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Abstract

Silver, ZnO and CuO nanoparticles (NPs) are increasingly used as biocides. There is however
increasing evidence of their threat to “non-target” organisms. In such a context, the
understanding of the toxicity mechanisms is crucial for both the design of more efficient nano-
antimicrobials, i.e. for “toxic by design” and at the same time for the design of nanomaterials
that are biologically and/or environmentally benign throughout their life-cycle (safe by design).
This review provides a comprehensive and critical literature overview on Ag, ZnO and CuO NPs’
toxicity mechanisms on the basis of various environmentally relevant test species and
mammalian cells in vitro. In addition, factors modifying the toxic effect of nanoparticles, e.g.
impact of the test media, are discussed. Literature analysis revealed three major phenomena
driving the toxicity of these nanoparticles: (i) dissolution of nanoparticles, (ii) organism-
dependent cellular uptake of NPs and (iii) induction of oxidative stress and consequent cellular
damages. The emerging information on quantitative structure-activity relationship modeling of
nanomaterials’ toxic effects and the challenges of extrapolation of laboratory results to the
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environment are also addressed.

Introduction

Nanoindustry is one of the fastest growing industries in the history
of mankind and has been referred to as the next industrial
revolution (Lux-Research, 2008). Concerning nanotechnological
consumer products, the most rapidly growing field is the use of
nanoparticle (NP)-based antimicrobials that are promising alter-
natives to conventional antibiotics (McDonnell & Russell, 1999).
According to the Woodrow Wilson Database (http://www.nano-
techproject.org), there were more than 1300 nanotechnological
consumer products on the market as by March 2011, and 313 of
them contained nanosilver. Currently, nanosilver is perhaps the
most preferred antimicrobial nanomaterial and Ag NP coatings
have been used to inhibit the unwanted growth of bacterial
biofilms in medical catheters, prostheses, heart valves, etc. In
addition to nanosilver, copper oxide (CuO) and zinc oxide (ZnO)
have also been suggested to fight against the undesirable growth
of bacteria, fungi and algae (Ivask et al., 2012). However, release
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of biocidal NPs from consumer and household products into the
waste streams and further into the environment may pose threat to
“‘non-target’’ organisms, such as natural microbes and aquatic
biota. In this respect, Ag NPs are of especially high concern,
because according to the recent scientific literature, aquatic
species are extremely sensitive to Ag NPs (Kahru & Dubourguier,
2010; Bondarenko et al., 2013a).

In addition, also CuO NPs at their realistic environmental
concentrations (10 pg/L) can induce adverse biological effects in
marine invertebrates (Buffet et al., 2011). Due to the fact that all
the three NPs in question are used for biocidal applications, these
nanomaterials need to be intrinsically toxic. On the other hand,
Ag, ZnO and CuO NPs have also other fields of use, e.g. in sensor
applications, catalysis, electronics, surfactants, etc (Bondarenko
et al., 2013a). Only a thorough understanding of mechanisms
which drive the toxicity of NPs to a specific organism group may
address these two controversial goals: development of more
efficient antimicrobials or ‘‘safe by design’’ consumer products.

This review summarizes the current knowledge on toxicity
mechanisms of Ag, CuO and ZnO nanoparticles to various aquatic
test species and mammalian cells in vitro. This review is a follow-
up of our previous ‘‘nano’’ hazard assessment-focused review
(Bondarenko et al., 2013a) which critically analyzed 317 half-
lethal or half-effective concentrations [L(E)C50] and/or minimal
inhibitory concentrations (MIC) values of Ag, CuO and ZnO NPs
for different organisms: crustaceans, algae, fish, nematodes,
bacteria, yeasts, protozoa and mammalian cells in vitro. The
most toxic of the three NPs to both environmentally relevant
organisms as well as to mammalian cell lines were Ag NPs. For
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most of the studied species, the L(E)C50 values were below
10 mg/L. The L(E)C50 values of Ag NPs for the above-mentioned
organisms/cells spanned nearly four orders of magnitude, from as
low as 0.01 mg/L for crustaceans to 38 mg/L for protozoa. The
toxicity of nanosilver varied also within the same organism group:
275-fold in case of mammalian cells in vitro and 500-fold in case
of bacteria and we suggested that this high variability in
nanosilver toxicity was due to different capping agents. The
latter is also supported by the fact that the variability in toxicity
data for uncoated CuO and ZnO NPs was significantly lower. For
most of the studied organisms, the L(E)C50 values of CuO NPs
were in the range of 10-100 mg/L and the L(E)C50 values of ZnO
NPs were in the range of 1-100 mg/L. In case of ZnO, algae were
exceptionally sensitive; toxicity of ZnO particles to algae was
about 100-fold higher (EC50 0.1 mg/L) than to most other
organisms. An interesting finding of our previous paper
(Bondarenko et al., 2013a) was: although CuO and ZnO NPs
are also recommended to inhibit unwanted growth of bacteria,
their toxicity to bacteria was not so remarkable — the median MIC
values of CuO and ZnO particles were 200 and 500 mg/L,
respectively. One reason for this apparently low sensitivity of
bacteria to these metallic NPs can be explained by organic-rich
growth media usually used in these tests. Most likely the media
masked the actual toxicity of these NPs by complexing the
released ions and thus lowering their bioavailable fraction. We
ranked the NPs according to their environmental hazard using an
approach that adheres to EU-Directive 93/67/EEC (CEC, 1996)
and is based on the lowest median L(E)C50 value of the three key
aquatic test organisms: algae, crustaceans and fish. As a result,
Ag NPs and ZnO NPs were classified as ‘‘very toxic’’ and CuO
NPs as ‘“‘toxic’’ to aquatic organisms. Comparing the effective
concentrations of Ag, ZnO and CuO NPs on their target
organisms (usually bacteria but also yeasts and algae) to the
concentrations at which these NPs affected the selected non-target
organisms, revealed another surprising fact that these NPs affect
the non-target organisms at overlapping or even at lower
concentrations than the target ones. Consequently, if the NPs of
Ag, ZnO or CuO will be massively used, their discharge and
subsequent leaching to surface waters may pose threat to aquatic
species. Toxicity values (Bondarenko et al., 2013a) for the
selected organism groups/cells are presented in Table 1.

This review aims to give a comprehensive literature overview
of the toxicity mechanisms of Ag, ZnO and CuO NPs. Uptake and
solubilization of NPs and the subsequent effects, mainly oxidative
damage and connected cellular events, were studied for not only
bacteria, yeast, aquatic organisms such as algae, protozoa,
daphnids, fish, but also mammalian cells in vitro. In addition,
the emerging information on quantitative structure—activity rela-
tionship (QSAR) modeling of nanomaterials’ toxic effects and the
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challenges of extrapolation of laboratory results to the real
environment are addressed. The general concept of this review is
envisaged in the Supplemental Figure S1.

Bibliometric Data Search on Ag, ZnO and CuO
Nanoparticles

To analyze the information available on toxicity mechanisms of
Ag, ZnO and CuO NPs, we first analyzed the total amount of
papers available in ISI Web of Science (WoS) on Ag, ZnO and
CuO NPs for each organism/organism group. We used the
following (truncated) search-terms: bacter*, MRSA (methicillin
resistant Staphylococcus aureus), Escherichia, yeast¥, alga*,
protozoa*, ciliate*, daphni*, crustacea*, nematode*, C. elegans,
fish*, cell* and in vitro (Supplemental Table SI). This selected set
of organisms covers various biological hierarchies: prokaryotic
and eukaryotic, unicellular and multicellular organisms, different
representatives of the aquatic food-chain (algae, crustaceans, fish)
used for the classification and labeling of the environmental
hazard of chemicals. Moreover, the suit involves not only particle-
ingesting organisms (such as Daphnia sp.) but also organisms that
are not ingesting particles (bacteria, yeasts, unicellular algae).
Last but not least, this set involves both target and non-target
organisms for the biocidal action of Ag, ZnO and CuO NPs
(Supplemental Figure S1).

According to the search made on 5 May and 6 May 2013, 31 558
papers were retrieved for nanosilver, 47714 papers for ZnO
NPs and 30409 papers for CuO NPs (Supplemental Table SI).
After assigning the aforementioned search terms for different
organisms/organism groups, in total 4662 *‘biological’’ papers on
nanosilver, 2129 papers on ZnO NPs and 1250 papers on CuO NPs
were obtained (Supplemental Table SI). Some of the keywords
used concerning the organisms were intentionally redundant as
we were also looking for antibacterial effects of NPs toward
pathogenic bacteria, i.e. Escherichia and MRSA. Interestingly,
more papers were obtained for search term ‘‘daphni*’’ than for
“‘crustacea*.”” Thus, in the following bibliometric searches on
crustaceans, we used the search term ‘‘daphni*.”’

