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Abstract

The aim of this study was to assess the interaction of a series
of well characterised nano-objects with the Gram negative
bacterium Salmonella typhimurium, and how such an interaction
may relate to the potential mutagenicity of nano-objects.
Transmission electron microscopy showed that nano-

objects (Au-PMA-ATTO NPs, CeO, NPs, SWCNTs and MWCNTs),
as well as CAFs entered S. typhimurium. Only DEPs did not
penetrate/enter the bacteria, however, were the only particle
stimulus to induce any significant mutagenicity through the
Ames test. Comparison with a sophisticated 3D in vitro cell
model showed CAFs, DEPs, SWCNTs and MWCNTSs to cause a
significant increase in mammalian cell proliferation, whilst both
the Au-PMA-ATTO NPs and CeO, NPs had not significant adverse
effects. In conclusion, these results indicate that various of
different nano-objects are able to penetrate the double-lipid
bilayer of Gram negative bacteria, although the Ames test may
not be a good indicator for nano-object mutagenicity.

Keywords: nano-object(s), nano-bacterial interactions,
mutagenicity, Ames test, mammalian cells

Introduction

Recently, the field of nanotoxicology (Oberdorster et al. 2005,
2007; Maynard 2007; Oberdorster 2010; Krug & Wick 2011)
has highlighted the need for increased and in-depth geno-
toxic evaluation of both accidentally produced and engi-
neered nano-objects (defined as a material with one, two or
three external dimensions in the nanoscale (1-100 nm
(ISO 2008))) (Doak et al. 2009; Singh et al. 2009; Donaldson
et al. 2010). The need to fully understand the potential

genotoxicity of nano-objects (Schins & Knaapen 2007;
Landsiedel et al. 2009; Greim & Norppa 2010) has intensified
through the findings of Poland et al. (Poland et al. 2008), who
showed that carbon nanotubes (CNTs) (lijima 1991), with
multiple walls (MWCNTs) (BSI 2007), can cause increased
granulomatous inflammation at the peritoneal aspect of the
diaphragms’ surface in vivo. The subsequent observation
that this effect was also elicited by amosite asbestos fibres,
and the conclusion that MWCNTs with a specific set of
physico-chemical characteristics (Poland et al. 2008;
Donaldson et al. 2010) can act similar to asbestos fibres
raised extreme caution towards the use of such nanofibres
(defined as a nano-object with two similar external dimen-
sions in the nanoscale and the third dimension significantly
larger, which can also be considered a high-aspect ratio
nanoparticle (ISO 2008)) in their many proposed applica-
tions (Johnston et al. 2010; Wick et al. 2011).

Whilst the findings of Poland et al. (Poland et al. 2008)
have been widely reported, the observations of a plethora of
other studies focussing upon the genotoxicity of nano-
objects have received less attention. Takagi and colleagues
(Takagi et al. 2008) also showed that MWCNTSs can cause
reducing effects to the lung in vivo, reporting that MWCNT's
induce mesothelioma formation in vivo. The dose applied to
the mice in this study, however, has received increased
criticism because the results reported can adequately be
associated with an overload situation (Oberdorster 2010;
Teeguarden et al. 2007). Similarly, the results of Ryman-
Rasmussen et al. (Ryman-Rasmussen et al. 2009), who
showed that the hazard of CNTs suggested by Poland
et al. (Poland et al. 2008) is a real possibility because they
were able to reach the pleural cavity of mice, should be
taken with extreme caution due to the increased dose
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administered in vivo. Jacobsen et al. (Jacobsen et al. 2008;
Jacobsen et al. 2008; Jacobsen et al. 2009) also reported that
single-walled CNTs (SWCNTs) and Cg, fullerenes can cause
DNA damage in vivo and in vitro, although not to the extent
elicited by diesel exhaust particles (DEPs). In addition, many
other forms of nano-objects including titanium and zinc
oxide (TiO, and ZnO) (Landsiedel et al. 2010) and other
metal oxides (Grigg et al. 2009), as well as numerous other
nano-objects (Lindberg et al. 2009; Pfaller et al. 2010), have
been investigated as to their potential genotoxicity in vivo
and in vitro. Discrepancies are paramount throughout such
studies however, and any general overview, as necessary
for hazard identification (Hansen et al. 2007), production of
test guidelines (Warheit & Donner 2010) and scientific
policy concerning the production and human exposure
of nano-objects (Morris et al. 2011) is currently not pos-
sible. The equivocal nature of these studies can be, in part,
attributed to (i) the different biological models employed,
(ii) the dose/concentration administered, (iii) exposure
method, (iv) duration of exposure and (v) the quality
(e.g., purity) of the nano-objects used. Thus, it is evident
that the potential detrimental (e.g., carcinogenic) effects
associated with exposure to the wide variety of nano-
objects currently available, and being produced must be
understood. To achieve this, realisation of the advantages
that nano-objects (nanotechnology) may pose must be
gained, as well as the creation of adequate and efficient
safety measures in both an occupational and consumer
setting to restrict the short- and long-term exposure of
nano-objects to humans and the environment (Maynard
2007; Maynard et al. 2006).

