, thereby inhibiting bacterial growth. The
E. coli strain with mutations in the genes responsible for the
repair of oxidative DNA lesions was less resistant to the silver



N. Duradn et al / Nanomedicine: Nanotechnology, Biology, and Medicine 12 (2016) 789-799 795

nanoparticles than the wild- type strains. This suggested that
these genes could be related to the repair of DNA damage caused
by the silver nanoparticles. E. coli mutants deficient in excision
repair, the SOS response and in the synthesis of global regulators
exhibited a resistance to silver nanoparticles similar to that of the
wild-type cells. E. coli mutant strains deficient in some types of
porins were 4 to 8-fold more resistant to the silver nanoparticles
compared to the wild-type strain. This is an indication that porins
have an important function that is related to the silver
nanoparticles’ antibacterial effects.

Free radical generation: cell membrane permeability

Kim et al'® evaluated the antimicrobial effects of silver
nanoparticles against yeast, E. coli and S. aureus. The inhibitory
effect was potent against yeast and E. coli and discrete against S.
aureus, indicating that the antimicrobial effects of the silver
nanoparticles may be associated with certain characteristics of
the bacterial species (e.g., membrane structure). Electron spin
spectroscopy (ESR) was used to investigate if free radical
generation from silver nanoparticles is related to the observed
antimicrobial effect. The results indicated that microbial growth
inhibition may be caused by the formation of free radical species
from the surface of silver nanoparticles,'® which may led to
radical-induced membrane damage. Similarly, Danilczuk et al®®
reported that silver nanoparticles generated free radicals in an
ESR study.

Soo-Hwan et al®’ corroborated these results, showing that the
antibacterial activities of silver nanoparticles against S. aureus
and E. coli generate ROS that lead to protein breaks caused by
increased permeability in the membrane, and the inactivation of
lactate dehydrogenase. A greater amount of protein leaked
through the E. coli membrane compared to the S. aureus
membrane, indicating that the antibacterial affectivity of the
Gram-positive S. aureus was lower than that of the Gram-
negative E. coli. This difference was possibly due to the
thickness of the peptidoglycan layer of S. aureus.®’

To better define the role of ROS in the antibacterial activity of
silver nanoparticles, the effect of polymer-coated silver nano-
particles against the model pathogen E. coli O157:H7
(CMC(C44828) was studied under anaerobic and aerobic
conditions. The results showed that antimicrobial effect was
dependent on the presence of oxygen. This antibacterial
activity was eliminated in the presence of the antioxidant N-
acetylcysteine. Xu et al®® explained this effect by considering
that ROS such as superoxide, hydroxyl radical, and hydrogen
peroxide are generated during aerobic metabolism. The antimi-
crobial activity of silver nanoparticles under aerobic condition
was significantly higher in comparison with anaerobic condition,
indicating that ROS formation plays a key role on the toxicity of
the nanoparticles. The loss of silver nanoparticles toxicity upon
administration of the antioxidant N-acetylcysteine suggests
that antioxidants could prevent the oxidative damage caused
by silver nanoparticles.®®

The observations noted by Kora et al”” substantiated the
association of ROS and membrane damage in the antibacterial
action of silver nanoparticles. The antimicrobial action of

169

biogenic silver nanoparticles against S. aureus ATCC 25923
and E. coli ATCC 25922 bacterial strains by generating of
intracellular ROS was comparable to positive control of H,O, in
the presence of the nanoparticles. For P. aeruginosa ATCC
27853 and E. coli ATCC 35218, the intracellular ROS
generation was higher than in the positive control. The tolerance
of P. aeruginosa towards H,O, can be attributed to the
protective role of the constitutively expressed catalase enzyme.
The ROS generation was highest with S. aureus ATCC 25923.
Thus, the production of intracellular ROS during the interaction
between silver nanoparticles and bacteria is consistent with the
previous studies on the role of oxidative stress in silver
nanoparticles toxicity.”” Apparently, the generation of free
radicals by silver nanoparticles is similar to that by silver ions,
because silver nanoparticles and silver ions showed similar
growth inhibitory effects against E. coli in the presence of the
antioxidant N-acetylcysteine.'®