For this review, we selected 167 publications related to
(eco)toxicology and mechanism of action of Ag NPs, ZnO NPs
and CuO NPs. About one-third (31%) of the selected papers
originated from the journals classified by us as ‘‘ecotoxicology
and environmental chemistry journals,” 22% from °‘‘toxico-
logical,”” 18% from ‘‘nanotechnological,”” 10% from ‘‘chemical’’
and 8% from ‘‘medical’’ journals (Table 2). Half of the 167
publications originated from 13 journals: Environmental Science
and Technology (19 papers), ACS Nano (9), Nanotoxicology (8),
Toxicology in Vitro (8), Environmental Toxicology and
Chemistry (6), Chemical Research in Toxicology, Chemosphere,

Table 1. Toxicity of Ag, ZnO and CuO nanoparticles (NPs) and their respective ions to bacteria, yeast, algae, crustaceans, fish and mammalian cells

in vitro.
Toxicity
Median L(E)C50? or MIC® value, mg of metal (Ag, Zn or Cu)/L (number of data used to derive the median value)
Bacteria Yeasts Algae Crustaceans Fish Mammalian cells in vitro

Ag NPs 7.1 (46) 7.9 (14) 0.36 (17) 0.01 (17) 1.36 (17) 11 (25)
Ag* ions 3.3 (27) 2.2 (5) 0.0076 (10) 0.00085 (8) 0.058 (4) 2.0 (18)
ZnO NPs 500 (15) 121 (7) 0.08 (5) 2.3 (10) 304 43 (25)
Zn>" ions 30 (9) 78 (2) 0.09 (8) 1.3 (6) 7.5 (3) 9.8 (11)
CuO NPs 200 (13) 17 (4) 2.8 (5) 2.1 (8) 100 (1) 25 (21)
Cu*" ions 32 (13) 11 (4) 0.07 (20) 0.024 (8) 0.28 (19) 53 (10)

The values are selected and summarized from Bondarenko et al. (2013a).
#Half-lethal or half-effective concentration.
®Minimal inhibitory concentration (used in case of bacteria).
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Environmental Pollution, Small (all 5 papers), Archives of
Toxicology, Langmuir, Nano Letters and Science of the Total
Environment (all 4 papers) (Supplemental Table SII).

Organism group-wise distribution of data on biological
effects of Ag, ZnO and CuO nanoparticles

The bibliometry (Supplemental Table SI) showed that for
protozoa and nematodes the information was too scarce to make
a detailed study on toxicity mechanisms. Therefore, in our further
search for toxicity mechanisms of NPs a refined set of organism
groups was used: bacteria, yeasts, algae, daphnids, fish and
mammalian cells in vitro. For these six organism groups, there
were altogether 3055 papers on nanosilver, 1623 papers on ZnO
NPs and 928 papers on CuO NPs (Supplemental Table SI). The
organism-wise analysis of these data showed that the highest
percentage of nano-papers concerned bacteria (69, 46 and 52% for
Ag, ZnO and CuO NPs, respectively). Among the 2108 papers
published on bacteria and Ag NPs, 1501 concerned Escherichia
coli and Ag NPs which indicates the medical/hygienic emphasis
of this research. A relatively high number of papers were
published also on mammalian cell cultures and Ag, ZnO or CuO
NPs (19, 33 and 23% of the total, respectively). The information
concerning environmentally relevant organisms (such as algae,

Table 2. Classification of journals in which toxicity data for Ag, ZnO or
CuO NPs and different test organisms or cells were published and that are
cited in the current Review.

Number of Number % of
Category journals of papers papers
Biotechnology 2 2 1.2%
Chemistry 10 17 10.2%
Ecotoxicology & Environmental 16 52 31.1%
Chemistry
Interdisciplinary 4 7 4.2%
Material Sciences 2 3 1.8%
Medical 9 13 7.8%
Microbiology 4 5 3.0%
Nanotechnology 9 30 18.0%
Physics 1 1 0.6%
Toxicology 12 37 22.2%
Total 69 167 100.0%

Classification into categories is introduced by authors and is arbitrary. See
also Table SII for more detailed information.
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fish and daphnids) was remarkably lower, ranging from 2% to 8%
per organism group (Supplemental Table SI). The latter fact is in
agreement with our previous observations which have shown that,
in general, the development of ecotoxicology lags severely behind
toxicology (Kahru & Ivask, 2013) and similarly, there is a 10-year
lag between nanotoxicology and nanoecotoxicology (Batley et al.,
2012; Kahru & Dubourguier, 2010).

Organism group-wise distribution of data on toxicity
mechanisms of Ag, ZnO and CuO nanoparticles

The above-mentioned six organism groups (Supplemental Table
SI, indicated in bold) were further analyzed for the availability of
toxicity mechanisms’ information (Figure 1 and Supplemental
Table SIII).

We used the search terms that would reflect the main proposed
mechanisms of toxic action of these NPs: oxidative stress, DNA
damage, lipid peroxidation, membrane damage and mitochondrial
damage (in case of eukaryotic cells). The search term ‘‘uptake’’
was included to characterize the potential for NP internalization
(Supplemental Figure S1).

Substantially less papers were published on toxicity mechan-
isms (Supplemental Table SIII) than on NPs’ biological effects in
general (Supplemental Table SI). Interestingly, when in general,
46-69% of the papers describing the toxic effects of Ag, ZnO or
CuO NPs concerned bacteria and 19-33% mammalian cell
cultures (Supplemental Table SI), then the situation was the
opposite when the papers were plotted according to mechanisms
of action: only 19-24% of the nanotoxicity mechanisms’ papers
concerned bacteria and 53-59% mammalian cell lines
(Supplemental Table SII). The latter was expectable, as mam-
malian cell cultures have been widely used to study toxicity
mechanisms of chemicals and NPs. Remarkably, also the share of
toxicity mechanisms’ papers for fish and daphnids was relatively
high. Thus, although the total number of papers on NPs and
environmentally relevant test organisms was relatively low, many
of these were studies, where mechanistic toxicity aspects had been
investigated as well.

Main aspects of nano(eco)toxicity mechanisms according
to the bibliometry

Among the keywords that were used to search for mechanistic
toxicity information for Ag, ZnO and CuO NPs: oxidative stress,
DNA damage, lipid peroxidation, membrane damage, mito-
chondrial damage and uptake, we found that the majority of

Oxidative stress m Uptake m Other

Figure 1. Number and share of papers in ISI WoS on May 5th and 6th, 2013 concerning uptake, oxidative stress and other mechanistic
nanotoxicological information (damage to membranes, mitochondria, DNA and lipid peroxidation) on Ag (A), ZnO (B) and CuO NPs (C) for bacteria,
yeast, algae, daphnids, fish and mammalian cells in vitro separately and for all these organism groups (TOTAL). Data are plotted from Supplemental

Table SIII.
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papers concerned uptake and oxidative stress (18-28% and 36—
45%, respectively; Supplemental Table SIIT). That was expected
as induction of oxidative stress has been considered to be the main
paradigm for NPs’ toxicity (Nel et al., 2006). Cellular oxidative
damage may also cause DNA damage and lipid peroxidation —
effects that were elaborated in 11-17% of the mechanistic toxicity
papers on nano Ag, ZnO or CuO. Relatively less papers was
available on NP induced membrane (6—10%) and mitochondrial
(3-5%) damage (Supplemental Table SIII). In order to more
thoroughly understand the mechanisms behind the toxicity of Ag,
ZnO and CuO NPs, we worked through 33 papers on Ag NPs, 41
papers on ZnO NPs and 44 papers on CuO NPs, and analyzed the
recorded/discussed toxicity pathways for different organisms:
bacteria, aquatic invertebrates, fish or mammalian cell lines,
focusing on nanoparticles’ uptake and oxidative damage. The
results are discussed in the next chapters.

Mechanisms Driving the Toxicity of Ag, ZnO and CuO
Nanoparticles

As discussed above, bibliometric search on toxicity mechanisms
of ZnO, CuO and Ag NPs reveals that particle uptake and
oxidative stress were the most studied and discussed effects. On
the other hand, all the studied NPs have a metallic component and
thus, leaching of metal ions from these particles is a possible
scenario. Therefore, in the following chapter, we discuss the
factors that affect the physico-chemical behavior: aggregation and
dissolution of Ag, ZnO and CuO NPs in the test media and in
environmental conditions.