Increased efforts are being undertaken to understand
both the realistic doses of nano-objects that humans could
potentially be exposed to (Kuhlbusch et al. 2011), and to
provide protocols for standardised physico-chemical char-
acterisation of nano-objects (Bouwmeester et al. 2011).
Despite this, the precise biological system necessary for
gaining insight into the potential adverse effects of nano-
objects is debatable (Morris et al. 2011; Maynard et al. 2006;
Kuhlbusch et al. 2011; Bouwmeester et al. 2011; Rothen-
Rutishauser et al. 2008; Hartung 2011). To try and satiate this
issue, it is clear that reliable, efficient, reproducible biological
(model) systems are needed (Rothen-Rutishauser et al. 2008;
Hartung 2011). Whilst numerous in vivo and in vitro models
are commonly used (Stone et al. 2009; Clift et al. 2011), other
forms of biological systems are available. An example of this
is bacteria, and specifically the bacterial-based ‘Ames test’
(Ames et al. 1973), an approved OECD mutagenicity testing
method (OECD. 1997). Although bacteria are irrelevant
systems for use in the assessment of the entry mechanism
(s) of nano-objects (i.e., endocytosis) as it would occur in
mammalian cells (i.e., the human body) (Stone et al. 2009),
the benefits of the Ames test have led to it being proposed
as a potentially advantageous model to be used to screen
nano-object-associated mutagenicity. The main reason for
this is that bacteria provide an advantageous system
compared to in vitro cell cultures. Bacteria are (i) easy
and quick to culture, (ii) robust (even more so than common
eukaryotic cell cultures) and (iii) inexpensive. Additionally,

bacterial culture methods require only a limited level of skill
and equipment compared to mammalian cell culture
(Madigan et al. 2008).

Compared to alternative mammalian genotoxic testing
strategies that are commonly applied within nanotoxi-
cology, such as the laborious and expensive micronucleus
(Kirsch-Volders et al. 2011) and comet assays (Collins 2004;
Barnes et al. 2008), the Ames test is cheaper and less
laborious, and thus provides an ideal basis for the high-
throughput screening (Aubrecht et al. 2007) of nano-objects
for the reasons previously highlighted. However, debate
surrounds the use of the Ames test for the testing of
nano-object-related genotoxicity (Landsiedel et al. 2009;
Greim & Norppa 2010; Stone et al. 2009; Jaurand et al.
2009; Ng et al. 2010). It is suggested that nano-objects,
independent of their specific physico-chemical characteris-
tics (i.e., solubility (Landsiedel et al. 2009; Greim & Norppa
2010; Stone et al. 2009; Jaurand et al. 2009; Ng et al. 2010)),
are not able to penetrate the rigid outer double membrane of
Gram negative bacteria, and/or are bactericidal (cause
bacterial death). Thus, any mutagenic events observed are
not nano-specific (Claxton et al. 2010). Furthermore, the
OECD Working Party on Nanotechnology (WPN) (OECD)
has been deliberating in recent years as to whether or not
the Ames test is a relevant method for use in determining
nanomaterial potential carcinogenicity.

So far, only a limited number of studies have used the
Ames test, or alternative forms of bacteria (i.e., Escherichia
coli) to assess the mutagenicity of nano-objects. Predomi-
nantly these studies have investigated the mutagenicity of
DEPs (Zhou & Ye 1997; Bunger et al. 1998; Zhou & Ye 1998;
Zhao et al. 2004; Singh et al. 2004), although other nano-
objects (e.g., metal oxides and fullerenes) have also been
assessed (Sera et al. 1996; Brayner et al. 2006; Kumar et al.
2011; Pan et al. 2010). Additionally, in the field of nano-
ecotoxicology, due to their important role within various
ecosystems, bacteria are regularly utilised as a model bio-
logical system (Behra & Krug 2008; Kahru & Dubourguier
2010). Commonly, a biological reaction is measured, and it is
suggested that the nano-objects used are ‘interacting’ with
the bacteria. However, closer interpretation suggests that the
nano-objects used never (i) attach to the outer membrane or
(ii) are located inside the bacteria. Such assumptions are also
made in the studies in which the Ames test was used
to measure the mutagenicity of various nano-objects
(Zhao et al. 2004; Lin et al. 2008). It is essential therefore
to understand the interaction of nano-objects with the
biological system used; in this case bacteria. The aim of
this study, therefore, was to assess various different nano-
objects in regards to their effects as denoted by the Ames test
(i.e., to determine the suitability of the test for understanding
nano-object-associated mutagenicity), and to study the
interaction with Salmonella typhimurium of a series of
well-characterised and dispersed nano-objects (cerium
dioxide (CeO,) nanoparticles (NPs)) (defined as a nano-
object with all three external dimensions in the nanoscale
(1-100 nm) (ISO 2008)), Au-PMA-ATTO NPs, SWCNTs and
MWCNTs. In addition, both crocidolite asbestos fibres
(CAFs), a known pathogen, however, unknown entity in
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regards to its bacterial interaction, and diesel exhaust
particles (DEPs) as a positive mutagen control were used.

Methods

Chemicals and reagents
All chemicals and reagents were purchased from Xenometrix,
Switzerland, unless otherwise stated.

Bacterial culture

S. typhimurium bacterial strains TA98 and TA1537 (base-pair
substitution mutations), as well as TA100 and TA1535
(frame-shift mutations) were purchased as part of a diag-
nostic kit (Xenometrix AG, Switzerland) and stored at -70°C.
Prior to culture, each bacterial strain was thawed at room
temperature for 5 min. A total of 200 pl growth medium was
then added to each vial. The dark, semi-solid bacterial pellet
was then mechanically disrupted until a homogeneous bac-
terial suspension was obtained. For each bacterial strain,
25 ul of the bacterial suspension was added to 10 ml of
growth medium (as supplied in the diagnostic kit by Xeno-
metrix AG, Switzerland) in a sterile 50 ml tube. A total of 10 ul
of Ampicillin was added to both the TA98 and TA100 strains,
as well as the negative control (growth medium only). All
strains were then incubated in an environmental shaker at
37°C, 250 rpm for 14-16 h. After the incubation period, the
optical density (OD) value at 600 nm (ODgqg) of each strain
was determined. In a sterile, plastic cuvette, 100 ul of each
bacterial strain was added to 900 pl growth medium. For
subsequent experimental analysis to occur, each bacterial
strain had to exhibit an ODggg of > 2.0. The negative control
was required to have an ODgyy of < 0.05. To use the
TA100 bacterial strain, a subsequent incubation step was
required. During this process, the bacterial strains TA98,
TA1535, TA1537 and the negative control were stored at 4°C
to maintain bacterial viability and proliferation status. In a
fresh, sterile 50 ml tube, the TA100 strain was then diluted
1:4 with growth medium and incubated at 37°C, 250 rpm in
an environmental shaker for 90 min. The ODgy, was then
measured as previously described. The new TA100 suspen-
sion required an ODggy of 1.5-1.9.

