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Silver nanoparticles – wolves in sheep’s clothing?

Rasmus Foldbjerg,a,b Xiumei Jiang,a,c Teodora Miclăuş,d Chunying Chen,c

Herman Autrupa and Christiane Beer*a

Silver nanoparticles (Ag NPs) are one of the most widely utilized engineered nanomaterials (ENMs) in

commercial products due to their effective antibacterial activity, high electrical conductivity, and optical

properties. Therefore, they have been one of the most intensively investigated nanomaterials in terms of

their toxic effects on humans and the environment. It has become clear during recent years that nano-

materials can behave unexpectedly due to new and unique characteristics when their particle size

reaches the nanoscale (1–100 nm). Consequently, their effect on human health and the environment has

been hard to predict. Widespread applications increase the chances of public and environmental exposure

to Ag NPs and have thereby increased concerns regarding the potential adverse effects of Ag NPs on

human health and environmental safety. To fully understand and predict possible health effects following

exposure to Ag NPs, information about the mechanisms for their cytotoxicity and genotoxicity is necess-

ary. The present paper attempts to review the cellular and molecular mechanisms behind Ag NP toxicity.

In addition, the role of silver ions in the toxicity of Ag NPs is discussed.

1 Introduction

Nanotechnology is one of the most rapidly growing fields

holding great promise for scientific advancements in many

sectors such as medicine and consumer products. Nanotech-

nology exploits the unique properties that arise at a size

smaller than 100 nm affecting the physical, chemical, and bio-

logical behavior of engineered nanomaterials (ENMs).

However, the same characteristics which make ENMs attractive

for their use in new products have led to concerns that they
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may pose a risk to humans and the environment. As a conse-

quence of their small size, nanoparticles (NPs) have a very

high surface to volume ratio, rendering them potentially more

reactive than larger particles. From studies on the ultrafine

nano-sized particle fraction from air pollution it is known that

exposure to these particles increases the risk of developing

airway and cardiovascular diseases. The increased use and

exposure of consumers and workers to ENMs and their poten-

tially higher reactivity has resulted in concerns about potential

adverse health effects of ENMs and the development of a new

toxicological field, nanotoxicology. Based on the definition of

toxicology by the Society of Toxicology (SOT),1 nanotoxicology

has been described by Oberdorster as the study of the adverse

effects of ENMs on living organisms and the ecosystem,

including the prevention and amelioration of such adverse

effects.2

Ag NPs are one of the most widely used ENMs, especially

due to their effective antibacterial activity. They are used in

medical devices and supplies as well as in consumer products

such as surface cleaners, room sprays, toys, antimicrobial

paints, home appliances, food storage containers, and tex-

tiles.3,4 Therefore, they have been in the focus of a number of

toxicological investigations during recent years. However, silver

and its antibacterial capacity have been used for centuries.

Already in ancient Italy and Greece silver was utilized, e.g., for

storage vessels to keep the water fresh. The antibacterial effect

of silver was scientifically described in the late 19th century5

and has subsequently been exploited in a wide range of

medical applications like medical equipment, implants and

prostheses, catheters, wound therapy and surgical textiles.6

Today, silver is still used for wound treatment, especially in

burn victims to prevent infections.6 The absorption of silver is

most likely to occur in the gastro-intestinal tract, the lungs or

through damaged skin.7,8 Soluble silver compounds are con-

sidered more likely to cause adverse health effects compared

to metallic or insoluble silver.8 Prolonged exposure to silver

compounds has been shown to be associated with the develop-

ment of a characteristic, irreversible pigmentation of the skin

(argyria) and/or the eyes (argyrosis)7 that is due to the precipi-

tation of silver in dermis and mucosal membranes.9 However,

conventional silver compounds are not thought to be carcino-

genic or toxic to the immune, cardiovascular, nervous or repro-

ductive systems.7,8 However, based on the fact that ENMs may

behave physically, chemically and toxicologically in a different

manner than the bulk material, there are concerns that

exposure to Ag NPs might lead to health effects that cannot be

predicted by studying the parent material. For example, due to

the higher reactivity of ENMs it is reasonable to assume that

ENMs could, at least theoretically, react with biological

systems in new unpredicted ways and might be quantitatively

and qualitatively more toxic.

We will here review the present knowledge on the cellular

and molecular mechanisms behind Ag NP toxicity. In addition,

the role of silver ions in the toxicity of Ag NPs is discussed.

2 Physicochemical properties that
may influence the toxicity of Ag NPs

A number of toxicological investigations have shown that the

physicochemical properties of ENMs are of great importance

for the toxic potential of these materials, as they may influence

the interaction of ENMs with the organism. The most impor-

tant physicochemical properties in this regard are: size includ-

ing surface area, agglomeration and aggregation state; surface

chemistry including surface charge and coating; shape; and

chemical composition.