Toxicity of Ag, ZnO and CuO nanoparticles due to
dissolution

In general, there is no doubt that the toxicity of Ag, ZnO and CuO
NPs is at least partially driven by dissolution. However, the clear
differentiation between the roles of dissolved ions and ‘‘nano-
specific’’ effects in the observed toxic properties is often difficult
to prove experimentally. This is mostly due to methodological
difficulties in separation of the dissolved metal ions from nano-
sized non-dissolved materials. As discussed in Ivask et al. (2012),
the most commonly applied and perhaps the most appropriate
techniques for separation of dissolved metal ions from metal
nanoparticles are ultracentrifugation and filtration. We will not
elaborate here more the separation techniques and focus on results
on particle-dependent and dissolved ion-related toxic effects.
Toxicity of ZnO NPs is considered to be clearly dependent on
dissolution (Ma et al., 2013). That was evident also from the
results of our recent review involving a wide range of aquatic
organisms and mammalian cells in vitro showing that the median
toxicity of ZnO was stunningly similar to that of the Zn-ions,
whatever the organism (Bondarenko et al., 2013a). The fact that
low concentrations (below 1mg/L) of ZnO NPs almost totally
dissolve in aqueous media in the order of hours has been proven
(for the review, see Ivask et al., 2012) using several analytical
methods for quantification of metal-ions: atomic absorption
spectroscopy (AAS; Li et al.,, 2011), graphite furnace atomic
absorption spectrometry (GFAAS; Peng et al., 2011), and
inductively coupled plasma atomic emission spectroscopy (ICP-
AES; Fairbairn et al., 2011; Franklin et al., 2007; Rousk et al.,
2012). Indeed, the toxicity of ZnO NPs and Zn salt has been
shown to be comparable in the case of algae Pseudokirchneriella
subcapitata (Aruoja et al., 2009; Franklin et al., 2007),
Thalassiosira pseudonana and Chaetoceros gracilis (Peng et al.,
2011), crustaceans Thamnocephalus platyurus and D. magna
(Heinlaan et al., 2008; Wiench et al., 2009), protozoa T.
thermophila (Mortimer et al., 2010), bacteria E. coli (Li et al.,
2011) and yeast S. cerevisiae (Kasemets et al., 2009). Dissolution-
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based toxicity of ZnO has also been shown for mammalian cell
lines (Cho et al., 2012; Xia et al., 2008; Zhang et al., 2012).
Furthermore, studies where ZnO NPs were doped with increasing
concentrations of iron to reduce NP dissolution further confirmed
this theory; ZnO NPs with more doped iron were less toxic
(Thomas et al., 2011).

Many studies have suggested that dissolution is also an
important factor which influences the harmful effects of CuO NPs
in biological systems (Aruoja et al., 2009; Bondarenko et al.,
2012; Heinlaan et al., 2008; Kahru & Dubourguier, 2010;
Kasemets et al., 2013). In our previous studies, we have proposed
that solubility-dependent toxicity of CuO NPs is prevalent
especially in case of unicellular organisms surrounded by rigid
cell wall. This is based on our findings showing that the reactive
oxygen species, triggered in bacterial cells after their exposure to
CuO NPs, were due to dissolved Cu ions (Bondarenko et al.,
2012). Additionally, in more complex aquatic organisms like
crustaceans D. magna (Blinova et al., 2010; Fan et al., 2012;
Heinlaan et al., 2008; Jo et al., 2012) the toxic effects of CuO NPs
have often been associated with the soluble fraction of NPs as
well. Similarly, inhibition of cholinesterase activity in juvenile
carp Cyprinus carpio (Zhao et al., 2011) and interference with
zebrafish embryo hatching (Lin et al., 2013) observed after
exposure of these organisms to CuO NPs were mostly due to
dissolved Cu ions.

It has also been clearly shown that Ag NPs undergo slow
oxidation upon contact with water and in the presence of oxygen
(i.e. under ambient conditions that are usually used in toxicity
assays), NPs are dissolving and releasing ionic silver (Sotiriou
et al., 2012). For example, Xiu et al. (2012) did not notice any
antibacterial effects of Ag NPs in anaerobic conditions where no
dissolution was occurring. In aerobic conditions, many studies
have found positive correlation between the dissolution rate of Ag
NPs and their toxicity to various organisms such as bacteria
E. coli (Bondarenko et al., 2013b; Gunawan et al., 2009; Visnapuu
et al., 2013), crustaceans D. magna (Hoheisel et al., 2012; Jo
et al., 2012) and T. platyurus (Blinova et al., 2013), protozoa
Tetrahymena thermophila (Juganson et al., 2013), algae
Chlamydomonas reinhardtii (Navarro et al.,, 2008) and
Raphidocelis subcapitata and fishes Danio rerio (Bar-Ilan et al.
2009; Wang et al., 2012a), Pimephales promelas (Hoheisel et al.,
2012) and Oryzias latipes (Kim et al., 2011).

On the other hand, although there is a general consensus that
dissolution of metal-containing NPs is an important factor driving
their toxicity, clear evidence indicates that in certain cases,
dissolution does not explain all the toxic effects. For example, a
recent toxicogenomic study on toxicity mechanisms of Ag NPs in
D. magna demonstrated that Ag NPs had remarkably distinct
expression profiles compared to AgNO; (Poynton et al., 2011).
Namely, the authors found that major biological processes
disrupted by the Ag NPs included protein metabolism and
signal transduction, whereas AgNO; disrupted developmental
processes. The differences in the gene expression patterns of Ag
NPs and Ag ions were also confirmed with the studies in fish D.
rerio and nematode C. elegans (Griffitt et al., 2009; Roh et al.,
2009). In addition, studies with yeast Saccharomyces cerevisiae
(Niazi et al., 2011) revealed that metallothionein encoding genes
(cupl-1 and cupl-2) were strongly induced by Ag NPs (~45-fold)
as well as by Ag-ions (~22-fold), suggesting that NPs even
enhanced Ag-ion stress.

Similarly, CuO NPs have been shown to exhibit other than
dissolution-driven toxic effects in mammalian cells (Karlsson
et al., 2008; Piret et al., 2012; Wang et al., 2012b; Zhang et al.,
2012). This is coherent with the findings reported in our previous
review (Bondarenko et al., 2013a); according to a set of toxicity
data collected from the literature, CuO NPs proved more toxic to
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mammalian cells in vitro than Cu®* ions. No such effect was
observed for Ag and ZnO NPs. As also hypothesized by Limbach
et al. (2005), we suggested that once endocytosed, Cu ions
leaching from CuO NPs cannot be effectively controlled by the
mechanisms that normally regulate the concentration of Cu ions
in the cell. Indeed, intracellular copper overload in human cancer
cells in vitro was reported when the cells were exposed to
lipophilic copper pyrazole—pyridine complex that entered the
cells before their dissolution. Therefore, the intracellular toxic
concentration of copper was rapidly reached (Tardito et al., 2011).

It is also important to note that as the toxicity assays with
mammalian cells in vitro use serum, the serum components may
disperse and coat NPs (Zook et al., 2012) increasing their
bioavailability to the cells. For yeast S. cerevisiae, it was shown
that if the toxicity tests were performed in protein-rich medium,
CuO NPs enhanced the Cu ion-associated stress. Assumingly, the
protein-coated NPs sorbed strongly onto the cell surface that was
suggested to facilitate the dissolution of CuO in the close vicinity
of the yeast cell wall. Interestingly, this effect was prominent in
complex organic medium but not in distilled water (Kasemets
et al., 2013). Evidence that dissolution was not the only factor in
the toxicity of metal-containing NPs was also reported for ZnO
NPs. For example, although morphologically different ZnO NPs
were equally soluble, needle-shaped ZnO NPs inhibited the
growth of the diatom Phaeodactylum tricornutum more than
spherical NPs (Peng et al., 2011). Also, detailed analysis of gene
expression profiles and genome-wide mutant library of E. coli
(Poynton et al., 2011; Reyes et al., 2012) showed that the adverse
effect of ZnO NPs was not fully explained by solubilization.

In summary, dissolution is an indispensable factor when
toxicity of metal-containing NPs is considered. Yet, the issue is
relatively complex as also other, nano-specific factors may
complement the effect of dissolved metal ions and the distinct
role of each factor remains unknown for the moment.