An important aspect that deserves to be discussed is that
accumulation of silver nanoparticles in the bacterial membrane
generates ROS and induces permeability, leading to cell
death.'®>> A topic that deserves to be further studied is the
effect of zeta potential of silver nanoparticles, ROS generation
and antimicrobial effect. This point is exemplified in a study with
Enterococcus faecalis with chlorhexidine, neutral, negative and
positive silver nanoparticles (approximately 10 nm), which
exhibited MICs, values of 2.4 x 107>, 4.0 x 107°,0.97 x 10™°
and 5.7 x 10°"° mol L™, respectively. The positive silver
nanoparticles were ~ 10°-fold more efficient than the negative
nanoparticles and exhibited a significantly lower cytotoxic effect
against L1929 fibroblast cell lines in vitro when compared with
sodium hypochlorite and chlorhexidine.”' More studies based on
the evaluation of ROS formation of silver nanoparticles in different
microorganism are still required.

Bacterial resistance to silver nanoparticles: resistance
and mutations

There have been reports of silver-resistant bacteria isolated
from non-clinical environments where silver was present.”>”*
The first silver ion-resistant bacterium was identified and
isolated in the 1960s from a burn wound that was treated with
silver nitrate.”” Silver-resistant bacteria have been isolated from
many different clinical environments.”®”’® Silver resistant
microorganisms have been recovered from environments with
naturally occurring silver. P. stutzeri strain was isolated from the
soil of a silver mine in Utah”, a K. pneumoniae isolate was
found in marine shrimps in coastal waters in India®® and the
yeast Candida argentea was obtained from the sediments of a
disused metal mine in the UK.®' The first described and
best-characterized silver resistance mechanism to date was
encoded on plasmid pMG101 of Salmonella enterica serovar
Typhimurium.’® Thus, silver-resistant determinants are present
in many environmental bacteria and are frequently located on
mobile genetic elements, which can be horizontally transferred at
higher frequencies in particular conditions within natural
ecosystems.® Mijnendonckx et al”® noted that this could
diversify the mobile genetic elements and disseminate novel
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phenotypes among bacterial populations.®® These observations
highlighted the necessity of controlling the release of silver ions in
the environment as this can putatively facilitate the dissemination
of silver ion resistance determinants among environmental
microorganisms and to clinically important organisms.”

The fact that silver nanoparticles interfere with so many
aspects of physiology and reproduction in the bacteria has caused
researchers to believe that it will be difficult for bacteria to
evolve resistance to these nanoparticles. However, silver
ion-resistant bacteria have been found in many different
environments. It is important to evaluate the capacity of a
system for the adaptive evolution of resistance to the
nanoparticles.®*® Grave et al®® tested a naive laboratory
bacterium, E. coli K-12 MG1655, and found that after more
than 200 generations of exposure to the silver nanoparticles
(10 nm citrate-coated), the populations demonstrated greater
fitness and colony-forming units (CFUs) in the presence of
varying concentrations of silver nanoparticles or silver ions from
AgNO; than the control strains did. The genome analysis
showed that after 100 generations, changes associated with silver
nanoparticles resistance were observed, and by 200 generations,
three mutations appeared at high frequency in the silver
nanoparticles-resistant stocks. The authors stated that, in spite
of previous claims, bacteria can easily develop resistance to the
silver nanoparticles, through simple genomic changes. Then,
they suggested that engineering nanoparticles as biocides should
be implemented with caution.

It could be possible that the extensive use of silver
nanoparticles could induce microbes to develop resistance on
their own as nanoparticles dissolution generates silver ions in
the environment.

Silver nanoparticle- and ion-resistant bacteria

All the studies discussed in this review indicate that dissolved
silver ions, the material from cell contact and penetration of the
nanoparticles, could contribute to bacterial death.'®*” Although
most of the studies®>**% note the importance of dissolved
silver ions in the antibacterial effect, several reports claim that
leaching silver ions alone cannot account for the silver
nanoparticles’ cytotoxicity.?”***! The size and morphology of
the nanoparticles also affect the biocidal performance.”*"*?
Several studies”®” suggest that the biocidal effectiveness of
silver nanoparticles initially depends on the membrane disrup-
tion at the capped material contacting surface, while the soluble
silver ion species leaching from the silver nanoparticles were
probably not the main impetus for the cytotoxicity. On the basis
of the silver ion-independent bactericidal mechanism, silver
nanoparticles are considered to be the active agent for inhibiting
silver-resistant bacteria. However, others studies**>® found that
pure silver nanoparticles were ineffective for controlling the
silver-resistant bacteria, probably owing to the tendency of silver
nanoparticles to aggregate into silver clusters and then decrease
the particle/cell surface interaction.