2.1 Size

The physical behavior of particles changes dramatically when

they reach sizes lower than 100 nm. Below this size, the

smaller the particles are, the more the rules of quantum

Teodora Miclăuş

Teodora Miclăuş is currently a

PhD student at the Interdisci-

plinary Nanoscience Center,

Aarhus University. Her project,

under the supervision of Assoc.

Prof. Duncan Sutherland,

involves the study of protein-

mediated surface phenomena at

silver nanoparticles in the

context of toxicology. She

received her B.Sc. in 2009 and

her M.Sc. in 2011 from the Uni-

versity of Bucharest. Prof. Chunying Chen

Prof. Chunying Chen is a princi-

pal investigator at CAS Key Lab-

oratory for Biomedical Effects of

Nanomaterials and Nanosafety,

National Center for Nanoscience

and Technology of China. She

received her PhD degree in Bio-

medical Engineering (1996) from

Huazhong University of Science

and Technology of China. Her

research interests include the

potential toxicity of nanoparti-

cles, therapies for malignant

tumors and vaccine nanoadju-

vants using theranostic nanomedicine systems. She serves as an

editorial member in Nanotoxicology, Particle and Fibre Toxicology

and Toxicology Research.

Review Toxicology Research

564 | Toxicol. Res., 2015, 4, 563–575 This journal is © The Royal Society of Chemistry 2015

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/to
x
re

s
/a

rtic
le

/4
/3

/5
6
3
/5

5
7
3
4
3
9
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



physics apply, resulting in new chemical, mechanical, electri-

cal, optical and/or superparamagnetic characteristics of the

particles.10,11 Considering the possibility of novel and unique

properties of materials on the nanoscale, it is nearly imposs-

ible to extrapolate the biological reactivity and toxicity of

ENMs from their larger-sized counterparts. Therefore, the size

is undoubtedly an extremely important property of ENMs, also

from a toxicological point of view, as it influences a number of

particle characteristics which themselves have a strong influ-

ence on the toxicity of ENMs. The characteristics are high

surface to volume ratio, high surface reactivity, adsorption of

compounds, the ability to cross cellular membranes and

strong interparticle forces. Indeed, studies which have com-

pared Ag NPs of different sizes have shown that smaller NPs

are more cytotoxic than their larger counterparts.12–15 The

increased specific surface area of smaller particles leading to

higher reactivity or an enhanced release of toxic silver ions

from the particle surface may explain the size-dependent tox-

icity of Ag NPs. However, it should be noted that the studies

mentioned above do not demonstrate a clear association

between nanoscale phenomena such as quantum effects or

surface plasmon resonances and toxicity. It has also recently

been pointed out that size-dependent toxicities of NPs often

are scalable effects, meaning that small particles show greater

or lower tendencies to behave in a certain manner compared

to large particles, but that their behavior is predictable from

that of larger particles.16

2.2 Surface chemistry

Surface chemistry, including surface charge and coating, also

has an influence on the toxicity of Ag NPs. In general, the

coating of ENMs has several purposes: to avoid agglomeration/

aggregation, to change the surface charge, to target ENMs for

uptake by specific cell types, or to change the bioavailability

and degradation of the particles. For example, Ag NPs coated

with the polysaccharide gum arabic were able to penetrate cell

organelles whereas uncoated Ag NPs with a hydrocarbon

surface layer aggregated and did not penetrate cell organelles.

Not surprisingly, the polysaccharide gum arabic coated Ag NPs

that are distributed throughout the cells caused the highest

toxicity.17 This difference in their toxicity might be caused by a

higher degree of agglomeration of the uncoated Ag NPs and

differences in their uptake and dissolution. Noticeably, despite

presenting different surface chemistries, the two types of Ag

NPs had comparable negative surface charges. However,

another study from the same group showed that Ag NPs with a

hydrocarbon surface layer were more toxic than polysacchar-

ide-coated Ag NPs, suggesting that other factors such as cell

type, media and binding of serum proteins may influence the

toxicity.18 Another recent study focused on four types of Ag

NPs with various surface coatings that covered high negativity

to high positivity.19 In this study, poly(diallyldimethylammo-

nium)-coated Ag NPs were found to be the most toxic, followed

by biogenic-Ag and oleate-Ag NPs, whereas uncoated Ag NPs

were found to be the least toxic in both mouse macrophage and

lung epithelial cells. In other words, the more positively

charged NPs were found to be the most toxic.19 This corre-

sponds to results from a study on gold NPs which concluded

that positively charged particles have greater efficiency in cell

membrane penetration and cellular internalization.20 In con-

trast to the findings by Suresh and coworkers,19 Yang et al. com-

pared Ag NPs with similar sizes but different coatings (citrate,

PVP and gum Arabic) and found the toxicity of Ag NPs to be

independent of surface charge when using the model organism

C. elegans. They concluded that toxicity was mainly due to NP

dissolution, which depended on the surface coating.21

The complexity of NP surface chemistry is further compli-

cated by the fact that the surfaces of NPs are immediately
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covered by proteins when they come in contact with a biologi-

