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Abstract Silica nanoparticle exposure could be
intentional (e.g. medical application or food) or
accidental (e.g. occupational inhalation). On entering
the body, particles become coated with specific
proteins depending on the route of entry. The ability
of silica particles of different size and charge (non-
functionalized 50 and 200 nm and aminated 50 and
200 nm) to cause genotoxic effects in A549 lung
epithelial cells was investigated. Using the modified
comet assay and the micronucleus assay, we examined
the effect of suspending the particles in different
dispersion media [RPMI or Hanks’ balanced salt
solution (HBSS), supplemented with bovine serum
albumin (BSA), lung lining fluid (LLF) or serum] to
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determine if this influenced the particle’s activity.
Particle characterisation suggested that the particles
were reasonably well dispersed in the different media,
with the exception of aminated 50 nm particles which
showed evidence of agglomeration. Plain 50, 200 nm
and aminated 50 nm particles caused significant
genotoxic effects in the presence of formamidopyrim-
idine-DNA glycosylase when dispersed in HBSS or
LLF. These effects were reduced when the particles
were dispersed in BSA and serum. There was no
significant micronucleus formation produced by any of
the particles when suspended in any of the dispersants.
The data suggest that silica particles can produce a
significant genotoxic effect according to the comet
assay in A549 cells, possibly driven by an oxidative
stress-dependent mechanism which may be modified
depending on the choice of dispersant employed.

Keywords Genotoxicity - Nanoparticles - A549 -
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Environmental and health issues

Introduction

With the increased use of nanoparticles (NPs), the
likelihood of human exposure is expected to rise in
consumer, occupational and environmental settings,
and an understanding of the potential risk to human
health is essential (Balbus et al. 2007). Currently,
information regarding the exposure risks to workers or
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consumers is limited. NPs may enter the body via a
number of routes, for example, inhalation, ingestion,
dermal absorption or by injection in a clinical setting.
There is evidence that NPs may cross the epithelial
barrier of the lung (Oberdorster et al. 2002), gastroin-
testinal tract (Jani et al. 1990; Schleh et al. 2012) and
ultimately sequester in sites throughout the body
(Lipka et al. 2010). Therefore, the toxic effects of NPs
may be widely distributed (Oberdorster et al. 2005).
Nanoparticles inhaled into the lungs encounter lung
lining fluid (LLF) which is a complex mixture of
phospholipids and proteins and has been shown to
possess important immunoregulatory effects on cells
(Wilsher et al. 1988). In contrast, nanoparticles
entering the circulatory system, either by translocation
or by injection, interact with serum proteins (Casals
and Puntes 2012; Ehrenberg et al. 2009). In vitro
models of lung cells frequently contain serum and
therefore do not represent the composition of LLF. It is
therefore relevant to ascertain the influence of serum
on lung cells and responses to NPs in order to
determine the model’s limitations.

Previous studies have demonstrated that NPs are
readily coated in vitro with proteins of various
compositions (Brown et al. 2012; Lundqvist et al.
2011) and that protein enhances the inflammogenicity
of multi-walled carbon nanotubes (MWCNTSs) in vivo
(Rothen-Rutishauser et al. 2010). Bound proteins and
other materials may alter the particle reactivity and
hence may mask their true toxicity. It is unclear
whether ‘bound’ bioactive molecules retain their
functionality, or conversely become less functional
or inert due to conformational changes once they
become ‘bound’. In previous studies, we have demon-
strated that pro-inflammatory cytokines such as IL-8
and TNF-o lose some of their biological activities
when adsorbed to 14 nm carbon black (CB), and also
that the CB loses some of its biological effects as a
consequence of this interaction (Brown et al. 2012).
As part of the present study, we report the differential
effects of silica particles dispersed in cell culture
medium or HBSS supplemented with albumin, serum
and LLF with respect to their genotoxic impacts on
A549 lung epithelial cells. We chose silica particles
with different surface chemistries and particle size
(non-functionalized (uncharged) and aminated, 50 and
200 nm diameter) to allow the identification of the
physical and chemical properties of NPs that influence
their interaction with proteins. Silica particles have
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been used in medical imaging techniques because they
can be easily bio-functionalized. They also possess
stable and porous properties which makes them ideal
materials for carriers of high-contrast imaging dyes.
We chose aminated particles which would be expected
to impart a positive charge. Charge has been reported
to play a role in binding biological molecules and
consequently how efficiently the particles are phago-
cytosed and cleared (Nel et al. 2009) and is also often
associated with greater toxicity (Frohlich 2012).