To study the agglomeration problem, Su et al”~ investigated
the homogeneous synthesis of dispersed silver nanoparticles on
platelets of silica without organic coating on the particle surface.
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The single-layered nanosilicate platelets were fully exfoliated
and showed a higher cationic exchange capacity and full
exposure of ionic charges. This enabled the formation of smaller
silver nanoparticles and supplied more material to contact the
cell surface, possibly accounting for the improved antibacterial
activity of this new nanohybrid. The nanosilicate platelets did not
show significant biocidal activity in the microbial medium;
however, the silver nanoparticle—nanosilicate platelets exerted
an important growth reduction, a glucose uptake decrease and
ATP synthesis, and significantly diminished ROS production.
The authors suggested that the silver nanoparticles are the main
thrust of the nanocomposites in bacterial interaction and
microbial growth. This nanomaterial presented a general and
positive biocidal activity to all of the tested Gram-positive,
Gram-negative bacteria, and to MRSA. The nanohybrid
contained extremely low concentrations of free silver ions and
silver nanoparticles leaching from the material. These charac-
teristics enhanced the application of nanohybrids to avoid the
deposition of detrimental silver in the body, demonstrating the
safety advantage of nanohybrids for clinical applications. This
nanohybrid exhibited an important antibacterial activity and was
much more potent than silver ions, in controlling the silver-
resistant bacteria. The silver nanoparticles’ toxicity could be
better controlled by the prevention of ionic silver leaching and a
better design of the silver nanoparticles to impede penetration
into mammalian cells, thus avoiding the deposition of silver in
the body.” Franci et al'” summarized the emerging efforts to
address current challenges of using silver nanoparticles as
antimicrobial agents to treat infectious diseases, and incorporated
few new mechanistic views.

Final remarks

In the past, an improved understanding of the antibacterial
mechanisms of silver nanoparticles has been achieved. However,
some aspects still need a more detailed analysis. Currently, the
most relevant conclusions are that the activity of the silver
nanoparticles below 10 nm is mainly by the nanoparticle itself,
while at larger sizes, the predominant mechanism occurs through
the silver ions. It is clear from the literature that the silver
nanoparticles penetrate the cells more effectively than the silver
ions do. Thus, it is necessary to investigate how the silver
nanoparticles are oxidized to silver ions in the cells. The targets
of this nanostructured material were clearly proven: cell
membrane disruption and DNA transformation via ROS as the
principal agent.

The resistance to silver nanoparticles will be possible within a
relatively short time because extended use of these materials
interacts with the environment. Besides all of these facts, the
studies showed that silver nanoparticles have considerable
potential to be the first choice for antibacterial applications in
the future.

Finally, an important point regarding the data discussed in
this review is the need to study all of these parameters in different
bacterial strains and different species of the same genera. It is
likely that this will be important for understanding resistance and
in applications of silver nanoparticles in the microorganisms.
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Additionally, we still do not have temporal resolution of the
bacterial damage through membrane disruption, DNA transfor-
mation, ROS production and other mechanisms. In this context,
this reviews aims to inspire further studies in this field.

References

. Neal AL. What can be inferred from bacterium-nanoparticle interac-

tions about the potential consequences of environmental exposure to
nanoparticles? Ecotoxicology 2008;17:362-71.

. Chopra I. The increasing use of silver-based products as antimicrobial

agents: a useful development or a cause for concern? J Antimicrob
Chemother 2007;59:587-90.

. Tian J, Wong KKY, Ho C-M, Lok C-N, Yu W-Y, Che C-M, et al.

Topical delivery of silver nanoparticles promotes wound healing. Chem
Med Chem 2007;2:129-36.

. Lok C-N, Ho C-M, Chen R, He Q-Y, Yu W-Y, Sun H, et al. Silver

nanoparticles: partial oxidation and antibacterial activities. J Biol Inorg
Chem 2007;12:527-34.

. Lok C-N, Ho C-M, Chen R, He Q-Y, Yu W-Y, Sun H, et al. Proteomic

analysis of the mode of antibacterial action of silver nanoparticles. J
Proteome Res 2006;5:916-24.

. Cardozo VF, Oliveira AG, Nishio EK, Perugini MRE, Andrade CGT,

Silveira WD, et al. Antibacterial activity of extracellular compounds
produced by a Pseudomonas strain against methicillin-resistant Stap/y-
lococcus aureus (MRSA) strains. Ann Clin Microbiol Antimicrob
2013;12:12.