Nano-objects

The following nano-objects were investigated; (i) CeO, NPs,
(ii) gold core/polymer shell with an embedded fluorophore
(Au-PMA-ATTO) NPs (Lin et al. 2008), (iii) SWCNTs (Yangtze
Nanotechnology, China) and (iv) MWCNTs (Cheap Tubes
Inc., USA). In addition, reference materials of DEPs (NIST
SRM #2975), as a positive mutagen control (DEPs are also
defined as a human 1A carcinogen) and CAFs, a reference
fibrous material, were also used. All nano-objects used have
previously been described and characterised in Lin et al.
(Lin et al. 2008) (Au-PMA-ATTO NPs), Raemy et al.
(Raemy et al. 2011) (CeO, NPs) and Wick et al. (Wick
et al. 2007) as well as Thurnherr et al. (Thurnherr et al.
2009) (SWCNTs, MWCNTs and CAFs). The physico-chemical
characteristics of each different nano-object are summarised
within Table I in supplementary information. The DEPs used
in this study are reference materials produced by the

National Institute for Science and Technology (NIST)
(SRM #2975). All nano-objects and reference materials,
except the Au-PMA-ATTO NPs, were assessed at 0.005,
0.01, 0.02, 0.03 and 0.04 mg.mL'l. The Au-PMA-ATTO
NPs were investigated at 3.125, 6.5, 12.5, 18.75 and
25 nM. All exposures were suspended in bacterial exposure
medium (as supplied within the diagnostic kit by Xenometrix
AG, Switzerland) prior to their exposure to the bacterial
cultures.

Ames test

Briefly, the Ames test is based upon strains of S. typhimurium
that have a mutation on the HIS operon, and thus are unable
to generate the amino acid histidine that is essential for
bacterial replication (Ames et al. 1973). The presence of a
mutagenic agent, when exposed during the test, enables the
bacteria to reverse the mutation on the HIS operon, resulting
in histidine production and colony formation, also referred
to as ‘positive mutagenic events’. Commonly, the Ames test
is applied with a combined extract (either from humans or
animals), known as the ‘S9 mix’. Deliberation still surrounds
the use of this metabolic-extract fraction (Hakura et al. 1999)
however, especially when concerning how a xenobiotic may
affect (i.e., elicit carcinogenicity) alternative organs of the
body, such as xenobiotics that are inhaled and not cleared
from the lung (Roller 2009).

All bacterial overnight cultures were initially diluted
1:10 in bacterial exposure medium. In a 24 well-plate,
240 pl of bacterial culture was added and then exposed
tol0 pl of the nano-objects or reference materials. All sam-
ples were then incubated in an environmental shaker at
37°C, 250 rpm for 2 h. Following the incubation period,
2.8 mL of indicator medium (as per the diagnostic kit guide-
lines (Xenometrix AG, Switzerland)) was added to each well
of the 24-well plate. A total of 50 ul of each sample was then
transferred to a 384-well plate. Samples were then subse-
quently incubated for an additional 48 h in a dry incubator at
37°C. Following the 48 h incubation period, the 384-well
plates were assessed for a colour change within each well,
which, in line with the diagnostic kit, was indicative of
histidine production by the S. typhimurium and resultant
colony formation, and thus regarded as a ‘positive event’. It
is important to note that S9 liver extract was not used at any
point in the study.

Nano-object:bacterial interactions

The interaction of each nano-object and reference material
with the bacterial strain TA98 was investigated through
conventional and elemental electron microscopy. The
TA98 strain was cultured and exposed to each nano-
object and reference material for 2 h as previously described.
After the exposure period, samples were then fixed using
2.5% glutaraldehyde and then prepared for transmission
electron microscopy (TEM) analysis as previously described
in Brandenberger et al. (Brandenberger et al. 2010). All
samples were imaged using conventional TEM (CM12
TEM (FEI Co. Philips Electron Optics, Zurich, Switzerland))
with subsequent elemental electron microscopy (Tecnai
F20 TEM (FEI, Eindhoven, the Netherlands)) performed
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upon the CeO, NP-exposed bacteria only, as previously
described in Raemy et al. (Raemy et al. 2011).

Bacterial viability

Viability analysis was performed at 2 h and 48 h to mimic the
interaction as it occurs in the Ames test. The viability of
the TA98 bacterial strain was assessed both through CLSM
and fluorescent spectroscopy using a Live/Dead BacLight
bacterial viability kit (Molecular Probes, Switzerland). The
TA98 strain was cultured and exposed to each nano-
object (and fibre/mutagen positive controls) as previously
described.

Confocal laser scanning microscopy

After the exposure period, in the 24-well plate, all samples
were exposed to 3 ul.mL™ of a combined volume solution of
SYTO 9 (emission 500 nm) and propidium iodide (emission
635 nm). Samples were then incubated at room temperature
with the combined fluorophore solution for 15 min, in the
dark. A total of 25 ul was then applied to a microscope slide,
with a cover slip then applied. Samples were then imaged
through confocal laser scanning microscopy using a Carl
Zeiss 510META (Carl Zeiss AG, Switzerland) and images
were subsequently restored using IMARIS (Bitplane AG,
Switzerland). In addition, it was possible to observe the
presence of the Au-PMA-ATTO NPs in the fluorescently
labelled bacteria, because these Au-PMA-ATTO NPs contain
an embedded fluorophore (emission 543 nm) within their
polymer shell (Lin et al. 2008). No spectral overlap was
observed when imaging all fluorophores concomitantly
(data not shown).