Overall, the previous examples demonstrated that a common
toxicity denominator for Ag, CuO and ZnO NPs is the release of
metal ions. The complexity of NP dissolution, different factors
affecting the dissolution and its importance in nanotoxicity have
been recently discussed by Misra et al. (2012). However, to
account for the complexity of different environmental compart-
ments, chemical speciation and bioavailability of the released
metals should be considered together with NP dissolution. In this
respect, the existing models for trace metal speciation, e.g. the
free ion activity model (Anderson et al., 1978), biotic ligand
model (BLM) (Paquin et al.,, 2002), existing models for
bioaccumulation, e.g. biodynamic model (Luoma & Rainbow,
2005) and chemo- and biodynamic model (Buffle et al., 2009)
might be useful and their extension to NPs is highly advisable.
Similarly to NPs, the interactions (and thus toxicity) of dissolved
ions could be affected by different environmental factors. In
general, Ca>" and Mg2+ cations (that cause water hardness) are
known to protect biota and could mitigate the toxicity of toxic
metal ions by competing with them for the binding sites on
biological membranes (Slaveykova & Wilkinson, 2005). In
addition, the presence of the above-mentioned cations can
modify the surface properties and charge of NPs, favoring their
aggregation and thus, decreasing their persistence and probability
for contact with biota. Moreover, in the close vicinity of living
organisms, pH changes may affect, e.g. NPs dissolution, surface
charge, aggregation and thus their reactivity (Misra et al., 2012).

Copper and silver are known for their strong complexation.
Therefore, the toxicity of Ag and Cu compounds is notoriously
dependent on the composition of the exposure environment.
Indeed, the solubility of Ag NPs and CuO NPs depends on their
interactions with organic material in the test environment
(proteins, amino acids, natural organic matter, humic substances)
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that may coat and disperse NPs or complex metal ions. In
addition, as silver ions have high affinity toward sulfur, the
formation of Ag,S in environmental compartments containing
sulfides remarkably decreases the toxicity of Ag NPs (Levard
et al.,, 2012). Reduced solubility and toxicity to crustaceans in
natural waters has been observed for Ag NPs (Blinova et al. 2013;
Gao et al., 2009) and CuO NPs (Blinova et al.,, 2010).
Analogously, the presence of humic acids completely mitigated
the toxic effect of Ag NPs on bacterial growth due to the changes
in the surface properties of the particles after the sorption of
humic acids onto the NPs (Fabrega et al., 2009). On the other
hand, it has been shown that natural organic matter (NOM)
stabilizes NP suspensions and is thus expected to increase the
possibility of contact with biota.

The information on ZnO NPs is more contradictory while
Blinova et al. (2010) reported no effects of dissolved organic
carbon (DOC) of natural waters on the acute toxicity of ZnO NPs
to crustaceans; Bian et al. (2011) showed that under certain
conditions humic acids can increase the dissolution of 4 nm ZnO
NPs. The authors also compared the dissolution of ZnO NPs of
different sizes and showed that the smallest NPs dissolved more
readily. Recently Li et al. (2013) showed that in synthetic
freshwater and natural waters higher pH, HPOﬁ_ and NOM
concentrations reduced solubilization of ZnO NPs and thus
lowered their toxicity to E. coli. In addition, as the toxic effect of
ZnO NPs to E. coli was mediated by Zn-ions, Ca*" and Mngr
both dramatically reduced the toxicity of ZnO NPs (Li et al.,
2013).

Uptake of nanoparticles and effects of nanoparticles on
biological membranes

Uptake and the subsequent particle-related toxicity of internalized
NPs have been demonstrated mostly for unicellular aquatic
eukaryotes as well as for mammalian cells. On the other hand, a
few papers have demonstrated NP uptake by unicellular prokary-
otes. In general, the rigid cell wall of unicellular organisms does
not allow the internalization of NPs and thus, if internalization has
been demonstrated, the reason has been increased permeability of
cell wall due to previous injury. It is still difficult to predict how
big NPs may enter the cells of prokaryotes. Kloepfer et al. (2005)
suggested that the particles should be less than 5 nm in diameter.
On the other hand, Applerot et al. (2009) and Brayner et al. (2006)
showed that ZnO NPs that were below 10 nm in diameter entered
bacterial cells and Lok et al. (2007) and Morones et al. (2005)
suggested that Ag NPs between 10 and 16 nm may enter the cells
of E. coli. Kumar et al. (2011a) studied the internalization and
effects of 30nm ZnO and 50nm TiO, NPs in Salmonella
typhimurium — a bacterium that is used in the Ames genotoxicity
assay. TEM analysis demonstrated the internalization and uniform
distribution of NPs inside the bacterial cells. Even at non-
bactericidal concentrations a large number of NPs were taken up.
Regarding the mechanisms of the uptake, the authors proposed
that non-specific diffusion, non-specific membrane damage and
specific uptake (silCBA gene transportation system, through
porins) are the potential mechanisms through which the NPs
could pass the bacterial cell wall and membranes but the precise
mechanism is still unknown.

Uptake of NPs by an organism or cell depends on the
organism, NPs size but also on its coating. To illustrate the
importance of NP coating in NP internalization potency, we
present the data of Huang et al. (2008) who studied the
bactericidal properties of ZnO NPs to gram positive bacteria
Streptococcus agalactiae and Staphylococcus aureus. They
showed that the surface modification of ZnO NPs by polyvinyl
alcohol increased membrane permeability of bacteria and the
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cellular internalization of these NPs whereas there was a ZnO NP
structure change inside the cells. The internalization was espe-
cially evident in the bacteria that were surrounded by NPs. The
hydroxyl groups and PVA macromolecules on the surface of
coated ZnO NPs were assumed to promote the accumulation of
NPs inside the cells as the alkaline compounds dissolve the
external part of the cell membrane, which is the major cellular
protective barrier (Huang et al., 2008). Analogously, Kumar et al.
(2011a) who studied the internalization and effects of ZnO and
TiO, NPs in gram-negative bacteria Salmonella typhimurium
showed that the addition of S9 (an enzymatic fraction of the liver)
promoted the cellular uptake, probably due to the formation of
micelles or protein coating on NPs.

As mentioned earlier, in most studies and in case of larger
NPs, the intact cell wall of bacteria, yeasts and unicellular algae
(Manusadzianas et al., 2012) has been shown to provide
protection from NPs entrance to cells. Instead, NPs have been
shown to interact with bacteria and small eukaryotic organisms
through attachment on cellular surface and migration into the
membranes (Figure 2 A and B). Interaction of Ag NPs with the
cellular membrane of unicellular yeast Candida albicans inhibited
the normal budding process of the yeast, probably due to the
destruction of membrane integrity (Kim et al., 2009a). Similarly,
the direct contact between bacterial membranes and Ag NPs has
been shown to facilitate the toxicity of Ag NPs to bacteria
(Bondarenko et al., 2013b). Interaction between NPs and cellular
membrane was also important in the case of unicellular eukaryotic
organisms such as algae Ochromonas danica and C. reinhardtii.
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In these cells, Ag NPs that had attached to the cellular surface
contributed to the bioavailability of particle-associated Ag ions
(Miao et al. 2010; Navarro et al., 2008).

A number of papers have shown that ZnO NPs can attach to the
cell wall of microbial cells (Chen et al., 2012; Dimkpa et al.,
2011; Liu et al., 2009; Peng et al., 2011), and cause aggregation in
algae Chlorella sp. Such adhesion of particles may cause
mechanical damage; for example, changes in cell morphology
and deformation of membranes, disorganization or leakage of
intracellular structures (Li et al., 2011; Liu et al., 2009; Zhu et al.,
2008), abnormal appearance of mitochondria (Hu et al., 2010) and
even lack of certain organelles (Peng et al., 2011). Supposedly, in
the case of unicellular organisms, ZnO NPs increase the
permeability of the membranes (Kumar et al., 2011b; Xie et al.,
2011), depolarize cells (Chen et al., 2012) and/or perforate the
cell walls enabling the NPs to enter the cells (Brayner et al.,
2006). Additionally, Raman spectrum analysis of ZnO NP-treated
E. coli indicated possible destruction of lipids and proteins on cell
membrane that might cause the leakage of intracellular contents
(Liu et al., 2009). However, the latter results are not consistent
among the organisms. Several authors have shown that at
organism-level ZnO NPs can cause drastic morphological changes
in fungi (He et al., 2011), attach on nauplii of crustacean
Tigriopus japonicas and hamper the movement of D. magna
(Poynton et al., 2011; Wong et al., 2010), damage zebrafish gill
cells resulting in shrinkage or loss of cell cytoplasm and abnormal
shapes of nuclei (Xiong et al., 2011). Reyes et al. (2012)
confirmed that in case of bacterial cells, membrane damage and

Figure 2. Uptake and attachment of NPs on cellular membranes. (A) PVP coated Ag NPs interacting with the membrane of bacteria Escherichia coli
(TEM image), (B) CuO NPs in the close vicinity of the cell wall of yeast Saccharomyces cerevisiae (dyed with trypan blue, light microscopy image),
(C) Ag NPs taken up by protozoa Tetrahymena thermophila into its food vacuoles (light microscopy image), (D) Light microscopy image of Daphnia
magna exposed to CuO NPs: Ag NPs inside the gut and interacting with the gut epithelium (cross-section).
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Figure 3. Summary on adverse effects of Ag, CuO and ZnO nanoparticles in mammalian cell cultures. Ten papers were selected for each nanoparticle;
numbers on graphs show the number of articles where the indicated effect was studied and observed as a positive result (data are summarized from

Supplemental Tables SIV-SVI).

metabolic effects related to energy generation were involved in the
toxicity of ZnO NPs. Gogoi et al. (2006) showed that silver NPs
(<10nm) attached to gram-negative E. coli cell wall and resulted
in the perforation of the cell wall that lead to the cell death. Direct
contact between bacterial cells and Ag NPs facilitated Ag NPs
dissolution at cell-NP interface and thus, enhanced the antibac-
terial effects of nanosilver (Bondarenko et al., 2013b).