. Biasi-Garbin RP, Otaguiri ES, Morey AT, da Silva MF, Morguette

AEB, Lancheros CAC, et al. Effect of eugenol against Streptococcus
agalactiae and synergistic interaction with biologically produced silver
nanoparticles. Evid Based Complement Alternat Med 2015, http://
dx.doi.org/10.1155/2015/861497.

. Wong KKY, Liu X. Silver nanoparticles—the real “silver bullet” in

clinical medicine? Med Chem Commun 2010;1:125-31.

. Durdn N, Marcato PD, De Conti R, Alves OL, Costa FTM, Brocchi M.

Potential use of silver nanoparticles on pathogenic bacteria, their
toxicity and possible mechanisms of action. J Braz Chem Soc
2010;21:949-59.

. Marambio-Jones C, Hoek EMV. A review of the antibacterial effects of

silver nanomaterials and potential implications for human health and
the environment. J Nanopart Res 2010;12:1531-51.

. Prabhu S, Poulose EK. Silver nanoparticles: mechanism of antimicro-

bial action, synthesis, medical applications, and toxicity effects. /nt
Nano Lett 2012;2:32.

. Rai MK, Deshmukh SD, Ingle AP, Gade AK. Silver nanoparticles: the

powerful nanoweapon against multidrug-resistant bacteria. J Appl
Microbiol 2012;112:841-52.

. Kon K, Rai M. Metallic nanoparticles: mechanism of antibacterial

action and influencing factors. J Comp Clin Path Res 2013;1:160-74.

. Mirzajani F, Ghassempour A, Aliahmadi A, Esmaeili MA. Antibac-

terial effect of silver nanoparticles on Staphylococcus aureus. Res
Microbiol 2011;162:542-9.

. McQuillan JS, Groenaga Infante H, Stokes E, Shaw AM. Silver

nanoparticle enhanced silver ion stress response in Escherichia coli
K12. Nanotoxicology 2012;6:857-66.

. Kim JS, Kuk E, Yu KN, Kim J-H, Park SJ, Lee HJ, et al.

Antimicrobial effects of silver nanoparticles. Nanomedicine: NBM
2007;3:95-101.

. Lemire JA, Harrison JJ, Turner RJ. Antimicrobial activity of metals:

mechanisms, molecular targets and applications. Nat Rev Microbiol
2013;11:371-84.

. Gans J, Wolinsky M, Dunbar J. Computational improvements reveal

great bacterial diversity and high metal toxicity in soil. Science
2005;309:1387-90.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

797

Reidy B, Haase A, Luch A, Dawson KA, Lynch I. Mechanisms of
silver nanoparticle release, transformation and toxicity: a critical review
of current knowledge and recommendations for future studies and
applications. Materials 2013;6:2295-350.

Li Q, Mahendra S, Lyon DY, Brunet L, Liga MV, Li D, et al.
Antimicrobial nanomaterials for water disinfection and microbial
control: potential applications and implications. Water Res
2008;42:4591-602.

Cao H, Liu X, Meng F, Chu PK. Silver nanoparticles-modified films
versus biomedical device-associated infections. Wiley Interdiscip Rev
Nanomed Nanobiotechnol 2010;2:670-84.

Cao H, Liu X, Meng F, Chu PK. Biological actions of silver
nanoparticles embedded in titanium controlled by micro-galvanic
effects. Biomaterials 2011;32:693-705.

Xiu ZM, Zhang QB, Puppala HL, Colvin L, Alvarez PJ. Negligible
particle-specific antibacterial activity of silver nanoparticles. Nano Lett
2012;12:4271-5.

Pal S, Tak YK, Song JM. Does the antibacterial activity of silver
nanoparticles depend on the shape of the nanoparticle? A study of the
gram-negative bacterium Escherichia coli. Appl Environ Microbiol
2007;73:1712-20.

Manke A, Wang L, Rojanasakul Y. Mechanisms of nanoparticle-
induced oxidative stress and toxicity. BioMed Res Int 2013, 2013,
942916.

Rajeshkumar S, Malarkodi C. /n vitro antibacterial activity and
mechanism of silver nanoparticles against foodborne pathogens. Bioi-
norg Chem Appl 2014, 2014, 581890.