Fluorescent spectroscopy

After the exposure period, in the 24-well plate, all samples
were exposed to 3 ul.mL™ of a combined volume solution of
SYTO 9 (emission 500 nm) and propidium iodide (emission
635 nm). Samples were then incubated at room temperature
with the combined fluorophore solution for 15 min, in the
dark. A total of 25 ul was then placed into a 96-well plate, and
samples were assessed using fluorescent spectroscopy at
490-700 nm (subtraction). Bacterial viability was determined
by total relative fluorescent intensity after both 2 h and 48 h.

Mammalian cell culture

A sophisticated 3D in vitro triple cell co-culture model of the
epithelial airway barrier (TCC-C) consisting of an epithelial
cell layer (human bronchial epithelial cell-line 16HBE140-
(a generous gift from Dr. D. Gruenert (Cardiovascular
Research Institute, University of California, San Francisco,
USA))) and human whole blood monocyte-derived macro-
phages (MDM) and dendritic cells (MDDC) on the apical and
basolateral sides, respectively, was used, in a 12-well plate
(with membrane inserts) format, as previously described
(Rothen-Rutishauser et al. 2008; Blank et al. 2007).

Assessment of mammalian cell proliferation

To assess the ability for the panel of nano-objects to effect
mammalian cell proliferation, in comparison to the Ames
test, CAFs, CeO, NPs, DEPs, SWCNTs and MWCNTSs were

exposed to the TCC-C at a concentration of 0.005, 0.01, 0.02,
0.03 and 0.04 mg.mL‘l, and the Au-PMA-ATTO NPS at 3.125,
6.5, 12.5, 18.75 and 25 nM for 48 h at 37°C, 5% CO,. Cell
samples were then assessed for their proliferative state
through the EdU assay (a form of the BrdU assay) diagnostic
kit (Invitrogen, Switzerland). Briefly, in a 12-well plate, the
TCC-C (both upper and lower sections) was treated with
10 uM ErdU compound in PBS for 4 h. After this incubation
period, samples were fixed with 3.7% paraformaldehyde in
PBS for 15 min at room temperature, and then subsequently
treated with 0.2% Triton X100 in PBS for 15 min at room
temperature to permeablise the cell membrane for immu-
nofluorescent staining to occur. To assess the impact of
the different nano-objects upon cellular proliferation during
the exposure period, an EdU cocktail solution (Invitrogen,
Switzerland) containing Alexa Fluor 488 as a fluorescent
marker for the DNA intercollating agent was prepared.
Samples were incubated for 30 min at room temperature
in the dark with the ErdU cocktail. Samples (upper and lower
sections) were then combined prior to the fluorescent
intensity being measured at 488 nm in a fluorescent spec-
trophotometer. As a positive control, mitomycin C and
ethylmethanesulphonate were used as direct acting com-
pounds, in addition to cyclophosphamide which is an indi-
rect acting compound. All positive controls were used at
0.1 mg.mL™. Cell culture media (Rosewell Park Memorial
Institute (RPMI) 1640 medium supplemented with 10%
foetal calf serum, 1% L-Glutamine and 1% Penicillin/
Streptomycin) acted as a negative control.

Statistical analysis

All results are presented as the mean =+ standard error of the
mean (SEM). All data was normally distributed (data not
shown). Statistical significance of the Ames test data sets was
determined through the twofold rule (Ames et al. 1973;
Mortelmans & Zeiger 2000). This rule states that all data
sets that are > 50% of the negative control levels (positive
mutagenic events) are significantly mutagenic. Quantitative
viability and mammalian cell proliferation data sets were
determined via a Student’s t-test (MINITAB®, version 15.1,
MINITAB Inc., 2006). The result of the Student’s t-test was
considered significant if p < 0.05.

Results

Ames test

Investigation of the ability for the series of different nano-
objects tested in this study to elicit a mutagenic response by
the Ames test showed that the TA98 strain (frame-shift
mutation) of S. typhimurium elicited the strongest mutage-
nicity (Figure 1A-B). Despite this, only DEPs caused any
significant mutagenicity (Figure 1A), as per the ‘two-
fold’ rule (i.e., a synergistic positive mutagenic reaction)
(Stone et al. 2009; Zhao et al. 2004). Although significant
differences (through the twofold rule) can be observed for all
nano-objects tested in both the TA1535 (base-pair mutation)
and TA1537 (frame-shift mutation) strains (Figure 1A-B),
these values are below the detection limit and within the
level of variation known for the form of the Ames test



/ldoc.rero.ch

http

i-TA98

s
Control  0.005
35

30
25
20
15
10

5

ii-TA1535

# Positive events

Control  0.00

[

0.01

# Positive events

35
30
25
20
15

35
30
25
20
15
10

5

i-TA98

0
Control 3.125 6.25

iii-TA1535

Control 3.125  6.25

@ CAFs 8 CeO, m DEPs @ SWCNTs @ MWCNTs

125

125

3549
ii-TA100
30
25
20
151
! 101
7
e i il il il ]
il 7 I % N Lz Al
0.04 Control  0.005 0.01 0.02 0.03 0.04
35
iv-TA1537
301
251
201
151
10
. 51 «
sl Zis — St =k =l
0.04 Control  0.005 0.01 0.02 0.03 0.04
[mg.mL"]
B Au-PMA-ATTO NPs
35
ii-TA100
30
25
20
15
10
5
0
1875 25 Control 3.125 6.25 125 1875 25
35
iv-TA1537
30
25
201
15
101
i 5
-
0.
18.75 25 Control 3.125 6.25 125 18.75 25

[nM]