While in the case of bacterial, algal and yeast cells, the cellular
uptake of NPs is not a common scenario, protozoa have been
shown to efficiently internalize various NPs (Figure 2C).
Endocytosis of Ag NPs into food vacuoles and subsequent
excretion of aggregates of these NPs has been demonstrated for
protozoan 7. thermophila (Juganson et al., 2013). Similarly,
Mortimer et al. (2011) showed that CuO NPs were readily taken
up by protozoa into the food vacuoles. Also in multicellular
aquatic organisms that are able to ingest NPs, such as daphnids
(Figure 2D) and fish, particles per se were found to contribute
significantly to the overall toxicity (Poynton et al., 2012; Wang
et al, 2012a). Zhao & Wang (2011) showed that Ag NPs
accumulated in the daphnids during a remarkably shorter time
period compared to AgNO;. In the same study, it was
demonstrated that after the ingestion of Ag NPs, daphnids
retained NPs in their gut, whereas bioaccumulation efficiency
depended on the surface coating as well as on the size of Ag NPs
(Zhao & Wang, 2011). Authors postulated that the toxicity of Ag
NPs was due to them serving as the sources of intracellular
soluble Ag. Indeed, in particle-ingesting organisms, particles may
act as Trojan horse-type carriers of metal ions that dissolve
intracellularly in various organelles. Interestingly, although CuO
NPs were passing the gastrointestinal tract of Daphnia, no NP
internalization to gut epithelial cells was seen in TEM-aided
visualization (Heinlaan et al., 2011). Yet, sub-lethal concentra-
tions of CuO NPs in the gastrointestinal tract of D. magna resulted
in extensive bacterial colonization — indication for immunosup-
pression and/or severe impairment of digestive enzymes by CuO
NPs (Heinlaan et al., 2011).

Using juvenile carp Cyprinus carpio it was shown that CuO
NPs were taken up and accumulated in the fish, mostly in intestine
and gills (Zhao et al., 2011). Using zebrafish D. rerio embryos as
a model, Lee et al. (2007) showed that single Ag NPs, 5-46 nm in
diameter, were transported into the embryos through the chorion
pore canals and trapped inside the inner mass of the embryos.
Authors suggested that accumulation of NPs in embryos was
responsible for the developmental abnormalities.

In the case of mammalian cell lines, the uptake of NPs is a very
common scenario. From the 10 papers chosen to analyze the

toxicity mechanisms of Ag, ZnO and CuO NPs, the uptake of Ag
NPs was shown in six and the uptake of CuO and ZnO NPs in
three (Figure 3). It has also been demonstrated that the uptake
pathway to mammalian cells depends on coating of NPs and
internalization efficiency depended on the size of NPs, being, in
general, the highest for 40-50 nm particles (Arvizo et al. 2012;
Chithrani & Chan, 2007). Studies with Ag NPs have shown that
Ag NPs applied at equal mass can be even more toxic to
mammalian cells in vitro than Ag ions (Kim et al., 2009b;
Liu et al., 2010; Park et al., 2011). Remarkably, this intrinsic
particle-specific cytotoxicity was mostly evident in case of Ag
NPs with the primary size under 20nm (Kim et al., 2009b; Liu
et al., 2010; Park et al., 2011). Most probably, there was a local
release of high concentrations of Ag ions from Ag NPs that were
taken up by the cells to lysosomes, which eventually lead to
toxicity. Cellular localization studies have shown that in addition
to endosomes and lysosomes, e.g. CuO NPs localize also in the
nucleus and mitochondria of HepG2 and A549 cells (Piret et al.,
2012; Wang et al., 2012b). It has been shown that once in the
mammalian body, NPs will be efficiently distributed. In rodents
regardless of the exposure route, the primary target organs of
Ag NPs were mostly liver, spleen and lungs, i.e. organs that
contain high numbers of phagocytosing cells (summarized in
Johnston et al., 2010).

In short, NPs uptake and the resulting NP-specific effects are
more prominent in case of multicellular eukaryotic organisms. For
unicellular organisms with rigid cell wall the internalization of
NPs is rather an exception and mostly reported as a side-effect,
accompanying membrane injury that also may be contributed to
the coating of NPs. Therefore, due to the differences between the
test organisms, one single biotest cannot predict the (eco)toxico-
logical effects of NPs and in order to carry out proper risk
assessment, a battery of tests where organisms and cells at
different levels of biological organization are used should be
applied.

Formation of biocorona phenomenon was already addressed
almost 10 years ago (Cedervall et al., 2007) and is now a widely
accepted model for NPs behavior in an environment that is rich in
organic components. Indeed, as NPs are prone to attach to organic
matter, the surface coating defines much of their bioactivity.
Therefore, the formation of biocorona on the surface of NPs is one
of the main factors influencing the final toxicological outcome.
For instance, inside the body NPs are constantly surrounded by
different biomolecules, mainly proteins, that form a spontaneous
coating which evolves in time and enables different biological
responses at different times of exposure. Additionally, the
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presence of biomolecular corona may confer specific interactions
between the NP—corona complex and the cell surface including
triggering of regulated cell uptake (Lesniak et al., 2013). The
formation of the corona also depends on the type and coating of
NPs. For example, uncoated and surfactant-free silver NPs
promoted maximum protein (bovine serum albumin) coating
due to increased changes in entropy (Podila et al., 2012).
Moreover, the biocorona is also formed by enzymatic proteins
as has been shown in case of 20 nm citrate coated silver NPs and
firefly luciferase as a model enzyme (Kékinen et al., 2013).

Oxidative stress and the related effects of nanoparticles

Oxidative damage, caused either by extracellular or by inter-
nalized NPs, has been considered one of the main causes of NP
toxicity (Nel et al., 2006). Reactive oxygen species-induced
oxidative stress and the resulting physiological effects have been
demonstrated at almost all the levels of biological organization,
from bacteria to fish as well as in mammalian cell lines in vitro.
Oxygen-derived radicals or reactive oxygen species (ROS) are
constantly generated at low levels in aerobic living systems. In
addition to normal physiological stimuli, production of ROS may
also be triggered by oxidative stress. Under normal conditions,
ROS-induced damage is regulated by cellular antioxidant cascade:
enzymes superoxide dismutases (SOD), catalases, glutathione
peroxidase and non-enzymatic antioxidants such as o-tocopherol,
ascorbic acid and glutathione (Blokhina et al., 2003). As a result
of excessive production of oxygen-based radicals they become
prominent toxicological intermediates, and are commonly
involved in oxidative stress, defined as an imbalance between
the production of ROS and the ability of a biological system to
detoxify the reactive intermediates or to repair the resulting
damage (Sayre et al., 2005).

Various inorganic NPs, including ZnO, CuO and Ag NPs,
induced oxidative stress in aquatic microorganisms as summar-
ized in a recent review by von Moos & Slaveykova (2013). The
cellular mechanisms underlying ROS generation and oxidative
stress induced by NPs in aquatic microorganisms and the methods
for the investigation of ROS and oxidative stress were exhaust-
ively discussed (von Moos & Slaveykova, 2013). Therefore, the
following chapter discusses separately the effects of Ag, ZnO and
CuO NPs to environmentally relevant organisms and to mamma-
lian cell lines, keeping the emphasis on oxidative damage.