Santos CA, Seckler MM, Ingle AP, Gupta I, Galdiero S, Galdiero MA,
et al. Silver nanoparticles: therapeutical uses, toxicity and safety issues.
J Pharm Sci 2014;103:1931-44.

Wu J, Yu C, Tan Y, Hou Z, Li M, Shao F, et al. Effects of prenatal
exposure to silver nanoparticles on spatial cognition and hippocampal
neurodevelopment in rats. Environ Res 2015;138C:67-73.

Navarro E, Piccapietra F, Wagner B, Marconi F, Kaegi R, Odzak N, et
al. Toxicity of silver nanoparticles to Clamydomona sreinhardtii. En-
viron Sci Technol 2008;42:8959-64.

Zawadzka K, Kadziola K, Felczak A, Wronska N, Piwonski I,
Kisielewska A, et al. Surface area or diameter—which factor really
determines the antibacterial activity of silver nanoparticles grown on
TiO, coatings? New J Chem 2014;38:3275-81.

Ivask A, El-Badawy A, Kaweeteerawat C, Boren D, Fischer H, Ji Z, et
al. Toxicity mechanisms in Escherichia coli vary for silver nanopar-
ticles and differ from ionic silver. ACS Nano 2014;8:374-86.

Ivask A, Kurvet I, Kasemets K, Blinova I, Aruoja V, Suppi S, et al.
Size-dependent toxicity of silver nanoparticles to bacteria, yeast,
algae, crustaceans and mammalian cells in vitro. PLoS One
2014;9¢102108.

Palza H. Antimicrobial polymers with metal nanoparticles. Int J Mol
Sci 2015;16:2099-116.

Hsiao IL, Hsieh YK, Wang CF, Chen IC, Huang YJ. Trojan-horse
mechanism in the cellular uptake of silver nanoparticles verified by
direct intra- and extracellular silver speciation analysis. Environ Sci
Technol 2015, http://dx.doi.org/10.1021/es504705p.

Liu J, Sonshine DA, Shervani S, Hurt RH. Controlled release of
biologically active silver from nanosilver surfaces. ACS Nano
2010;4:6903-13.

Zande M, Vandebriel RJ, Doren EV, Kramer E, Rivera ZH, Serrano-
Rojero CS, et al. Distribution, elimination, and toxicity of silver
nanoparticles and silver ions in rats after 28-day oral exposure. ACS
Nano 2012;6:7427-42.

Agnihotri S, Mukherji S, Mukherji S. Immobilized silver nanoparti-
cles enhance contact killing and show highest efficacy: elucidation of
the mechanism of bactericidal action of silver. Nanoscale
2013;5:7328-40.

Radzig MA, Nadtochenko VA, Koksharova OA, Kiwi J, Lipasova VA,
Khmela IA. Antibacterial effects of silver nanoparticles on gram-negative



798

39

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

SI.

52.

53.

54.

55.

56.

57.

58.