We have previously shown that some NPs exert
their toxicity towards cells at least in part, through an
oxidative stress mechanism (Brown et al. 2001; Stone
et al. 1998). The use of the modified comet assay to
investigate the role of reactive oxygen species (ROS)
using silica NPs dispersed in different biological
media was used here to give a clearer understanding of
the particle toxicity. The enzyme formamidopyrim-
idine-DNA glycosylase (Fpg) is important in the base
excision pathway and is involved in the excision of
modified purine bases, in particular those which are
the result of oxidative damage (Seeberg et al. 1995).
Hence, oxidative damage to DNA can be detected and,
for this reason, this enzyme was included in the
modified comet assay.

In this study, our aim was to investigate the
influence of different dispersants on the genotoxicity
of silica NPs, in A549 lung epithelial cells. Particles
entering the lung can cause inflammation and as a
result components present in the blood such as serum
and albumin may enter the airspaces from the
pulmonary circulation. The particles themselves ini-
tially become coated with components of lung lining
fluid and then coated with serum components or
albumin. We chose albumin and serum as dispersants
because of their relevance to in vitro culture conditions
with respect to exposure of organ systems to blood-
borne NPs, and lung lining fluid due to its mixed
phospholipid and protein composition and its rele-
vance to exposure to NPs via the lung.

Materials and methods
Particle characterisation
The material used in this study consisted of silica

nanoparticles (50 and 200 nm diameter), one type with
a neutral surface charge and a second type with an
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expected positive (NH, modification) charge,
obtained from Kisker Biotech, Steinfurt, Germany.
NPs at twice the required concentration (highest
concentration 62.5 pg/ml, equivalent to 16 pg/cm?)
were suspended in RPMI medium containing peni-
cillin, streptomycin and L-glutamine (Sigma) and
sonicated for 10 min. Dispersants consisted of solu-
tions of medium alone, 0.1 % bovine serum albumin
(BSA) (Sigma), 1 pg protein/ml lung lining fluid
(LLF) (see below for preparation) and 0.1 % heat-
inactivated foetal calf serum, and each dispersant was
diluted to twice the required concentration in RPMI
medium. Particle suspension and dispersant in equal
amounts were mixed together and vortexed briefly
prior to analysis by Dynamic Light Scattering (DLS).
We also dispersed the particles in ultrapure water to
the same final concentration used with the other
dispersants. The hydrodynamic diameter and zeta
potential of the NPs were determined using a Malvern
nano ZS zetasizer, according to the manufacturer’s
protocol. According to the manufacturer’s data, both
of the aminated type particles had a surface charge of
1 pmol/g. This method of surface charge determina-
tion was based on polyelectrolyte titration, a modified
acid base titration which allows the number of nmol of
alkaline surface groups to be calculated and was
carried out by the particle manufacturer.

Lung lining fluid (LLF) preparation

LLF was obtained from rat lungs according to the
method of Baughman et al. (1987). The lungs from
five male Sprague-Dawley rats, approximately
3 months old, were cannulated and removed, and
lavaged with 4 x 8 ml volumes of sterile saline.
Tubes were centrifuged at 258¢ for 5 min at 4 °C, and
the supernatant collected. The supernatant was pooled,
transferred into 50-ml centrifuge tubes and cen-
trifuged at 250g for 10 min to remove remaining
debris. The supernatant was then transferred to a 50 ml
ultracentrifuge tube and centrifuged at 60,000g for
45 min. The resulting pellet was resuspended in 10 ml
sterile PBS. This surfactant-enriched fraction, termed
LLF, was aliquoted into 1 ml volumes and stored at
—80 °C until required. The protein content of the LLF
was determined using Biorad reagent (Biorad, Hert-
fordshire UK), according to the manufacturer’s
instructions, and used at a concentration of 1 pg/ml
in medium or HBSS to disperse the NPs.