Figure 1. (A) Positive mutagenic events (Ames test) of the Salmonella typhimurium strains (i) TA98, (ii) TA100, (iii) TA1535 and (iv) TA1537 after 2 h
exposure in a shaking incubator at 37°C and 250 rpm to crocidolite asbestos fibres (CAFs), cerium dioxide (CeO,) nanoparticles (NPs), diesel
exhaust particles (DEPs), single-walled and multi-walled carbon nanotubes (SWCNTs and MWCNTSs) at 0.005, 0.01, 0.02, 0.03 and 0.04 mg.mL™" and
a subsequent 48 h post-incubation in a dry incubator at 37°C. Control values are the effects of the bacterial exposure media alone. Data is presented
as the mean =+ standard error of the mean (SEM) (n = 3). Statistical significance was determined using the ‘two-fold’ rule for the Ames test
(Stone et al. 2009; Sera et al. 1996). (B) Positive mutagenic events (Ames test) of the Salmonella typhimurium strains (i) TA98, (ii) TA100, (iii)
TA1535 and (iv) TA1537 after 2 h exposure in a shaking incubator at 37°C and 250 rpm to Au-PMA-ATTO nanoparticles (NPs) at 3.125, 6.25, 12.5,
18.75 and 25 nM and a subsequent 48 h post-incubation in a dry incubator at 37°C. Control values are the effects of the bacterial exposure media
alone. Data is presented as the mean + standard error of the mean (SEM) (n = 3). Statistical significance was determined using the ‘two-fold’ rule for
the Ames test (Stone et al. 2009; Sera et al. 1996).

employed in this study (Blank et al. 2007). In contrast, no

significant effects were found with any nano-object used in

the other frame-shift mutation strain investigated; TA100

(Figure 1A-B).

Nano-object:bacterial interaction

Because the TA98 S. typhimurium strain is the most com-
monly used strain for the Ames test (Zhou & Ye 1997;
Bunger et al. 1998; Zhou & Ye 1998; Zhao et al. 2004;
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Figure 2. (A) Conventional transmission electron micrographs (TEM) of the interaction of (A) bacterial exposure media only, (B) crocidolite
asbestos fibres (CAFs), (C) diesel exhaust particles (DEPs), (D) Au-PMA-ATTO NPs (25 nM), (E) single-walled and (F) multi-walled carbon
nanotubes (SWCNTs and MWCNTs) with the TA98 Salmonella typhimurium strain following exposure at 0.04 mg.mL™" for 2 h in a shaking incubator
at 37°C and 250 rpm. Black and white scale bars represent 500 nm and 200 nm, respectively. (B) Transmission electron micrographs of the
interaction of cerium dioxide (CeO,) nanoparticles (NPs) with the TA98 Salmonella typhimurium strain following exposure at 0.04 mg.mL‘l for2h
in a shaking incubator at 37°C and 250 rpm. Images A and B show the TA98 bacterial strain through conventional transmission electron
microscopy. Image C shows the same field of view as in image B, however using electron spectroscopy imaging (ESI), previously described in
Brandenberger et al. (Kumar et al. 2011), for CeO,. In images B and C; red arrows highlight cerium present inside TA98 bacteria, yellow arrows
indicate cerium that is either outside the bacteria or attached to the outside of the TA98 bacterial membrane, and blue arrows represent an example
of TEM sample staining contamination. Black and white scale bars represent 500 nm and 200 nm, respectively.

Singh et al. 2004; Sera et al. 1996; Brayner et al. 2006;
Kumar et al. 2011; Maenosono et al. 2007), and it was
the only strain in this study to show any detectable muta-
genicity, it was used for all subsequent investigation of
the nano-object:bacterial interaction. Interestingly, it
was observed that all (nano)fibres (SWCNTs, MWCNTSs
and CAFs) directly penetrated the membrane of the
TA98 strain after a 2 h exposure period at 0.04 mg.mL™"
(Figure 2A). Similarly, investigation of the CeO,
NP-bacterial interaction through elemental transmission
electron microscopy (Brandenberger et al. 2010) showed
these metal oxide NPs to be present on the membrane
and inside the TA98 strain after 2 h at the same concen-
tration as the (nano)fibres (Figure 2B). Interestingly, the

Au-PMA-ATTO NPs, when exposed to S. typhimurium at
25 nM, always observed within an aggregated form, were
noted to surround the TA98 bacterial strain, seemingly
dissolving the lipid bilayer and potentially altering the
morphology of the bacteria (Figure 2A). DEPs, however,
were not found to be present inside the bacteria, or inter-
action with the bacterial membrane directly after 2 h at
0.04 mg.mL™" (Figure 2A).

Bacterial viability

It is important to highlight that none of the nanofibres , as
previously shown by Liu et al (2009), or the CeO, NPs
caused any significant (p > 0.05) cytotoxicity to the TA98
strain over a 48 h period up to 0.04 mg.mL™" (Figure 3A).
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Figure 3. (A) Quantitative cytotoxicity of the TA98 strain of Salmonella typhimurium after exposure to crocidolite asbestos fibres (CAFs), cerium
dioxide (CeO,) nanoparticles (NPs), diesel exhaust particles (DEPs), single-walled and multi-walled carbon nanotubes (SWCNTs and MWCNTs) at
0.04 mg.mL", as well as Au-PMA-ATTO NPs at 25 nM for 2 h in a shaking incubator at 37°C and 250 rpm and 48 h post-exposure in a dry incubator
at 37°C. Data is presented as the mean + standard error of the mean (SEM) (n = 3). Statistical significance was determined using a Student’s t-
test (p < 0.05). (B) Qualitative cytotoxicity of the TA98 strain of Salmonella typhimurium after exposure to Au-PMA-ATTO nanoparticles (NPs) at
25 nM for 2 h in a shaking incubator at 37°C and 250 rpm and 48 h post-exposure in a dry incubator at 37°C. Image A shows a representative field of
view of an Au NP-exposed sample. Image B shows the representative field of view as observed prior to image reconstruction. The selected area (bold
white box) is shown in images C-E. Image C shows dead (non-viable) TA98 bacteria, D shows the viable bacterial fraction and E shows bacteria
containing Au-PMA-ATTO NPs. Image F shows the overlay of images C-E. The white scale bars represent 20 um (A and B) and 5.5 um (C-E),

respectively.