Oxidative stress-related effects of Ag, ZnO and CuO nanoparti-
cles on environmentally relevant organisms

For assessing the potential of NPs to exert oxidative stress to
various environmentally relevant organisms, several biomarkers
such as increased activities of SOD, catalase (CAT), glutathione-
S-transferase (GST), glutathione peroxidase (GPx) and increased
levels of metallothionein-like proteins have been measured (see
below). In addition, as lipid molecules make up approximately
30-80% of biological membranes by mass, peroxidation of lipids
in response to reactive oxygen species is a very likely scenario
(Harrison & Lunt, 1980) and also used as a biomarker of oxidative
stress.

There are several examples demonstrating that oxidative stress
is one of the main drivers of Ag NPs toxic effects. Yet, the
original cause of oxidative stress either by nanoparticulate Ag or
dissolved Ag ions often remains unexplained. Ivask et al. (2010)
studied the toxic effects of Ag NPs to recombinant E. coli mutants
deficient in different SOD and showed that mutant strains
(especially the triple mutant sodABC) were more sensitive to
Ag NPs than the wild type; however, analogous effects were
observed for Ag ions. Induction of ROS by Ag NPs has also been
shown in zebrafish D. rerio (Choi & Hu, 2008). Interestingly,
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while several studies suggest that ROS may be one of the
mechanisms via which Ag NPs influence biological systems, this
mechanism of toxicity was mostly apparent in the cases of less
toxic Ag NPs releasing less Ag ions (Sotiriou & Pratsinis, 2010;
Yang et al., 2012).

Based on the current knowledge, CuO NPs are prone to exert
oxidative damage even more than Ag NPs. Similarly to Ag NPs,
the extent of contribution of nanoparticulate CuO and the
dissolved Cu ions to the production of reactive oxygen species
is still debatable. It is well known that ions of redox-active metals,
including copper, may yield free radicals via the Fenton-type
reaction and inflict intracellular oxidative stress (Valko et al.,
2005). The cupric ion [Cu (I[)] can be reduced to cuprous ion [Cu
(D] in the presence of biological reducing agents such as ascorbic
acid or glutathione (GSH) and consequently, reactive hydroxyl
radicals are generated from hydrogen peroxide via Fenton
reaction.

CU(I) + H202 — CH(H) +. OH + OH™

Induction of reactive oxygen species by CuO NPs has been
demonstrated at various levels of biological organization. Using
luminescent bacterial tests, we have shown ROS-generating
potential of aqueous suspensions of CuO NPs in recombinant
E. coli strains (Ivask et al., 2010). Recently, we showed that CuO
NPs induced oxidative stress and DNA damage defense systems in
recombinant E. coli strains already at very low subtoxic concen-
trations (0.1 mg Cu/L) (Bondarenko et al., 2012). However, these
effects were most likely triggered by dissolved Cu ions. It has also
been shown that oxidative damage is induced by extracellular,
membrane surface-attached CuO NPs. Applerot et al. (2012)
demonstrated that upon attachment to bacteria, CuO NPs induced
lipid peroxidation and intracellular oxidative stress. Effects of
CuO NPs on membrane lipids have been also described for
unicellular protozoa 7. thermophila by Mortimer et al. (2011): in
response to exposure to CuO NPs (80 mg/L), protozoa adjusted its
membrane fatty acid composition to more rigid by decreasing the
amount of unsaturated fatty acids (C18:3 cis-6, 9, 12 and C18:2
cis-9, 12) and increasing the amount of saturated fatty acids
(C18:0 and C16:0).

Lipid peroxidation caused by CuO NPs has also been
demonstrated in tissue and gills of rainbow trout (Shaw et al.,
2012), bacteria E. coli and Bacillus subtilis (Applerot et al., 2012)
and green algae C. reinhardtii (Cheloni & Slaveykova, 2013).

ZnO is a photocatalyst that can promote ROS generation at or
above its band gap energy 3.37 eV that corresponds to 368 nm
light (Ma et al., 2013). Indeed, Yu et al. (2011) and Xiong et al.
(2011) showed that under illumination, at concentrations above
10mg/L, suspensions of ZnO NPs induced hydroxyl radicals
(*OH). At the same time, no hydroxyl radical production was
detected in case of bulk ZnO particles. A study with bacteria
Pseudomonas chlororaphis revealed that ZnO NPs may induce
intracellular ROS even irrespective of illumination (Dimkpa et al.,
2011). ROS defense systems have been demonstrated to partici-
pate in ZnO toxicity response of bacteria. E. coli sodAB™ double
and sodABC™ triple mutants were more sensitive to ZnO NPs and
bulk ZnO than the wild-type E. coli bacterium (Ivask et al., 2010).
Lipid peroxidation due to ZnO NPs’-induced reactive oxygen
radicals has been observed in several organisms ranging from
bacteria (Kumar et al., 2011b) and earthworms (Hu et al., 2010) to
fish (Hao & Chen, 2012; Xiong et al., 2011). The increase in lipid
peroxidation levels due to exposure to ZnO particles might
indicate that the self-scavenging capacity of antioxidant defense
systems was exceeded (Hao & Chen, 2012). Yet, studies using the
most common oxidative stress biomarkers have not reported a
common mechanism of action of ZnO NPs as the patterns are
different among species and even in different organs of the same
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individual. For instance, SOD activity showed a decreasing
tendency in zebrafish liver but was augmented in zebrafish gut
tissue (Xiong et al., 2011) and in gill, liver, brain and intestine of
carp (Hao & Chen, 2012). However, in nano ZnO-exposed marine
crustaceans (copepods) Tigriopus japonicus, there was no change
in SOD expression (Wong et al., 2010) but instead, a 4-fold
increase in general stress protein hsp70 was observed. Also, Ivask
et al. (2010) did not observe induction of superoxide anion
sensing recombinant bacteria during the exposure to zinc
compounds, suggesting that most probably other ROS than
superoxide anion (O, ) were formed in response to ZnO NPs.
However, the current knowledge on the extent to which oxidative
damage is responsible for ZnO NPs mechanism of action is still
questionable.

Oxidative stress related and other effects of Ag, CuO and ZnO
nanoparticles on mammalian cells in vitro

In this paragraph, we discuss the toxicity mechanisms of NPs to
mammalian cells in vitro separately from environmentally rele-
vant organisms, mainly because according to our bibliometric
analysis (Figure 1 and Supplemental Table SIIT), more than 50%
of papers describing one or more mechanistic toxicity aspects of
Ag, ZnO or CuO NPs concerned mammalian cells. The highlights
for molecular toxicity mechanisms obtained by analysis of the
literature concerning the above-mentioned NPs and mammalian
cell lines are summarized in Supplemental Tables SIV-SVI.

There is a plethora of mammalian cell lines available for
toxicity testing and as the cell lines originate from different
tissues it is reasonable to assume that they may differ in their
response to NPs. In general, the cellular systems have been
selected according to the portals of entry of NPs and the
respective target cells in the body. The human body has several
biological interfaces for direct substance exchange with the
environment, i.e. the skin, respiratory tract and gastrointestinal
tract which are thus also major portals of entry for NPs. When
NPs were administered intravenously to rats, the levels were the
highest in the liver, followed in decreasing order by the levels in
the spleen, lung and kidney (Fabian et al., 2008). Due to that, most
of the in vitro toxicity assays with mammalian cells have been
performed with cellular models of the respiratory system, e.g.
human lung adenocarcinomic cell line A549 (Bachand et al.,
2012; Foldbjerg et al., 2011; Karlsson et al., 2008; Kaur & Tikoo,
2013; Liu et al., 2010) and murine macrophage cell line
RAW264.7 (Bachand et al., 2012; Kaur & Tikoo, 2013; Park
et al., 2010, 2011); as well as liver models such as rat liver cell
line BRL 3A (Hussain et al., 2005) and human hepatocellular
carcinoma cell line HepG2 (Kim et al., 2009b; Liu et al., 2010;
Nowrouzi et al., 2010). In our previous review (Bondarenko et al.,
2013a), we showed that nearly 30% of the EC50 values published
on Ag, CuO and ZnO NPs (altogether 75 values) originated from
A549 cells in vitro, although nearly 20 different cell lines were
used in total.

As already emphasized above, the majority of the toxicity
studies on mammalian cell lines are conducted to understand the
toxicity mechanisms (Supplemental Figure S1 and Table SIII).