cal medium where they can interact, in theory, with any

protein of the plasma proteome that consists of approximately

3700 different proteins.22 This interaction between particles

and proteins results in a protein corona covering the surface of

the particles. It is notable that the formation of the corona is a

dynamic, competitive process. Over time, the most abundant

proteins that bind first are displaced by proteins with higher

affinity. The resulting protein corona consists of a “hard

corona” with only a few proteins in a relatively immobile layer,

and a “soft corona” with a more loosely bound protein layer

that is less well-understood.23 Which proteins bind to the par-

ticles is, however, dependent on their chemical composition

and surface charge. For carbon black, silica, titanium dioxide

and acrylamide nanoparticles several of the proteins of the

protein corona have been identified.24–27 A number of these

proteins are ligands to receptors at the cell surface. Through

the interaction with an appropriate receptor, these proteins are

affecting the uptake of the ENMs they are bound to. Ashkarran

et al. found that depending on the NP shape and the NP/

protein ratio the protein corona can evolve quite differently,

thereby affecting the composition and thickness of the

corona.28 This could have serious implications for in vitro to in

vivo extrapolations since the NP/protein ratio is often very

different in these two situations. In another recent study,

Hayashi et al. showed that the presence of a specific protein

secreted by earthworm Eisenia fetida in the corona of Ag NPs

leads to increased cell uptake.29 These examples, while not

exhaustive, suggest that the formation of a protein corona at

the surface of NPs leads to a new “biological identity” in the

biological milieu, which has an effect on the subsequent cellu-

lar/tissue responses. Therefore, the NPs that cells of tissues

and organs actually come in contact with are completely

different from the original surface of the NP.22 In addition, the

coating and the protein corona of ENMs also have an effect on

the surface reactivity. If the surface atoms of the ENMs are

covered by proteins, their surface reactivity is affected and the

biological responses might be reduced. However, the dynamics

of the Ag NP corona in response to FBS concentrations, incu-

bation time, NP size, NP surface coating etc. are still

unresolved.

3 Mechanisms of Ag NP toxicity
3.1 Toxicity of Ag NPs – silver ion or particle?

Compared to micro-sized particles, NPs have a remarkably

high surface-to-volume ratio. In a 10 nm NP the fraction of

surface atoms accounts for more than 10% of all the atoms

composing the crystallite, and for a 2 nm particle it increases

to approximately 60%.30 This high availability of surface atoms

increases the potential for releasing, in the case of Ag NPs,

silver ions as both solubility and dissolution kinetics may vary

as a function of size.31,32

As it is known that silver ions are toxic, there is broad agree-

ment that they strongly contribute to the biological activity of

Ag NPs and several studies have reported the influence of size,

coating, concentration, temperature, pH, ionic strength, and

time on the dissolution behavior of Ag NPs.33–36 Although the

high surface area of metal-based NPs increases the possibility

that metal ions are released from these NPs,31,32 it is unclear

to what degree the toxicity of Ag NPs results from released

silver ions and how much toxicity is related to the Ag NPs per

se. Therefore, understanding the ion release kinetics for Ag

NPs is critical for understanding the mechanisms of Ag NP

toxicity.