N. Duran et al / Nanomedicine: Nanotechnology, Biology, and Medicine 12 (2016) 789-799

bacteria: influence on the growth and biofilms formation, mechanisms of
action. Colloids Surf B Biointerfaces 2013;102:300-6.
. Abbaszadegan A, Ghahramani Y, Gholami A, Hemmateenejad B,
Dorostkar S, Nabavizadeh M, et al. The effect of charge at the surface
of silver nanoparticles on antimicrobial activity against gram-positive
and gram-negative bacteria: a preliminary study. J Nanomat 2015
2015, 720654.
Prince HN, Prince DL. Orthopedic Dis. Technol. http://www.odtmag.
com/contents/view_features/2008-05-29/antimicrobial-silver-in-
orthopedic-and-wound-#sthash.VpBc41QO.dpuf 2008.
Said J, Dodoo C, Walker M, Parsons D, Stapleton P, Beezer AE, et al.
An in vitro test of the efficacy of silver-containing wound dressings
against Staphylococcus aureus and Pseudomonas aeruginosa in
simulated wound fluid. /nt J Pharm 2014;462:123-8.
Choi O, Clevenger TE, Deng B, Surampalli RY, Ross L, Hu Z. Role of
sulfide and ligand strength in controlling nanosilver toxicity. Water Res
2009;43:1879-86.
Bondarenko O, Ivask A, Kakinen A, Kurvet I, Kahru A. Particle—cell
contact enhances antibacterial activity of silver nanoparticles. PLoS
One 2013;8¢64060.
Li WR, Xie XB, Shi QS, Zeng HY, Ou-Yang YS, Chen YB.
Antibacterial activity and mechanism of silver nanoparticles on
Escherichia coli. Appl Microbiol Biotechnol 2010;85:1115-22.
Silhavy TJ, Kahne D, Walker S. The bacterial cell envelope. Cold
Spring Harb Perspect Biol 2010;2:a000414.
Ahearn DG, May LL, Gabriel MM. Adherence of organisms to silver-
coated surfaces. J Ind Microbiol 1995;15:372-6.
Morones JR, Elechiguerra JL, Camacho A, Holt K, Kouri JB, Ramirez
JT, et al. The bactericidal effect of silver nanoparticles. Nanotechnol-
0gy 2005;16:2346-53.
Holt KB, Bard AlJ. Interaction of silver(I) ions with the respiratory
chain of Escherichia coli: an electrochemical and scanning electro-
chemical microscopy study of the antimicrobial mechanism of
micromolar Ag". Biochemistry 2005:44:13214-23.
Dibrov P, Dzioba J, Gosink KK, Hiase CC. Chemiosmotic mechanism
of antimicrobial activity of Ag” in Vibrio cholera. Antimicrob Agents
Chemother 2002;46:2668-70.
Hachicho N, Hoffmann P, Ahlert K, Heipieper HJ. Effect of silver
nanoparticles and silver ions on growth and adaptive response
mechanisms of Pseudomonas putida mt-2. FEMS Microbiol Lett
2014;355:71-7.
Anas A, Jiya J, Rameez MJ, Anand PB, Anantharaman MR, Nair S.
Sequential interactions of silver-silica nanocomposite (Ag-SiO, NC)
with cell wall, metabolism and genetic stability of Pseudomonas
aeruginosa, a multiple antibiotic-resistant bacterium. Lett Appl
Microbiol 2013;56:57-62.
Mueller-Spitz SR, Crawford KD. Silver nanoparticle inhibition of
polycyclic aromatic hydrocarbons degradation by Mycobacterium
species RIGII-135. Lett Appl Microbiol 2014;58:330-7.
Ansari MA, Khan HM, Khan AA, Ahmad MK, Mahdi AA, Pal R, et al.
Interaction of silver nanoparticles with Escherichia coli and their cell
envelope biomolecules. J Basic Microbiol 2014;54:905-15.
Rajesh S, Dharanishanthi V, Kanna AV. Antibacterial mechanism of
biogenic silver nanoparticles of Lactobacillus acidophilus. J Exp
Nanosci 2015;10:1143-52.
Sondi I, Salopek-Sondi B. Silver nanoparticles as antimicrobial agent: a
case study on E. coli as a model for Gram-negative bacteria. J Colloid
Interface Sci 2004;275:177-82.
Chwalibog A, Sawosz E, Hotowy A, Szeliga J, Mitura S, Mitura K, et
al. Visualization of interaction between inorganic nanoparticles and
bacteria or fungi. Int J Nanomed 2010;5:1085-94.
McDonnell G, Russell AD. Antiseptics and disinfectants: activity,
action, and resistance. Clin Microbiol Rev 1999;12:147-79.
Devi LS, Joshi SR. Evaluation of the antimicrobial potency of silver
nanoparticles biosynthesized by using an endophytic fungus, Cryp-
tosporiopsis ericae PS4. J Microbiol 2014;52:667-74.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

Yuan Z, Li J, Cui L, Xu B, Zhang H, Yu C-P. Interaction of silver
nanoparticles with pure nitrifying bacteria. Chemosphere 2013;90:
1404-11.

Bae E, Park H-J, Yoon J, Kim Y, Choi K, Yi J. Bacterial uptake of
silver nanoparticles in the presence of humic acid and AgNOs. Korean
J Chem Eng 2011;28:267-71.

Radniecki TS, Stankus DP, Neigh A, Nason JA, Semprini L. Influence
of liberated silver from silver nanoparticles on nitrification inhibition of
Nitrosomonas europaea. Chemosphere 2011;85:43-9.

Jung WK, Koo HC, Kim KW, Shin S, Kim SH, Park YH. Antibacterial
activity and mechanism of action of the silver ion in Staphylococcus
aureus and Escherichia coli. Appl Environ Microbiol
2008;74:2171-8.