Preparation of particles for TEM

Silica particles and NPs were suspended in each of the
dispersants at a concentration of 31.25 pg/ml as
described above. 5 pl of each suspension was pipetted
onto the surface of 200 mesh Formvar-coated copper
grids (Agar Scientific) and allowed to dry at 37 °C for
24 h. The grids were coated with 5 nm of evaporated
carbon prior to imaging. An FEI Tecnai TF20
FEGTEM microscope fitted with a Gatan Orius
SC600 CCD camera was used to image the particles.

A549 cell culture and treatments
Comet assay treatments

A549 epithelial cells were grown in continuous culture
in RPMI-1640 medium (Sigma) containing L-glu-
tamine (diluted from 100 x stock solution, Life
Technologies, to give a final concentration of
2 mM), penicillin (100 U, Sigma) and streptomycin
(100 pg/ml, Sigma) and 10 % heat-inactivated foetal
calf serum (complete medium). The cells were washed
with 25 ml sterile saline after which 5 ml trypsin
(Sigma, diluted from 100 x stock in sterile saline) was
added to the flasks and incubated for 5 min at 37 °C,
5 % CO,. Ten millilitres of complete medium was
added to each flask and the cells released by gentle
shaking. Cells were counted and plated into 6-well
plates at 2 x 10° cells/ml (3 ml/well). Plates were
incubated for 24 h at 37 °C, 5 % CO,, wells were
washed with a 3 ml volume of HBSS, and treatments
were added to each well in a final volume of 3 ml in
HBSS (Sigma). Treatments consisted of each particle
type, or HO, (60 uM as a positive control) suspended
(final concentration) in solutions of 0.1 % bovine
serum albumin (BSA) (Sigma), 1 pg protein/ml lung
lining fluid (LLF) and 0.1 % serum, all diluted in
HBSS (Sigma) to a final concentration of 62.5 pg/ml.
Non-functionalized particles were suspended in
HBSS. In order to check that we were able to detect
oxidative damage to DNA, an additional control
consisting of the compound Ro-19-8022 (Roche), a
substance which when activated by light produces
oxidative damage to cells, was included. The com-
pound was prepared in HBSS at a concentration of
0.4 pM and 3 ml added per well. The treatment well
was exposed to a 1000 W halogen lamp for 2 min,
after which the cells were harvested. All other
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treatments were incubated for 4 h at 37 °C before
being harvested for further investigation using the
comet assay.

LDH assay treatments

A549 epithelial cells were cultured as described above
and plated into 96-well plates at 2 x 10° cells/ml
(200 pl/well) in complete medium and incubated for
24 h at 37 °C. Cells were then washed using 200 pl
PBS and treated as described above, with the different
particle types at concentrations ranging from 3.9 to
62.5 ng/ml suspended in the dispersants (made up in
RPMI medium). 100 pl of each particle suspension
and concentration was pipetted into triplicate groups
of wells on a 96-well plate, and the plates were
centrifuged at 716g for 2 min and then incubated at
37 °C for 4 and 24 h. Supernatants were removed and
transferred to new sterile 96-well plates and stored at
—80 °C until required. 100 pl of 0.1 % triton was
added to each well of the plates containing the residual
cells, and these were stored at —80 °C until required.
This treatment was used to obtain a measure of 100 %
lysis in the LDH assay.