Particles, such as Ag NPs, that are composed of elemental

silver (Ag0) are generally not considered to be soluble or reac-

tive in pure water.37 However, they can dissolve under oxidiz-

ing conditions involving two coupled processes: (1) oxidation

with a release of reactive oxygen species and (2) a proton-

mediated release of dissolved silver.35 In agreement with this

mechanism, silver ion release could be controlled through the

manipulation of the oxidation pathways by changing the

surface area (size), ligand binding, polymeric coatings, scaven-

ging of peroxy-intermediates, and pre-oxidation treatments.35

The surface oxidation of Ag NPs results in the formation of

highly reactive silver ions. These silver ions are adsorbed on

the surface of the NP but are also released to the surrounding

environment and a colloidal suspension of Ag NPs will there-

fore contain at least three forms of silver: Ag NPs, dissolved

silver (both ionic silver and soluble silver complexes), and

ionic silver adsorbed on the surface of NPs.34 Oxidative dissol-

ution is a complex chemical reaction influenced by pH, coat-

ings, temperature and ligands in the surrounding fluid.36 PVP-

stabilized Ag NPs dissolved faster than citrate-stabilized Ag

NPs and an increase in temperature led to increased dissol-

ution.33 But also the presence of cysteine or BSA can enhance

the dissolution of Ag NPs.36,38

Dissolution of Ag NPs in vivo might be completely different,

and to simulate the biodissolution of Ag NPs, experiments

have been conducted in artificial body fluids like artificial

interstitial fluid (Gamble’s solution, pH 7.4) and artificial lyso-

somal fluid (ALF, pH 4.5). These were used to simulate dissol-

ution in the airway surface liquid or in the macrophage

phagolysosome, respectively. However, no dissolution of Ag

NPs into silver ions in either of the simulated biological fluids

was detected.39 This is in agreement with our own findings

where we investigated the silver ion release from Ag NPs in cell

culture medium at pH 4.5 and pH 7.0. We found that Ag+

release in the medium was lower than expected, with only

7.5% at pH 4.5 and 5% at pH 7.0 after 24 h incubation.40

However, the fluids used by Stebounova et al. and us contained

significant amounts of sodium chloride leading to precipi-

tation of silver chloride complexes. In synthetic gastric fluid

(pH 1.12), Ag NPs (5 nm) dissolved relatively rapidly whereas

the dissolution was very slow in wound fluid (pH 7.52). Inter-

estingly, the addition of BSA greatly increased the dissol-

ution.36 Rogers et al. found that citrate-stabilized Ag NPs

(1–10 nm and 40 nm) agglomerate, release silver ions, and par-

tially react to form silver chloride complexes in synthetic

stomach fluid (SSF, pH 1.5).41 Thus, many recent studies have
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investigated the chemical transformations of Ag NPs in bio-

logical environments, but exact knowledge about the impor-

tance of silver speciation inside cells is needed to establish the

mechanism of action. Using the Triton X-114-based cloud

point extraction method described by Guibin Jiang’s group42

that allows the separation of silver ions released from intra-

cellular Ag NPs to investigate the intracellular fate of Ag NPs,

we have shown that more than half (55%) of the internalized

Ag NPs dissolved in silver ions after 1 h incubation and dissol-

ution increased over time.43

It has been suggested that the toxicity of Ag NPs is mainly

due to oxidative stress and is independent of silver ions.44

Other studies reported that the measured silver ion content of

the Ag NP suspension could not fully explain the observed toxi-

city of the Ag NP suspension and that both silver ions and Ag

NPs contribute to the toxicity.45,46 Although these reports are

to some degree conflicting, most of the evidence suggests that

silver ions at least account for a part of the toxicity of Ag NPs.

It is, however, difficult to determine to what extent the Ag NPs

in a solution contribute to cellular toxicity because the Ag ions

in the solution are relatively toxic to cells and thus tend to

overshadow the toxicity of the Ag NPs themselves. For example,

for an Ag NP suspension containing 5.5% silver ions we could

not detect any difference in toxicity between the Ag NP suspen-

sion and its supernatant.47 Therefore, it seems that at low

metal ion concentrations the uptake of NPs leads to an

additional toxicity, whereas at higher metal ion concentrations

the presence of NPs does not add further measurable toxicity.

This is in agreement with the findings of Navarro et al. (2008)

and Kim et al. (2009).44,46 In both these studies the Ag NP sus-

pension contained low amounts of silver ions and in both

cases the ionic fraction of the Ag NP suspension could not

fully explain the measured toxicity. This was also the case in a

recent study on C. elegans where the authors found a linear

correlation between Ag NP toxicity and NP dissolution. Notice-

ably, none of the Ag NPs used in this study exhibited greater

toxicity than would be predicted by complete dissolution of

the same mass of silver as silver ions.21 This is in agreement

with results from a study which investigated the effect of Ag

NPs and silver nitrate on gene expression in CaCo-2 intestinal

cells. Both give rise to very similar responses, leading to the

conclusion that the toxic effects observed from Ag NPs are

likely due to silver ions that are released from the NPs.48 In

addition, the toxicity of 20–80 nm Ag NPs could fully be

explained by released silver ions whereas 10 nm Ag NPs proved

more toxic than predicted.49 Although the cytotoxicity of Ag

NPs may largely be explained by silver ions, gene expression

data indicate that Ag NPs may affect cells in a more complex

way than silver ions.50 In conclusion, it is still uncertain by

which mechanism and to what degree silver ions play a role in

Ag NP-mediated toxicity.

3.2 Uptake of Ag NPs

Several authors have reported that different pathways, such as

clathrin-mediated and caveloe-mediated endocytosis, phago-

cytosis and pinocytosis,51–53 are involved in the uptake process

of nanomaterials into cells. Which of these cellular uptake

mechanisms apply is greatly dependent on the size of the par-

ticles and on their surface coating. If particles reach a size

larger than approximately 500 nm they are mainly taken up via

phagocytosis by so-called professional phagocytes like neutro-

phils, monocytes, macrophages, dendritic and mast cells;

smaller particles are primarily processed by endocytic path-

ways. An alternative for the uptake of larger aggregates

(0.5–5 µm) might be micropinocytosis.53

Size also plays a role in the uptake of Ag NPs. Liu et al.