Similarly to environmental test organisms, the majority of the
effects of NPs, reported for mammalian cell lines, can be linked to
reactive oxygen species. In 4 out of 10 papers describing the
cellular toxicity of Ag NPs and in 5 of 10 papers describing the
cellular toxicity of ZnO and CuO NPs, induction of intracellular
ROS was recorded (Figure 3). Yet, to date, it is unclear whether
ROS induced by NPs is the direct cause for cytotoxicity or a
secondary effect of cellular disturbance (Park et al., 2011;
Shvedova et al., 2010). Also, intracellular ROS levels did not
correlate with the extracellularly generated ROS in a cell free
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system (Park et al., 2011; Shi et al., 2012; Xia et al., 2008),
suggesting that intracellular ROS is not the effect of particles per
se but is rather a result of interaction of NPs with the cellular
environment. Especially high levels of ROS were induced in
various mammalian cells by Ag NPs of less than 20 nm in diameter
(Foldbjerg et al., 2011; Kim et al., 2009a; Liu et al., 2010), thus the
potential of NPs to induce ROS may be connected to their surface
area. Interestingly, Ag NPs induced the up-regulation of ROS-
responsive genes at m-RNA level (Kim et al., 2009a), whereas no
increase was observed at protein activity level (Arora et al., 2008).
Furthermore, several authors reported the inhibition of the activity
of SOD - the main cellular enzymatic scavenger of superoxide
radicals — by Ag NPs (Liu et al., 2010; Nowrouzi et al., 2010). This
indicates that cytotoxicity of Ag NPs may arise not only from
induction of ROS but also from the inhibition of the activity of
ROS scavenging proteins. Indeed, for murine macrophage cell line
RAW?264.7, Park et al. (2011) suggested that the generation of
ROS was a secondary effect of Ag NPs rather than the primary
cause of cytotoxicity. Induction of ROS in mammalian cells has
been demonstrated also for CuO NPs. For example, addition of
antioxidant N-acetylcysteine (NAC) mitigated the cytotoxicity of
CuO NPs to human larynx epidermoid carcinoma cell line HEp-2
cells (Cho et al., 2012; Fahmy & Cormier, 2009).

Several articles claim that in mammalian cell cultures, ZnO
NPs have particle-specific toxicity on mitochondrial function by
increasing the mitochondrial inner membrane permeability and
impairing the respiratory chain, thus leading to energy dissipation,
oxidative stress and even apoptosis as shown using isolated rat
liver mitochondria by Li et al. (2012). Sharma et al. (2012) using
human liver cells in vitro also showed that ZnO NPs caused DNA
damage and cell death whereas the mode of cell death was
apoptosis mediated by the ROS triggered mitochondrial pathway.

They also provided the detailed molecular mechanism of ZnO-
induced mitochondrial apoptosis pathway in HepG2 cells and
concluded that ZnO NPs per se, rather than the released ions, were
toxic and that the generation of ROS and ROS-triggered apoptosis
was attributed to the semiconductor and nanolevel characteristics
of ZnO NPs. Also, Kim et al. (2010) exposed primary cultured rat
alveolar epithelial cell monolayers to ZnO NPs and observed
injury of the cells in dose- and time-dependent manner caused at
least partially by free Zn ions released from ZnO NPs, mitochon-
drial dysfunction and increased intracellular ROS.

It has been proposed that intracellular ROS induced by NPs
inflict DNA damage. By studying time-dependent accumulation of
ROS and activation of DNA damage-responsive proteins in A549
cells Wang et al. (2012b) suggested that intracellular CuO NPs
first generated ROS, which subsequently induced the expression of
p38 and p53 proteins and lead to irreversible DNA damage. Thus,
the DNA damage was a secondary effect of elevated levels of ROS
as was also suggested by Cronholm et al. (2011) and Park et al.
(2011). In addition to DNA damage, elevated levels of intracellular
ROS can induce production of inflammation promoting cytokines
(Park et al.,, 2010, 2011). Among a number of inflammatory
markers measured by Park et al. (2011) from RAW 264.7
macrophages after exposure to Ag NPs, the secretion of G-CSF
(granulocyte colony-stimulating factor-1) was the most prominent.
Another study using A549 cells exposed in vitro to occupationally
equivalent concentrations of Ag NPs showed that exposure to
AgNPs in occupational settings will probably not cause acute
oxidative stress and/or cytotoxicity in alveolar epithelial cells but
can elicit an inflammatory response. Interestingly, the secretion of
IL-8 (interleukin 8) in A549 cells was induced by 20 nm and not by
60nm Ag NPs (Bachand et al., 2012).

Norzila et al. (2000) and Piret et al. (2012) studied the
involvement of 96 genes in the immunity and pro-inflammatory
response to CuO NPs in HepG2 cells and showed overexpression
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of transcripts, coding for chemokines and proteins, able to recruit
and activate immune cells. Remarkably, the overproduction of
IL-8 was abolished by free radical scavenger (NAC) treatment,
showing the direct role of ROS on inflammation (Piret et al.,
2012). Similarly, the expression of several inflammatory markers
was observed in A549 cells exposed to CuO NPs, but also to the
supernatant of CuO NPs at a slightly decreased level (Cho et al.,
2012). In the same study, CuO but not its supernatant recruited
eosinophils, showing CuO particle-specific ability to induce
inflammation (Cho et al.,, 2012). As a result of chronic
inflammation and elevated levels of ROS, cell death by either
apoptosis or necrosis may occur. Indeed, cytotoxicity induced
by high Ag NPs concentrations seems to be realized through
necrosis. Using HT-1080 and A431 cell lines as models and
caspase-3 activity as an endpoint, Arora et al. (2008) suggested
that the apoptotic cell death prevailed at relatively low concen-
trations of Ag NPs, whereas at higher cytotoxic doses, necrosis
occurred. There were also other studies suggesting the minor role
of apoptotic pathway in toxicity of Ag NPs to mammalian cells
in vitro (Foldbjerg et al., 2011; Liu et al., 2010).

Modeling of Toxicity of Metal-Containing Nanoparticles

As discussed above, there are numerous studies investigating
various mechanisms of biological action of NPs. Yet, no clear
toxicity pathways for NPs have been proposed. Toxicity modeling
is one tool that could help to clarify the specific mode of action of
NPs to a specific organism or cell. These models usually referred
to as quantitative structure—activity relationships (QSARs), enable
the prediction of activity or properties of chemicals based on their
physico-chemical or structural parameters. QSARs are widely
used in drug development in order to simplify the design process
of leads, or, in the toxicity prediction of chemicals. Also, the EU
chemicals regulation REACH accepts in silico methods, including
QSARs, as an alternative to toxicity testing under certain
conditions (Burello & Worth, 2011a,b). As the development and
production of new NPs accelerates, the traditional in vivo and
in vitro approaches in safety assessment will inevitably lag behind
also in this field. In addition, as the experimental evaluation of the
safety of chemicals is expensive and time-consuming, computa-
tional methods have been found to be efficient alternatives for
predicting the potential toxicity and environmental impact of new
nanomaterials before mass production. As an example, Puzyn
et al. (2011) showed that the QSAR method commonly used to
predict the physico-chemical properties of chemical compounds
can be applied to predict the toxicity of various metal oxides.
Thus, QSAR methods, or more appropriately quantitative
nanostructure—activity relationships (QNARs) are expected to
fill data gaps and guide safe design of nanomaterials.

Requirements for QNAR models and specific features of
nanoparticles

To build a QNAR model two kinds of data are needed — those that
characterize the physico-chemical and/or structural parameters
(nanoparticle descriptors) of the ‘‘chemical’’ entity and those that
describe the biological effects or activity. While there are
elaborate methods in place to calculate different descriptors for
chemicals, derivation of adequate descriptors for nanomaterials is
remarkably more complicated. First, NPs cannot be characterized
as a defined entity but are rather a group that is separated from
chemicals in a somewhat arbitrary way. NPs are complex
assemblies of inorganic and/or organic compounds, sometimes
coated or functionalized with diverse organic molecules where the
exact stoichiometry may vary from one particle to another. Even
if the composition of a NP is well known, its three-dimensional
structure may be highly complex (Fourches et al., 2011). In
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addition to variable composition and specific three-dimensional
structure, calculation of molecular descriptors is hindered because
NPs are usually too large for standard computational approaches,
e.g. quantum mechanical calculations that are used for molecules.
Gajewicz et al. (2012) demonstrated that calculation of the band
gap energy for NPs was meaningful for particles less than 5 nm in
diameter whereas the particles between 15 and 90nm rather
behaved like bulk materials and their size effect could thus be
neglected. Therefore, for nanomaterials new type of descriptors
involving perhaps a number of simplifications but being able to
describe the unusual structural properties, have to be developed.

The data about biological effects of the chemical entities are
as important as descriptors for a QSAR model. In theory, the
biological effect data used for model development should be
dependent on the intended use of the studied chemicals in their
lifecycle (exposure of humans or the environment). A useful
QNAR model should be based on a number of chemical entities
and their biological effects.

