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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.

© 2015 Elsevier Inc. All rights reserved.
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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

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.1 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.2 This nanomaterial with its important

antimicrobial activity was regulated for wound management in the

1920s by the U.S. Food and Drug Administration.2

In his review, Neal (2008)1 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.3

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+).4 This effect is observed at concentrations with a 10-fold

higher magnitude than those used for silver nanoparticles.5 An

important aspect of the antimicrobial activity of silver nanoparticles

is the synergistic effect that occurswhen these particles are combined

with others natural and synthetic compounds. Cardozo et al6 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 al7

showed a synergistic effect of the antibacterial activity of silver

nanoparticles with eugenol against Streptococcus agalactiae

isolates. Wong and Liu8 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.

Durán et al9 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 μmol L−1

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

Durán et al9 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.5 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 al5

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 Hoek10 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 Poulose11 reached the

same conclusions regarding to the silver mechanisms of toxicity.

Rai et al12 and Kon and Rai13 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 al14 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 Rai13 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 al15, was that the

primary mechanism of action of silver nanoparticles is cell

membrane dissolution. Kon and Rai13 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 al16, 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 al17 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.18

The mechanism of silver nanoparticles toxicity in bacteria

was discussed extensively by Reidy et al19, who compared silver

ions with silver nanoparticles. They discussed details of the work

by Li et al20, 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.21,22

A review19 commented on the study by Xiu et al23, 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 al23 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.16 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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silver nanoparticles can be effectively oxidized to silver ions to

exert their antibacterial activity. This was not discussed by Xiu

et al23 in their report.

Reidy et al19 commented on another possible mechanism

proposed by Cao et al22, 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 becauseATP synthesis enables cell adhesion and

proliferation. Pal et al24 discussed that the nanoparticles’ shape is

an important factor to determine antibacterial activity. Reidy et al19

elegantly summarized the antibacterial actions of silver nanopar-

ticles known at that time (Figure 3).

Manke et al25 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.10,19,25-29

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.30 Some authors31-33 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.34,35 Hence, the size of the nanoparticle is an

important parameter for the toxicity.

An interesting paper36 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.36

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).37 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

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 Rai13 with permission from International Digital Library of Scientific Research (IDLSR)

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

791N. Durán et al / Nanomedicine: Nanotechnology, Biology, and Medicine 12 (2016) 789–799



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.37

In a similar approach, the antibacterial activity of silver

nanoparticles was compared with silver ions.38 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 μg/mL.38 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−1)16,39 enter the bacteria more

effectively than silver ions (MIC ~μmol L−1)40,41, 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.42

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.23,43 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.44,45 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).45 Although few publications have indicated

that silver ions disrupt the membranes of both Gram-positive and

Gram-negative bacteria,5,44 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.46-48 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.5 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.24,48 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.5,45 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.5

The silver nanoparticles attacking the membrane can also

interfere with the respiratory chain and hinder the production

of energy.47,48

Alternatively, it has been hypothesized that the lipid portion

of the bacterial membrane may also be the site of action for the

silver species.5,49 Both ionic silver and silver nanoparticle were

able to increase the trans/cis ratio of unsaturated membrane fatty

acids.50 The treatment with silver species caused modifications

in fatty acid composition.51 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.50-52 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.44,47,53 Consequently, the influx

of content and leakage of intracellular contents is frequently

described for silver nanoparticles treatment.54 The bacterial

outer membrane damage has been demonstrated to be a

“nano-specific” response. Ivask et al31 used mutated strains to

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 al23 with permission from American

Chemical Society).
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identify gene clusters related to nanoparticle treatment; they

found that cell-surface antigen activity (lipopolysaccharides)

correlated with a nano-specific response.31 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.43,44,55,56 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.24,44,53-55,57 The membrane destabilization is observed

in fungi, Gram-positive and Gram-negative bacteria upon

treatment with submillimolar concentrations of silver

species.5,44,48,58 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.24,43,47,57,59

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.31,43,53,60 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.24,56,61

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,62 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.53 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 μg/100 mL broth, the silver

nanoparticles inhibited the dynamic E. coli growth three-fold

more efficiently than the silver ions.24

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.63 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

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 al19 with permission from Molecular Diversity Preservation International-MDPI AG, Basel, Switzerland, under Creative Commons

Attribute License of an Open Access article).
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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 al63 could be

applied as a novel dosage platform.

Vishnupriya et al64 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 al38 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. colimutant 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 Ouda65 on the antimicrobial activity and

mechanism of silver nanoparticles on Proteus sp. and Klebsiella

sp. showed a MIC value of 10 μg/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

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

al37 by permission of The Royal Society of Chemistry Press, under a Creative Commons Attribution 3.0 Unported Licence).
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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 al16 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,16 which may led to

radical-induced membrane damage. Similarly, Danilczuk et al66

reported that silver nanoparticles generated free radicals in an

ESR study.

Soo-Hwan et al67 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.67

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

(CMCC44828) 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 al68 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.68

The observations noted by Kora et al69 substantiated the

association of ROS and membrane damage in the antibacterial

action of silver nanoparticles. The antimicrobial action of

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 H2O2 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 H2O2 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.70 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.16

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.16,55 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 MIC50 values of 2.4 × 10−5, 4.0 × 10−9, 0.97 × 10−9

and 5.7 × 10−15 mol L−1, respectively. The positive silver

nanoparticles were ~ 106-fold more efficient than the negative

nanoparticles and exhibited a significantly lower cytotoxic effect

against L929 fibroblast cell lines in vitro when compared with

sodium hypochlorite and chlorhexidine.71 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.72-74

The first silver ion-resistant bacterium was identified and

isolated in the 1960s from a burn wound that was treated with

silver nitrate.75 Silver-resistant bacteria have been isolated from

many different clinical environments.76-78 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 Utah79, a K. pneumoniae isolate was

found in marine shrimps in coastal waters in India80 and the

yeast Candida argentea was obtained from the sediments of a

disused metal mine in the UK.81 The first described and

best-characterized silver resistance mechanism to date was

encoded on plasmid pMG101 of Salmonella enterica serovar

Typhimurium.76 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.82 Mijnendonckx et al73 noted that this could

diversify the mobile genetic elements and disseminate novel
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phenotypes among bacterial populations.83 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.73

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.84,85 Grave et al86 tested a naïve 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

AgNO3 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.16,87 Although

most of the studies35,88,89, 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.29,90,91 The size and morphology of

the nanoparticles also affect the biocidal performance.24,92,93

Several studies94-97 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 studies4,92,98 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 al99 investigated

the homogeneous synthesis of dispersed silver nanoparticles on

platelets of silica without organic coating on the particle surface.

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.99 Franci et al100 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.
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