reported that higher levels of silver were present in cells

exposed to small Ag NPs than in cells exposed to larger Ag NPs

(20 nm and 50 nm), indicating a size-dependent cellular

uptake.15 However, the assessment of which pathways are

involved in the uptake of Ag NPs has not been investigated in

much detail. We have previously used transmission electron

microscopy to study the uptake of Ag NPs by the Chinese

hamster ovary cell line CHO-K1.43 We observed that the uptake

of Ag NPs into cells is a time dependent process, with

increased amount of nanoparticles in cells over time. To inves-

tigate the cellular uptake pathway for BSA-coated Ag NPs’

internalization into CHO-K1 cells, we used several chemical

uptake inhibitors and low temperature.40 Cells incubated at

4 °C or treated with methyl-β-cyclodextrin or dynasore exhibit a

significant decrease in uptake of Ag NPs, indicating that Ag

NPs are mainly taken up via energy-dependent and lipid-raft

mediated endocytosis pathways, such as caveolae-mediated

endocytosis. However, at 4 °C cells are still able to take up Ag

NPs, suggesting that energy-independent uptake pathways may

also be involved in the internalization of Ag NPs.40 Parameters

such as nanoparticle composition, size, and surface chemistry

(especially coating) may play a significant role for the preferred

uptake pathways for a specific nanomaterial.53 In addition, the

cell line used to investigate the uptake is of importance too.

PVP-coated Ag NPs were mainly taken up by clathrin-depen-

dent endocytosis and macropinocytosis into human mesench-

ymal stem cells.54 Uptake of Ag NPs into macrophages seems

to involve clathrin-dependent endocytosis mechanisms.55 In

the bronchial epithelial cell line BEAS-2B uptake mechanisms

included nearly all known active uptake pathways: clathrin-

and caveolin-dependent endocytosis, micropinocytosis, and

phagocytosis.56 Several studies showed that Ag NPs are intra-

cellularly localized in endosomal/lysosomal structures after

uptake.43,54

3.3 Intracellular fate of Ag NPs

Limbach et al. noted that NPs, in general, could be carriers for

heavy metal uptake into human lung epithelial cells, accentu-

ating the toxicity of the NP. They termed this a “Trojan horse-

type mechanism”.57 It has been suggested that Ag NPs may

also act as a “Trojan horse”, bypassing typical barriers and

then releasing silver ions that damage the cell machinery.58

This theory is supported by our investigations concerning the

intracellular fate of Ag NPs using X-ray Absorption Near Edge

Structure (XANES). This technique has been used to study the

degradation and bio-interaction of nanoparticles in biological
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systems.59,60 We used XANES to study the intracellular fate of

Ag NPs in CHO-K1 cells over time.40 Our findings suggest that

14.2% of the internalized silver was oxidized to Ag–O– after

12 h incubation. After 24 h, 61.5% of the silver was present as

Ag–S–, suggesting that binding of Ag to sulfide groups of

amino acids and proteins may be involved in the dissolution

of Ag NPs. This intracellular Ag–S– binding can be toxic to

cells as the binding of silver ions to proteins may disrupt the

protein structure and function, thereby resulting in toxic

effects. In addition, the presence of Ag in the form of Ag–S–

might be an indication that the increased formation of ROS

observed after cellular exposure to Ag NPs might be due to a

depletion of sulfide group containing antioxidants like gluta-

thione (GSH). The intracellular ROS scavenger GSH is an

important redox balancer in cells and was shown to be an

efficient silver ion chelator.61 Adsorption of silver ions to GSH

could reduce the availability of GSH in cells, which will, in

turn, induce an imbalance of intracellular redox levels, thereby

leading to oxidative stress.

3.4 Necrosis and apoptosis

Cell death is often attributed to either necrosis or apoptosis.