Chen M, Yang Z, Wu H, Pan X, Xie X, Wu C. Antimicrobial activity
and the mechanism of silver nanoparticle thermosensitive gel. Int J
Nanomed 2011;6:2873-7.

Vishnupriya S, Chaudhari K, Jagannathan R, Pradeep T. Single-cell
investigations of silver nanoparticle—bacteria interactions. Single-Cell
Part Part Syst Charact 2013;30:1056-62.

Ouda SH. Some nanoparticles effects on Proteus sp. and Klebsiella sp.
isolated from water. Am J Infect Dis Microbiol 2014;2:4-10.
Danilczuk M, Lund A, Saldo J, Yamada H, Michalik J. Conduction
electron spin resonance of small silver particles. Spectrochim Acta Part
A 2006;63:189-91.

Soo-Hwan K, Lee H-S, Ryu D-S, Choi S-J, Lee D-S. Antibacterial
activity of silver-nanoparticles against Staphylococcus aureus and
Escherichia coli. Korean J Microbiol Biotechnol 2011;39:77-85.
XuH, QuF, XuH, Lai W, Wang YA, Aguilar ZP, et al. Role of reactive
oxygen species in the antibacterial mechanism of silver nanoparticles
on Escherichia coli O157:H7. Biometals 2012;25:45-53.

Kora AJ, Sashidhar RB. Biogenic silver nanoparticles synthesized with
rhamnogalacturonan gum: antibacterial activity, cytotoxicity and its
mode of action. Arabian J Chem 2015, http://dx.doi.org/10.1016/
j.arabjc.2014.10.036.

Choi O, Hu Z. Size dependent and reactive oxygen species related
nanosilver toxicity to nitrifying bacteria. Environ Sci Technol
2008;42:4583-8.

Abbaszadegan A, Nabavizadeh M, Gholami A, Aleyasin ZS, Dorostkar
S, Saliminasab M, et al. Positively charged imidazolium-based ionic
liquid-protected silver nanoparticles: a promising disinfectant in root
canal treatment. Int Endod J 2015;48:790-800.

Silver S, Gupta A, Matsui K, Lo JF. Resistance to Ag" cations in
bacteria: environments, genes and proteins. Met Based Drugs 1999;6:
315-20.

Mijnendonckx K, Leys N, Mahillon J, Silver S, VonHoudt R.
Antimicrobial silver: uses, toxicity, and the potential for resistance.
Biometals 2013;26:609-21.

Mallard J-E, Hartemann P. Silver as an antimicrobial: facts and gaps in
knowledge. Crit Rev Microbiol 2013;39:373-83.

Jelenko III C. Silver nitrate resistant E. coli: report of case. Ann Surg
1969;170:296-9.

McHugh GL, Moellering RC, Hopkins CC, Swartz MN. Salmonella
typhimurium resistant to silver nitrate, chloramphenicol, and ampicillin.
Lancet 1975;1:235-40.

Davis 1J, Richards H, Mullany P. Isolation of silver- and antibiotic-
resistant Enterobacter cloacae from teeth. Oral Microbiol Immunol
2005;20:191-4.

Kremer AN, Hoffmann HJ. Subtractive hybridization yields a silver
resistance determinant unique to nosocomial pathogens in the Entero-
bacter cloacae complex. J Clin Microbiol 2012;50:3249-57.

Haefeli C, Franklin C, Hardy K. Plasmid-determined silver resistance in
Pseudomonas stutzeri isolated from a silver mine. J Bacteriol
1984;158:389-92.

Choudhury P, Kumar R. Multidrug- and metal-resistant strains of
Klebsiella pneumoniae isolated from Penaeus monodon of the coastal
waters of deltaic Sundarban. Can J Microbiol 1998;44:186-9.



81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

N. Duradn et al / Nanomedicine: Nanotechnology, Biology, and Medicine 12 (2016) 789-799

Holland SL, Dyer PS, Bond CJ, James S, Roberts IN, Avery SV.
Candida argentea sp. nov., a copper and silver resistant yeast species.
Fungal Biol 2011;115:909-18.

Aminov RI. Horizontal gene exchange in environmental microbiota.
Front Microbiol 2011;2:158, http://dx.doi.org/10.3389/
fmicb.2011.00158.

Heuer H, Kopmann C, Binh CT, Top EM, Smalla K. Spreading
antibiotic resistance through spread manure: characteristics of a novel
plasmid type with low %G + C content. Environ Microbiol 2009;11:
937-49.