DEPs, however, did elicit a significant (p < 0.05) decrease in
bacterial viability over a 48 h period (Figure 3A). Whilst DEPs
caused a significant, 20% decrease in bacterial viability, Au-
PMA-ATTO NPs were found to significantly decrease
(»p < 0.05) viability by 70% after 48 h exposure
(Figure 3A). Interestingly, analysis using confocal laser scan-
ning microscopy showed that only the non-viable bacteria
contained Au-PMA-ATTO NPs, and that the Au-PMA-ATTO
NPs did not interact with any viable bacteria (Figure 3B).

Mammalian cell proliferation

After the 48 h exposure period, it was observed that CAFs,
DEPs, SWCNTs and MWCNTs all showed a significant
(p < 0.05) concentration-dependent increase in the proli-
ferative state of the triple cell co-culture system (Figure 4A)
from 0.005 to 0.04 mg.mL'l. CeO, NPs, however, showed a
limited effect upon cell proliferative state over the concen-
tration range tested (0.005 to 0.04 mg.mL™"), although no
significance (p > 0.05) compared to baseline levels was



/ldoc.rero.ch

http

recorded (Figure 4A). Similar findings were also observed for
the Au-PMA-ATTO NPs for the concentrations 3.125 to
25 nM. No significant (p > 0.05) changes in the cellular
proliferative state of the 3D in vitro model was observed
following the 48 h exposure period to these plasmonic NPs
(Figure 4B).

Discussion

Increased debate surrounds the use of the ‘Ames test’ as a
valid alternative method for determining nano-object-
associated mutagenicity. The aim of this study therefore,
was to assess the potential mutagenic capability of a series of
well-defined nano-objects via the Ames test, and further-
more, to study how these different nano-objects interact with
S. typhimurium.

The finding that DEPs cause significant mutagenicity
when assessed by the Ames test supports previous literature
that has shown DEPs to be mutagenic when produced from
various different engine types (Zhou & Ye 1997; Bunger et al.
1998; Zhou & Ye 1998; Zhao et al. 2004; Singh et al. 2004;
Belisario et al. 1984; Wallace et al. 1987). In this study, a
complete DEP reference material sample was used (NIST
SRM 2975) without the use of an organic extract. Predom-
inantly, however, most studies have investigated DEPs with
organic extracts, and thus the findings reported by these
studies do not necessarily reflect the specific effects of the
particulate content of DEPs. In the cases where organic
extractions have been used with the DEP sample (e.g.,
dichloromethane), a strong extraction of the mutagenic
organics (such as specific PAHs) from the particle core
can occur. It is a contentious issue, however arguable that
this effect would not take place when DEPs are present
within the pulmonary microenvironment. Wallace et al.
(Wallace et al. 1987), evaluated the effects of DEPs coated
with dipalmitoyl lecithin; a surrogate of the lung surfactant
fluid; observing a significant mutagenic effect from the
TA98 strain of S. fyphimurium. Wallace et al. (Wallace
et al. 1987) speculated that mutagens bound on the parti-
cle surface may become solubilised by the surfactant, and
that these cause the observed mutagenicity and not the
particulate (core) material itself. Contradictory to these
findings however, and in line with this study, Belisario
and colleagues (Belisario et al. 1984) assessed the mutagenic
effects of DEPs in the absence of any organic extracts.
Belisario et al. (Belisario et al. 1984) assessed five strains
of S. typhimurium, including the TA98 strain which elicited
the highest mutagenic response, and the TA1535 strain that
showed no mutagenicity; supporting the findings of
this study. Thus, although it is well reported that DEPs
can elicit such effects from S. typhimurium neither the
precise mechanism nor the interaction between DEPs and
bacteria is fully understood.

The finding that none of the nano-objects assessed,
particularly the Au-PMA-ATTO and CeO, NPs, caused any
mutagenic episodes in the TA100 strain supports previous
observations by Maenosono et al. (Maenosono et al. 2007)
and Kumar et al. (Kumar et al. 2011). Whilst Maenosono
et al. (Maenosono et al. 2007) showed FePt NPs; similar to

the core-shell technology of the Au-PMA-ATTO NPs used in
this study; to cause no significant mutagenicity in the TA98,
TA100, TA1535 or TA1537 strains of S. typhimurium up to
12.5 mg.mL™", the subsequent conclusions of Kumar et al.
(Kumar et al. 2011) were in contrast to this study. In contrast
to the TA100 strain, Kumar and colleagues (Kumar et al.
2011) reported significant increases in the number of posi-
tive events (bacterial colonies formed) compared to control
cultures in the TA98 bacterial strain after TiO, and ZnO
exposure, contradicting the observation that the metal oxide
(Ce0,) NPs used in this study elicited no significant muta-
genicity in the TA98 S. typhimurium strain.

In addition, the results presented in this study support
previous research investigating the effects of CNTs on
S. typhimurium. Kisin and colleagues (Kisin et al. 2007)
reported that SWCNTs elicited no reaction from S. typhi-
murium, whilst Di Sotto et al. (Di Sotto et al. 2009) found no
effect in TA98 with three different samples of MWCNTSs. Di
Sotto and colleagues (Di Sotto et al. 2009) further evaluated
the mutagenic effects of different MWCNTs either in the
presence or absence of the liver extract S9 mix. They
reported that in both environments none of the MWCNTs
tested caused any significant (p > 0.05) mutagenicity.
Wirnitzer et al. (Wirnitzer et al. 2009) also observed no
effects with MWCNTSs, both with and without S9 mix upon
the S. typhimurium strains TA98, TA100, TA102, TA1335 and
TA1537. Whilst the results of these studies show CNTs to
cause minor mutagenic effects to S. typhimurium, they also
highlight the relevance, or more pertinently the irrelevance
of using the S9 mix when testing nano-objects. This extract is
used to assess the ‘agents’ ability to impact upon a specific
organ (such as the liver or lung), due to its complex, highly
enzymatic environment and to screen for secondary toxic
metabolites. Primarily, the lack of positive mutagenic
findings in the presence of the S9 mix merely shows that
there is no mutagenicity associated with the contaminants
present on the surface of CNTs that become DNA-reactive
after biotransformation (e.g., PAHs).