However, in a very recent review from the Nomenclature Com-

mittee on Cell Death, at least 13 different types of regulated

cell death were enumerated, thereby describing the complexity

of cell death.62 Nevertheless, necrosis and apoptosis are prob-

ably the best known types of cell death, where the former is

characterized as accidental and pathological and the latter is

considered to be a controlled, programmed and physiological

mechanism that is regulated by specific genes and an acti-

vation of specific molecular pathways. Previously, programmed

cell death was considered to occur either by the extrinsic,

receptor-mediated pathway or the intrinsic, mitochondria-

mediated pathway. But autophagic cell death and necroptosis

(regulated necrosis) have also been identified.62

ENMs may activate several pathways of programmed cell

death.63 However, mitochondria-dependent (intrinsic) apopto-

sis seems to be the dominating mechanism of programmed

cell death caused by Ag NPs. The intrinsic apoptosis pathway

is activated in response to numerous types of cellular stress

including DNA damage, oxidative stress, cytosolic calcium

overload, and endoplasmic reticulum (ER) stress as a function

of the accumulation of unfolded proteins.63 This pathway is

characterized by insertion of Bax and/or Bak into the mito-

chondrial outer membrane and an activation of procaspase-9,

which triggers the caspase cascade by activation of procaspase-3

leading to apoptotic cell death and phagocytosis by

macrophages.64

Exposure of human and animal cells to Ag NPs led to down-

regulation of the pro-survival protein Bcl-2, and enhanced

expression of pro-apoptotic gene products such as Bax and

Bad (Bcl-2-associated death promoter).65,66 In addition, it trig-

gered the release of cytochrome c into the cytosol and trans-

location of Bax into the mitochondria in NIH3T3 cells,

indicating activation of the intrinsic apoptotic pathway.67 In

human liver cells increased protein levels of active caspase-9

(activated by cytochrome c released from mitochondria) were

observed.66 In agreement with this, Ag NP exposure led to acti-

vation of procaspase-3 in various human and animal cell

lines.65,66,68,69 Although oxidative stress is generally considered

to be a key factor in Ag NP-mediated apoptosis, the mechan-

ism by which Ag NPs trigger apoptosis has not been comple-

tely resolved. For example, a recent study reported that Ag NPs

may exert cytotoxic effects through the modulation of ER stress

pathways.70

3.5 Oxidative stress

The toxicological effects of ENMs on cells include cytotoxicity

and genotoxicity. One, if not the most important, underlying

mechanism for these effects is the induction of oxidative stress

in the cells. Oxidative stress, which is caused by an imbalance

between the production of reactive species in an organism and

its antioxidant capacity, has been described as an important

mechanism in nanotoxicology.71,72 Reactive oxygen species are

chemically reactive molecules and, as the name suggests, do

contain oxygen. Examples of reactive oxygen species are

oxygen itself, superoxide anion, peroxide, hydroxyl radicals

and ions, and hydrogen peroxide. These molecules are always

present in cells as they are natural byproducts of the oxygen

metabolism but, e.g., cellular stress, infection or other environ-

mental factors can lead to an excessive formation of reactive

oxygen species. In addition to reactive oxygen species, reactive

nitrogen species containing nitric oxide can also be involved

in the induction of oxidative stress.73

There are different mechanisms of how exposure to ENMs

might lead to an increased formation of reactive oxygen

species. The generation of free radicals by ENMs themselves is

one possibility. Another possibility is an increased production

of ROS in mitochondria. In addition, for Ag NPs the depletion

of antioxidants and the subsequent impairment of the antioxi-

dant capacity have been discussed as possible mechanisms. As

ROS can induce a number of cellular damages, eukaryotic

organisms have evolved a comprehensive range of proteins to

detoxify ROS and repair oxidative damage to DNA, lipids and

proteins. These antioxidants include enzymatic scavengers

such as superoxide dismutase (SOD), catalase, glutathione per-

oxidase (GPx), glutathione S-transferase (GST) and the peroxi-

redoxins, as well as non-enzymatic factors such as GSH and

vitamins.74

Several in vitro studies have demonstrated cellular

responses related to oxidative stress after Ag NP exposure.

Reactive oxygen intermediates are formed when oxidative dis-

solution of Ag NPs occurs, suggesting that a direct NP-

mediated mechanism is possible.34 When cells were pretreated

with cyanide, an inhibitor of the mitochondrial electron-trans-

ferring activity of cytochrome c oxidase, ROS production that is

otherwise induced by Ag NP exposure was inhibited.67 These

results suggest that mitochondria are involved in Ag NP-

mediated ROS production. In another study, the antioxidant

capacity of human serum was lowered by ex vivo Ag NP treat-

ment, indicating that the Ag NPs induced depletion of antioxi-

dants.75 GSH is a major endogenous antioxidant scavenger
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able to bind to and reduce ROS, thereby protecting cells

against oxidative stress. Whereas some studies reported

increased levels of GSH in response to Ag NP treatment69,76

others found decreased levels of GSH to correlate with ROS

markers,13,68 suggesting an inhibition of GSH-synthesizing

enzymes or depletion of GSH. Noticeably, as silver ions bind

strongly to thiol groups present in GSH36 this binding may

play a role in GSH depletion. Other indications of oxidative

stress found in response to Ag NP exposure include the

increase of transcription of stress-related genes,48,50 lipid per-

oxidation66,68 and protein carbonylation.14,66 Noticeably,

although both Ag NPs and silver ions increased the intracellu-

lar ROS level, silver ions induced more ROS than Ag NPs at the

same silver concentration.43

In summary, several lines of evidence suggest that oxidative

stress may derive from depletion of antioxidants, oxidative dis-

solution of Ag NPs or following perturbation of mitochondria.

3.6 Genotoxicity

Genotoxicology is the study of genetic aberrations following

exposure to test agents and is considered an important area in

risk assessment, as DNA damage may initiate carcinogenesis.77

Previous studies showed that Ag NPs could enter mitochondria

and the nucleus78 but localization of Ag NPs in endoplasmic

reticulum and mitochondria79 or endosomes/lysosomes43,54

has also been reported. Silver ions are released from endo-

cytosed Ag NPs and can thereby induce the formation of ROS.