Gupta A, Silver S. Silver as a biocide: will resistance become a
problem? Nat Biotechnol 1998;16:868, http://dx.doi.org/10.1038/
nbt1098-888.

Graves JL. A grain of salt: metallic and metallic oxide nanoparticles as
the new antimicrobials. JSM Nanotechnol Nanomed 2014;2:1026.
Graves Jr JL, Tajkarimi M, Cunningham Q, Campbell A, Nonga H,
Harrison SH, et al. Rapid evolution of silver nanoparticle resistance in
Escherichia coli. Frontier Gent 2015;642.

Baker C, Pradhan A, Pakstis L, Pochan DJ, Shah SI. Synthesis and
antibacterial properties of silver nanoparticles. J Nanosci Nanotechnol
2005;5:244-9.

Gunawan G, Teoh WY, Marquis CP, Lifia J, Amal R. Reversible
antimicrobial photoswitching in nanosilver. Small 2009;5:341-4.

Lee D, Cohen RE, Rubner MF. Antibacterial properties of Ag
nanoparticle loaded multilayers and formation of magnetically directed
antibacterial microparticles. Langmuir 2005;21:9651-9.

Wei L, Tang J, Zhang Z, Chen Y, Zhou G, Ci T. Investigation of the
cytotoxicity mechanism of silver nanoparticles in vitro. Biomed Mater
2010;5:044103, http://dx.doi.org/10.1088/1748-6041/5/4/044103.
Wigginton NS, Titta A, Piccapietra F, Dobias J, Nesatyy VJ, Suter
MIJF, et al. Binding of silver nanoparticles to bacterial proteins depends

92.

93.

94.

95.

96.

97.

98.

99.

100.

799

on surface modifications and inhibits enzymatic activity. Environ Sci
Technol 2010;44:2163-8.

Samberg ME, Orndorff PE, Monteiro-Riviere NA. Antibacterial
efficacy of silver nanoparticles of different sizes, surface conditions
and synthesis methods. Nanotoxicology 2011;5:244-53.

Liu W, Wu'Y, Wang C, Li HC, Wang T, Lia CY, et al. Impact of silver
nanoparticles on human cells: effect of particle size. Nanotoxicology
2010:;4:319-30.

Miyoshi H, Ohno H, Sakai K, Okamura N, Kourai H. Characterization
and photochemical and antibacterial properties of highly stable silver
nanoparticles prepared on montmorillonite clay in n-hexanol. J Colloid
Interface Sci 2010;345:433-41.

Kim S, Choi JE, Choi J, Chung KH, Park K, YiJ, et al. Oxidative stress
dependent toxicity of silver nanoparticles in human hepatoma cells.
Toxicol In Vitro 2009;23:1076-84.

Kawata K, Osawa M, Okabe S. In vitro toxicity of silver nanoparticles
at noncytotoxic doses to HepG2 human hepatoma cells. Environ Sci
Technol 2009;43:6046-51.

Su H-L, Chou C-C, Hung D-J, Lin S-H, Pao I-C, Chiao S-H, et al. The
disruption of bacterial membrane integrity through ROS generation
induced by nanohybrids of silver and clay. Biomaterials 2009;30:5979-87.
Hsu SH, Tseng HJ, Lin YC. The biocompatibility and antibacterial
properties of waterborne polyurethane-silver nanocomposites. Bioma-
terials 2010;31:6796-808.

Su H-L, Lin S-H, Wei J-C, Pao I-C, Chiao S-H, Huang C-C, et al.
Novel nanohybrids of silver particles on clay platelets for inhibiting
silver-resistant bacteria. PLoS One 2011;6:¢21125, http://dx.doi.org/
10.1371/journal.pone.0021125.

Franci G, Falanga A, Galdiero S, Palomba L, Rai M, Morelli G, et al.
Silver nanoparticles as potential antibacterial agents. Molecules 2015;
20:8856-74.



	Silver nanoparticles: A new view on mechanistic aspects on antimicrobial activity
	Role of silver nanoparticles versus silver ions release on antibacterial activities
	Cell membrane: lipid and proteins interactions
	DNA interaction: damage and repair
	Free radical generation: cell membrane permeability
	Bacterial resistance to silver nanoparticles: resistance �and mutations
	Silver nanoparticle- and ion-resistant bacteria
	Final remarks
	References