Similar to the effects observed with both SWCNTs and
MWCNTs, the finding that CAFs, a known pathogen and
mutagenic agent (Oberdorster et al. 2007; Donaldson et al.
2010), did not elicit a significant mutagenicity from S. typhi-
murium supports previous research and current perception
concerned with asbestos-bacterial interactions. Research by
Chamberlain and Tarmy (Chamberlain & Tarmy 1977) and
Faux et al. (Faux et al. 1994) reported only insignificant
mutagenic effects from S. typhimurium following exposure
to crocidolite asbestos. Subsequent investigation by Howden
and Faux (Howden & Faux 1996) suggested that lipid per-
oxidation could be the underlying mechanism of action for
this material. Thus, similar to DEPs, any effects of crocidolite
asbestos observed upon bacterial strains are through indirect
means, and not due to a direct interaction between the
bacterial DNA and the asbestos fibres. From these studies,
a consensus within the particle-fibre toxicology community
has been distilled that asbestos is a ‘weak mutagen’. Such
findings gained from the Ames test for asbestos fibres could
suggest an alternative outlook towards the somatic mutation
theory (SMT), such as the ability for asbestos fibres to
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Figure 4. (A) Proliferation status (as determined by the EdU assay) of the 3D in vitro triple cell co-culture system of the human epithelial
airway barrier after exposure to crocidolite asbestos fibres (CAFs), cerium dioxide (CeO,) nanoparticles (NPs), diesel exhaust particles (DEPs),
single-walled and multi-walled carbon nanotubes (SWCNTs and MWCNTs) at 0.005, 0.01, 0.02, 0.03 and 0.04 mg.mL’1 for 48 h at 37°C,5% CO.,.
As a positive control, mitomycin C, ethylmethanesulphonate and cyclophosphamide were used at 0.1 mg.mL™. Data is presented as the
mean + standard error of the mean (SEM). Data has been normalised to a percentage of the baseline (negative control (cell culture media only);
taken as 100%). * represents a significant different from baseline of p < 0.05. (B) Proliferation status (as determined by the EdU assay) of the
3D in vitro triple cell co-culture system of the human epithelial airway barrier after exposure to Au-PMA-ATTO nanoparticles (NPs) at 3.125, 6.25,
12.5, 18.75 and 25 nM for 48 h at 37°C,5% CO,. As a positive control, mitomycin C, ethylmethanesulphonate and cyclophosphamide were used
at 0.1 mg.mL™". Data is presented as the mean + standard error of the mean (SEM). Data has been normalised to a percentage of the baseline

(negative control (cell culture media only); taken as 100%).

restructure the tissue’s architecture (Soto & Sonnenschein
2011). Although the findings of Faux et al. (Faux et al. 1994)
as well as Howden and Faux (Howden & Faux 1996) do show
that asbestos may elicit a positive response from the Ames
test, other, non-mutagenic pathways may be active and
should be considered. These include the inactivation of
genes by epigenetic alterations, chronic inflammation,
cytotoxicity and cell proliferation (Huang et al. 2011).

Because the Ames test is based upon the ability of the
S. typhimurium to proliferate, and it is important to gain an
insight into how the effects of the Ames test relate to the more
relevant mammalian cell systems (in respect to the effects of
nano-objects towards human health), a comparison was per-
formed with a sophisticated 3D in vitro triple cell co-
culture model of the human epithelial airway barrier
(Rothen-Rutishauser et al. 2008; Blank et al. 2007). Following
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exposure of the nano-objects to the triple cell co-culture system
for the same period as with the S. typhimurium, itwas observed
that the three fibrous samples used (CAFs, SWCNTs and
MWCNTs) caused a significant (p < 0.05) concentration-
dependent increase in cellular proliferation, indicative of a
genotoxic response (Donaldson et al. 2010). These findings
are in support of previous literature that has shown that each
CAFs, SWCNTs and MWCNTs can cause significant geno-
toxicity through an increase in cell proliferation in vitro
(Johnston et al. 2010). The DEPs sample was also found to
elicit a significant (p < 0.05) genotoxic effect in the form of
increased cell proliferation following the 48 h exposure period.
It was also observed, however, that the CeO, NPs and the Au-
PMA-ATTO NPs did not show any form of reduction in cell
proliferation, nor, and importantly, any increase in cell prolif-
eration from baseline values (cell culture media only). Whilst
the findings for both the CeO, NPs and the Au-PMA-ATTO NPs
do compare favourable to those eluded from the Ames test
analysis, the observations that the highly genotoxic CAFs and
mutagenic DEPs, as well as the SWCNTs and MWCNTs cause a
different outcome to that shown by the Ames test highlights the
inability for this bacterial test to predict or accurately indicate
the potential nano-object-associated mutagenicity.

Nano-object interactions with bacteria

The differences observed between the mammalian and
bacterial systems as regards nano-based material-associated
mutagenicity, together with the discrepancies reported
between different bacterial strains and the prominent use
of bacterial systems for specific avenues of (eco)nanotoxi-
cological research (Behra & Krug 2008; Kahru & Dubourgu-
ier 2010) poses the question, “how do nano-objects interact
with bacteria?”