Increased formation of ROS has been suggested as a common

pathway for nanomaterial-induced toxicity and is associated

with, e.g., membrane damage, DNA and protein damage, apop-

tosis or necrosis.67,80,81 In fact, ROS has been considered the

major source of spontaneous damage to DNA and several

in vitro studies with Ag NPs have indicated genotoxic effects in

different types of human and mammalian cells.17,43,45,80,82–87

However, it has to be noted that not all studies found statisti-

cally significant genotoxic effects.88,89 The most common out-

comes considered in these studies include: DNA strand

breaks, micronuclei and chromosomal aberrations. The chemi-

cal reactions that result in such DNA damages are based on

the formation of highly reactive and short-lived hydroxyl rad-

icals (OH•) in close proximity to DNA.90

It is generally believed that DNA damages like the for-

mation of DNA adducts are an essential first step in the multi-

stage process of carcinogenesis. One marker for oxidative DNA

damage is 8-oxodG that has been studied both in vivo and

in vitro.91,92 The formation of 8-oxodG can lead to chromoso-

mal aberrations and the induction of mutations, which mainly

involve GC to TA transversions. We have previously reported

that Ag NPs induced bulky DNA adducts in A549 cells which

could be inhibited by antioxidants.84 Importantly, an epide-

miological study linked bulky DNA adducts to an increased

risk of cancer.93 Using the comet assay Nymark et al. showed

dose-dependent DNA damage after the exposure of BEAS-2B

cells to PVP-coated Ag NPs for 4 h and 24 h. However, the par-

ticles did not induce chromosomal aberrations; nor did they

cause formation of micronuclei.87 In contrast, Kim et al. found

that Ag NPs stimulated DNA breakage and micronuclei for-

mation in a dose-dependent manner in BEAS-2B cells. Notice-

ably, ROS scavengers, especially superoxide dismutase, could

reduce the genotoxic effects in both assays, thereby suggesting

oxidative stress as a mechanism for Ag NP induced DNA

damage.80 In another study, both the comet assay and the

chromosomal aberration test showed DNA damage in human

mesenchymal stem cells after 1, 3, and 24 h at Ag NP concen-

trations of 0.1–10 µg ml−1.85 A number of other in vitro studies

have also reported that Ag NPs (in the size range 1–50 nm) are

able to induce DNA and chromosomal damage in different cell

types.17,45,82,86 In contrast, in a human testicular embryonic

carcinoma cell line, in primary testicular cells from

C57BL6 mice and in MEF-LacZ cells no significant genotoxic

effects were detected.88,89 Further indications for Ag NP-

mediated genotoxicity come from a study on DNA damage

repair proteins in mouse embryonic and fibroblast cells.17 In

particular, protein expression was up-regulated for the cell

cycle checkpoint protein, p53, and the DNA damage repair pro-

teins, Rad51, and phosphorylated-H2AX.17 In line with these

studies we demonstrated that both Ag NP and silver ion

exposure increased the bulky DNA adduct and the 8-oxodG

levels as well as the micronucleus formation in CHO-K1 cells

in a concentration-dependent manner.43 However, there are

differences in the genotoxicity of Ag NPs and silver ions. While

silver ions induced the formation of bulky DNA adducts and

micronuclei approximately 2-fold more than Ag NPs, the

amount of 8-oxodG was 44% higher in cells exposed to Ag NPs

than that in cells exposed to silver ions. In general, both

exposure to Ag NPs and silver ions induced cyto- and genotoxi-

city but silver ions appeared to be more (geno)-toxic than Ag

NPs to CHO-K1 at the same silver concentration.43

In summary, genotoxic effects following Ag NP exposure

may occur within mammalian cells and different modes of

action could be speculated. For example, it is possible that

ROS, produced by exposure to Ag NPs, interact with and

damage proteins or DNA. However, it is also possible that Ag

NPs or liberated silver ions interact directly with proteins or

DNA and thereby cause genotoxic effects.

3.7 Toxicogenomics

To date, only very few studies have been performed to investi-

gate the effect of Ag NP exposure on the gene expression or on

epigenetic changes. One of the first studies used microarrays

to investigate the gene expression in Caco-2 cells (derived from

a human colorectal adenocarcinoma) after treatment with Ag

NPs and silver ions. The authors showed that exposure to Ag

NPs induced changes in gene expression in a range of stress

responses including oxidative stress, endoplasmic reticulum

stress response, and apoptosis. Interestingly, the gene

expression response to Ag NPs was reported to be very similar

to that of silver ions.48 This was in contrast to a microarray

study we performed where a higher number of genes were

regulated in the presence of the Ag NPs compared to silver

ions. This was in agreement with Eom et al. who also found a

more complex regulation of genes upon exposure to Ag NPs.94
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Noticeably, especially genes from the metallothionein super-