Small scale high throughput (HTP) test systems with high
number of different cell types and endpoints have been suggested
as the way to go in nanotoxicological hazard assessment in the
future (Damoiseaux et al., 2011). For example, for nanomaterials
(George et al., 2011), a HTP automated multiparametric assay
with zebrafish embryos the results of which are comparable to
in vivo responses have been developed. Shaw et al. (2008) have
applied several cell lines and endpoints to assess the effects of an
iron oxide NP library.

In addition to quantity, the quality of toxicological data used
for QSAR modeling is of vital importance. As suggested by
Gajewicz et al. (2012), the modelers need to critically evaluate the
biological effects data and even go to experimental details.
However, this may be complicated due to the lack of details in
experimental results or due to the insufficient experience from the
modeler’s side. It should be emphasized that interpretation of data
in the case of NPs may be demanding even for an experienced
toxicologist. Therefore, care should be taken in interpreting the
toxicological results recorded for NPs in different test systems.

Data collection for QNARs

Despite the vast number of scientific publications concerning
toxicity of NPs (more than 5000 papers was available for
toxicological aspects Ag, ZnO and CuO NPs; Supplemental Table
SI), not many of the published data can be used for building a
QSAR model. In most cases, this is due to variability between the
test protocols and results from different laboratories; conse-
quently, the data for a QSAR model should preferably be obtained
in the same laboratory and using a similar test. As suggested by
Gajewicz et al. (2012), only datasets with full characterization of
the experimental protocol and the nanomaterial used (shape,
SEM/TEM photo, concentration, purity, size, etc.) should be
considered as good and reliable information. According to our
experience, the most common issue with the toxicological data,
especially those published before 2010 is the lack of accurate
characterization of NPs used in the experiments. To illustrate the
differences between different test system, we bring an example
from Brunner et al. (2006) who showed that for human
mesothelioma MSTO-211H cells in vitro the toxicity of seven
metal oxide NPs and asbestos decreased in the order Fe,O3=
asbestos > ZnO > CeO, ~ ZrO, ~ TiO, ~ Ca3(PO,), whereas
for rodent 3T3 fibroblast cells the order was ZnO > asbestos ~
710, > Ca3(PO,), ~ Fe,O3 ~ CeO ~ TiO,. As the obtained
toxicity patterns for these two cell lines were very different, these
data cannot be possibly included in one model. Even if the
nanomaterial(s) used are adequately described and the test
protocols are standardized, usually the number of different
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particles tested is very low. Unfortunately, most of the published
studies only provide data for one specific particle, which may not
even be representative of this class of NPs (e.g. a rod-shaped Ag
particle cannot be used to predict the toxicity of a spherical Ag
particle or a rod-shaped carbonaceous structure).

Currently, there are just a few studies that can be used as a
basis for QSAR development. A large data set of 51 differently
coated (dextran and other polymers, e.g. ethylene diamine,
protamine, carboxylic acid, basic peptides) or non-coated iron-
oxide (Fe;04 or Fe,Os) particles and CdSe core-ZnS shell
quantum dots was studied by Shaw et al. (2008). The authors
characterized the effects of these NPs to two different cell lines
in vitro using four different endpoints. Based on the results, also
an initial hierarchical classification of NPs was performed.
Another large toxicological dataset was published by Weissleder
et al. (2005) who studied the cellular effects of 109 super-
paramagnetic iron oxide NPs using four different cell lines.
Recently, Zhang et al. (2012) published in vitro and in vivo
toxicological data for 24 metal oxide NPs. For in vitro assays, the
authors used two different cell lines, human bronchial epithelial
cells (BEAS-2B) and rat alveolar macrophage cells (RAW) and
three toxicity endpoints. In vivo studies were conducted in parallel
using mouse oropharyngeal aspiration. Also, smaller sets of data
have been published; for example, Liu et al. (2011) published a
dataset consisting of nine metal oxides and their effects on
viability of bronchial epithelial cells; Hu et al. (2009) analyzed
the effects of seven metal oxide NPs to bacteria Escherichia coli.
This dataset was later expanded and used for QSAR development
by Puzyn et al. (2011).

Currently developed nano-QSAR/QNAR models

There are only a few reports on the development of QSARs for
NPs. The studies carried out this far suggest it is impossible to
develop a universal model for all the NPs. Therefore, distinct
models must be constructed for different applicability domains
(NPs with different shapes, compositions etc.) and for different
biological endpoints, as described below. So far, the existing data
clearly show that inert structures of carbon nanotubes exhibit their
biological effects mainly via surface treatment while the toxicity
of other kinds of NPs may be also driven by material properties,
dissolution, etc.

Most of the models developed so far predict the general toxic
effects of NPs. Fourches et al. (2010) and Epa et al. (2012) used a
dataset of Shaw et al. (2008) to model the toxicity (effects on ATP
content, mitochondrial membrane potential and apoptosis) of a set
of 51 metallic NPs (iron-oxide particles and CdSe core-ZnS shell
quantum dots) to mammalian cells in vitro. Liu et al. (2011) used
atomization energy, period of the metal from which NP was
composed of, NPs primary size and volume fraction, to predict the
NPs effects on viability of human transformed bronchial epithelial
cells (BEAS-2B).

In addition to models that predict the general cytotoxicity of
NPs, certain models have been developed to predict the uptake and
potential mechanisms of toxicity — dissolution of NPs and NPs
potential to induce reactive oxygen radicals. Chau & Yap (2012)
used a dataset from Weissleder et al. (2005) on 109 fluorescent
superparamagnetic iron oxide NPs to model the uptake of iron
oxide NPs by human pancreatic cancer (PaCa2) cells. The model
showed that the uptake of these NPs was mainly (R*=0.8)
determined by hydrogen bonding capacity, acidity lipophilicity/
hydrophilicity and van der Waals forces of the NPs. It is interesting
to note that when the authors modeled the biological effects of this
set of NPs to different human cell lines, they found almost no
overlap between the molecular descriptors that predicted the uptake
by human umbilical vein endothelial (HUVEC) cells and PaCa2
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cells. Thus, the effects of NPs may be very cell-specific even within
one organism which shows again that indeed, no universal model
can be developed. Puzyn et al. (2011) showed that, for Escherichia
coli, the toxicity of metal oxide NPs was mainly dependent on the
enthalpy of formation of a gaseous cation (AHMe™) from these
NPs, i.e. the chemical instability of metal oxides leading to
dissolution. Thus, this model links dissolution of metal oxide NPs
to their effects to bacteria. On the other hand, in mammalian cells,
the toxicity of metal oxide NPs was mostly driven by oxidative
stress inducing potential of the NPs. Zhang et al. (2012) modeled
mammalian cytotoxicity of 24 metal oxide NPs based on NPs
bandgap energy, i.e. the potential of the NP to accept electrons from
biological molecules (Burello & Worth 2011b).

Interestingly, in all the developed models size was not included
as an important parameter. As discussed by Burello & Worth
(2011b) and Puzyn et al. (2011), if NPs are bigger than 15-20 nm
in diameter, their size is not an important variable determining
their biological effects. Yet, the effect of smaller sizes on
molecular descriptors still needs to be elucidated. Also, as
suggested by various authors, grouping of NPs to subgroups is
necessary to develop a conceptual framework for nano QSARs.
Finally, to improve the already developed nano-QSAR models, it
is vital that both the quality of experimental test data as well as the
generation of nano-specific descriptors is improved.

Conclusions and outlook

Studies of the toxicity mechanisms are crucial for understanding
the impact of NPs on the living organisms. The information on
mechanisms is needed for the design of more efficient nano-
antimicrobials (toxic by design) and equally for the design of NPs
that are biologically and/or environmentally benign throughout
their life-cycle (safe by design).

Our literature search showed that although still scarce, the
information on biological effects of three antimicrobial NPs — Ag,
CuO and ZnO NPs and their physico-chemical drivers is
accumulating. The key properties driving the toxicity of the
three NPs are: intrinsic toxicity of the metal and the solubility of
NPs dictated by the chemical properties of the metal, uptake and
the potential to induce oxidative stress. While most of the studies
are performed in well-standardized and controlled test environ-
ment where the physico-chemical behavior of NPs can be
predicted, in the real exposure environment the intrinsic param-
eters of NPs are usually modified due to complex nature of the
test environment itself. This issue has been recognized by many
researchers and increasingly more testing is performed not only
according to OECD or ISO procedures which are crucial to follow
the classification and labeling procedures but also in environ-
mentally more relevant conditions. Accumulation of good quality
data on nanoparticles biological effects and their drivers
combined with the knowledge on physico-chemical behavior of
NPs in environmental conditions establishes a future basis for
adequate methods to predict the potential impact of NPs in
biological and/or environmental systems.
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