Because the TA98 S. typhimurium strain is the most
commonly used strain for the Ames test (Zhou & Ye 1997;
Bunger et al. 1998; Zhou & Ye 1998; Zhao et al. 2004;
Singh et al. 2004; Sera et al. 1996; Brayner et al. 2006;
Kumar et al. 2011; Maenosono et al. 2007), it was used for
all subsequent investigation of the nano-object:bacteria inter-
action. Interestingly, it was observed that all (nano)fibres
(SWCNTs, MWCNTs and CAFs) directly penetrated the mem-
brane of the TA98 strain after a 2 h exposure period at
0.04 mg.mL™". This observation is in contrast to a plethora
of previous literature that has reported that whilst asbestos
fibres (including CAFs) and MWCNTs interact similarly with
biological systems, SWCNTs do not (Johnston et al. 2010). It is
also prudent to note, however, that the comparison between
asbestos and MWCNTs is only applicable when they share
certain physico-chemical characteristics, such as their aspect
ratio (length and width) and stiffness (Donaldson et al. 2010).
Nonetheless, the finding that all fibre types are able to (i)
attach to the bacterial membrane, (ii) penetrate the lipid
bilayer or (iii) locate inside Gram negative bacteria shows
that the lack of any mutagenic response of these (nano)fibres
in the Ames test is independent of their (direct) interaction
with the bacterial strain. Similarly, investigation of the CeO,
NP-bacterial interaction through elemental transmission
electron microscopy (Brandenberger et al. 2010) showed
these metal oxide NPs to be present on the membrane

10

and inside the TA98 strain. It is important to highlight that
none of the nanofibres or the CeO, NPs caused any significant
(p> 0.05) cytotoxicity to the TA98 strain over a 48 h period up
to 0.04 mg.mL'l. DEPs, however, did elicit a significant
(p < 0.05) decrease in bacterial viability over a 48 h period,
although they were not found to be present inside the
bacteria, or interacting with the bacterial membrane. The
mutagenic response observed with DEPs can, therefore,
be assumed as not associated with a primary interaction
between the DEPs and the bacterial DNA, but could be
through indirect effects (Schins & Knaapen 2007). These
effects could most likely be due to the mutagenic properties
of specific components residing in the complex cocktail that is
contained within the DEPs, which includes, for example,
residue gaseous components (Wilson et al. 2002). Alterna-
tively, the effects observed could be attributed to the DEPs
producing free radicals (including reactive oxygen and nitro-
gen species) which penetrate the bacteria causing a loss in
viability and/or mutagenicity. This would not be due to the
constituents of the DEPs, but a resultant effect of their
heightened ability to cause radical formation and oxidative
stress (Oberdorster et al. 2005, 2007). It is important, there-
fore, that additional research is performed to fully understand
these mechanisms in relation to bacteria, as it could be
relative to other substances, such as nano-objects engineered
from heavy metals (core/shell technologies (i.e., quantum
dots with a cadmium core)) (Brandenberger et al. 2010).

In regards to the interesting and surprising observations
of the Au-PMA-ATTO NPs, it is not fully understood as to
why these NPs interact with the bacteria in this manner,
because they are known to interact with eukaryotic cells (i.e.,
containing a nucleus) with limited adverse effects (Figure 4B)
and by a form of endocytosis (Brandenberger et al. 2010;
Lehmann et al. 2010). As previously highlighted, and sup-
ported by the findings of this study, Maenosono et al.
(Mortelmans & Zeiger 2000) reported that FePt NPs did
not elicit any mutagenicity to any of the prokaryotic cells
(i.e., no nucleus present) used in this study. Maenosono et al.
(Maenosono et al. 2007), however, did not go further to
understand how these core/shell NPs interacted with these
bacterial strains. Because the bacteria used in the Ames test
should only replicate (enough to enable colony formation) in
the presence of a mutagen, and the Au-PMA-ATTO NPs did
not elicit a mutagenic response, it could be suggested that
the Au-PMA-ATTO NPs are attracted to the dead bacteria by
adhesive forces (Rimai et al. 2000), as well as gaining access
to the dead bacteria due to the increase porosity of the
membrane. Alternatively, they could be either attracted to
the bacteria (i.e., undergoing entry into the bacteria) when
they are viable and subsequently elicit a heightened cytotoxic
response or enter the bacteria during replication (if the
bacteria are able to replicate, if only in a limited capacity).
Additional research is therefore necessary to determine the
specific interaction of Au-PMA-ATTO NPs and other core/
shell NPs with bacteria.

In summary, the results of this study indicate that, inde-
pendent of the specific physico-chemical characteristics,
various different nano-objects are able to directly interact
with a form of Gram negative bacteria, either by (i) attaching
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to the bacterial membrane, (ii) penetrating the lipid bilayer
or (iii) locating inside the bacteria. The direct interaction of
Au-PMA-ATTO NPs, CeO, NPs, SWCNTs, MWCNTs and
CAFs with the S. typhimurium did not show a mutagenic
effect in the Ames test at the concentrations tested. Com-
parison against a sophisticated in vitro mammalian cell
system, however, did show CAFs, SWCNTs and MWCNTs
to cause a significant genotoxic effect, in contrast to the Ames
test. DEPs were mutagenic in both systems. CeO, NPs and
Au-PMA-ATTO NPs showed no mutagenic effect in either
system. It is important to note, however, that the ‘no muta-
genic effect’ results observed for this panel of nano-objects
with the TA98 bacterial strain of S. typhimurium is not an
indicator for all nano-objects. In particular, when consider-
ing the CNTs used in this study, they do not elicit the specific
physico-chemical characteristics (i.e., high aspect ratio, or
increased stiffness (Donaldson et al. 2010)), or different
synthesis methods that have been shown to contribute
towards mutagenic effects observed in vitro and in vivo
(Poland et al. 2008; Johnston et al. 2010]. Thus, to fully
comprehend the appropriate use of this test in assessing
(potential) nano-object mutagenicity, an in-depth panel of
nano-objects must be considered.

Conclusions

The findings of this study question the sensitivity of the Ames
test for predicting nano-object mutagenicity. Thus, it is
suggested that to assess the potential mutagenicity of any
nanomaterial within an in vitro setting, that a battery of tests
are employed, preferably with eukaryotic cells. Due to the
novel and complex chemical and physical modes of inter-
action that nano-objects have with biological systems, assays
based upon multicellular systems are particularly promising
and relevant, because these provide an essential basis for the
investigation of cellular interplay and bystander effects whilst
reducing invasive animal testing strategies.
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