family that are involved in metal binding and response to

metal exposure were up-regulated in many microarray

studies.48,50,94,95 This is expected, as metals/metal ions are

known to induce the expression of these genes.96 However,

metallothioneins are not only induced as a response to metal

exposure but also by oxidative stress. The cysteines of metal-

lothioneins have been shown to bind oxidant radicals like

superoxide and hydroxyl radicals.97,98 The up-regulation of

metallothioneins is therefore consistent with the induction of

ROS by silver ions and Ag NPs. The induction of ROS by silver

ions and Ag NPs has been shown earlier.13,47,50,66 Furthermore,

Ag NP exposure induced the up-regulation of stress response

genes including genes encoding heat shock proteins

(HSPs).48,50,95 Like metallothioneins, HSPs have been classi-

fied as stress response proteins due to their induction by

several kinds of cellular stress like infection and inflam-

mation.99 We reported an up-regulation of HSP genes after Ag

NP and Ag ion exposure (small HSPs, HSP40, HSP70, HSP90

and HSP110 family)50 which is in agreement with previous

studies showing the induction of HSPs by several stress con-

ditions that include exposure to heavy metals.100,101 Under

these conditions HSPs play a role in maintaining the correct

folding of nascent and stress-induced misfolded proteins by

preventing protein aggregation or facilitating selective degra-

dation of misfolded or denatured proteins.102–104 The induc-

Fig. 1 Uptake and toxicity of Ag NPs. Ag NPs can be taken up by caveola- or clathrin-mediated endocytosis, macropinocytosis and phagocytosis,

and a non-identified energy-independent uptake process. The particles are subsequently found in endosomes and lysosomes and dissolve quite fast

in silver ions. The intracellular silver is then oxidized to Ag–O– and finally stabilizes as Ag–S– most likely binds to proteins. This binding to proteins

may disturb the protein functions leading to changes in gene expression. The high affinity of Ag to –SH groups will also affect the antioxidant

defense of the cells as Ag will most likely also bind to GSH, thereby leading to oxidative stress and mitochondria-mediated intrinsic apoptosis, DNA

damage and impairment of the cell cycle.

Review Toxicology Research

570 | Toxicol. Res., 2015, 4, 563–575 This journal is © The Royal Society of Chemistry 2015

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
s
://a

c
a
d
e
m

ic
.o

u
p
.c

o
m

/to
x
re

s
/a

rtic
le

/4
/3

/5
6
3
/5

5
7
3
4
3
9
 b

y
 g

u
e
s
t o

n
 2

1
 A

u
g
u
s
t 2

0
2
2



tion of HSPs has previously been associated with oxidative

stress105 and recently a correlation between ROS and induction

of HSP70 was found in Drosophila melanogaster after exposure

to Ag NPs.17

In our study,50 Ag NP treatment also had an extensive effect

on the expression of genes coding for proteins involved in the

regulation and maintenance of the cell cycle. Noticeably, the

vast majority of these regulated genes were down-regulated

after 24 hours of exposure to Ag NPs whereas treatment with

silver ions had no effect on the cell cycle. It cannot be excluded

that Ag NPs could directly interact with proteins involved in

the cell cycle via binding to thiol groups. Strikingly, the few

genes of the cell cycle regulation pathway that were up-regu-

lated encoded proteins with inhibitory functions, like

GADD45, which has been shown to be involved in cell cycle

arrest at the G2/M checkpoint by overexpression of GADD45a

in primary human fibroblasts106 and DNA repair.107 Further-

more, GADD45 has been shown to interact with and inhibit

the kinase activity of the Cdk1/cyclinB1 complex, which itself

plays a key role in the G2/M transition.108 In addition to the

up-regulation of GADD45, Cdk1 and cyclinB1 were down-regu-

lated in response to the Ag NP treatment and our data suggest

that 24 hours exposure to Ag NP results in cell cycle arrest at

the G2/M boundary.50 This cell cycle arrest was specific for Ag

NPs under the experimental conditions (concentration, initial

silver ion fraction, exposure time) used by us. The arrest of

cells in the G2/M phase of the cell cycle has previously been

reported for Ag NPs.109–111

In conclusion, although the transcriptional response to

exposure with silver ions is highly related to the responses

caused by Ag NPs, our and others’ data suggest that Ag NPs,

due to their particulate form, affect cells in a more complex

way. Even when the studies did not use the same array plat-

form, cell line, and Ag NP and silver ion concentrations, genes

from the metallothionein and heat shock protein family were

consistently up-regulated in response to Ag NPs.48,50,94,95

4 Conclusion

Based on the discussed literature and on our own results, we

present an overview of Ag NP toxicity (Fig. 1). Depending on

the cell line, Ag NPs can be taken up by caveola- or clathrin-

mediated endocytosis, macropinocytosis and phagocytosis,

and a non-identified energy-independent uptake process. The

particles are subsequently found in endosomes and lysosomes.

The internalized Ag NPs dissolve quite fast into silver ions. The

intracellular silver is then oxidized to Ag–O– and finally stabil-

izes as Ag–S– most likely binds to proteins. This binding to

proteins may disturb the protein functions leading to changes

in gene expression. The high affinity of Ag to –SH groups will

also affect the antioxidant defense of the cells as Ag will most

likely also bind to GSH, thereby leading to oxidative stress and

mitochondria-mediated intrinsic apoptosis, DNA damage and

impairment of the cell cycle. In this way, silver ions represent

the real hazard (wolves) that are disguised as NPs with a

protein corona (sheep’s clothing) that enables the Ag NPs to

enter cells and release silver ions leading to toxic responses.
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