LDH estimations

Fifty microlitres of 0.75 mM aqueous sodium pyru-
vate (Sigma) solution containing NADH (Sigma) at a
concentration of 1 mg/ml was pipetted into each well
of a 96-well plate and incubated at 37 °C for 5 min. A
series of standards were prepared to give a range of
dilutions representing 0-2000 Units/LDH/ml. 50 pl
of pyruvate/NADH solution gave a concentration of
2000 LDH Units/ml. 10 pl of previously prepared cell
supernatants (above) were added to the wells in
triplicate groups and thoroughly mixed. In separate
plates, 10 pl of the supernatant from the triton-treated
cells was added. The plates were incubated for exactly
30 min at 37 °C. 50 pl of 2,4-dinitrophenylhydrazine
(Sigma) solution dissolved in 1 M HCI (10 mg/dl) was
added to each well and incubated at room temperature
for 20 min. To develop the final colour, 50 pl of 4 M
NaOH was added to each well, mixed and allowed to
stand for 5 min. The absorbance was read at 540 nm
on a Dynatech plate reader, and the number of units of
LDH was calculated from a set of LDH standards
included in the plate. The LDH content of the
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supernatants was expressed as a percentage of the
100 % lysis.

Comet assay

Cells were set up and treated as described above. After
4-h incubation, the treatments were removed and the
cells were washed with HBSS solution. Cells were
removed by trypsinization (as before), washed in 4 ml
complete medium and resuspended in 1 ml complete
medium. See supplemental data for the complete
procedure. The Fpg enzyme activity was determined
using the supplier’s recommendations; the optimum
concentration was 1 unit in 50 pl of Fpg buffer.

Micronucleus assay

A549 cells were set up in 24-well plates at a
concentration of 1 x 10° cells/ml in RPMI medium
containing 10 % FCS. Each well contained a 10 mm-
diameter glass coverslip which had previously been
sterilized using ethanol. 600 pl of cell suspension was
dispensed into each well, and the plate was incubated
for 24 h at 37 °C. On day 2, wells were washed with
PBS and treatments in a volume of 500 pl added to
wells in duplicate. Treatments consisted of the four
silica particle types suspended in the different disper-
sants as described above (62.5 pg/ml final concentra-
tion), but this time made up in RPMI medium alone.
One set of treatments consisted of mitomycin C
(31.25 pg/ml) as a positive control for micronucleus
formation. The treatments were incubated for 24 h at
37 °C. On day three, the treatments were removed, and
the wells were washed with PBS and 500 ul RPMI
medium containing 10 % FCS with cytochalasin B at a
concentration of 4.5 pg/ml added to each well. The
plate was incubated at 37 °C for a further 24 h, after
which the wells were washed with PBS and the
coverslips stained using Diffquick. The coverslips
were allowed to dry and were mounted on glass
microscope slides using DPX mounting medium.

Scoring

Slides were coded and scored blind to avoid scoring
bias. Cells were counted by light microscopy using a
100x oil immersion objective lens. The micronuclei
were scored using the criteria that MN are round or
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oval structures similar to but smaller than the main
nuclei. The MN should have no contact with main
nucleus, have a size between 1/16 and 1/3 of the mean
diameter of the main nucleus and have similar staining
characteristics to the main nucleus. A minimum of 250
binucleated cells were counted per slide. In addition,
mononucleated cells were counted, in order to calcu-
late the cytokinesis block proliferation index (CBPI)
to assess cell proliferation, using the following
formula:

CBPI = (number of mononucleated cells
+2 x number of binucleated cells
+3 x number of trinucleated cells)/
Total number of cells
(as outlined by the OECD test 487).

Statistical analysis

Data from all experiments were analysed using the
Minitab statistical package using a general linear
model with subsequent analysis of variance and
Tukey’s test. Significance was set at 5 %.

Results
Particle characterisation

The DLS, polydispersity index (PDI), and zeta poten-
tial measurements of the particles dispersed in different
media (and water) are shown in Tables 1, 2, 3 and 4.
The DLS measurements representing the hydrody-
namic diameter of the silica NPs dispersed in various
media are shown in Table 1. The size of the plain silica

particles obtained by DLS suggested that very little
particle agglomeration occurred when they were
dispersed in medium, LLF and serum. The hydrody-
namic diameter of all silica particles dispersed in BSA
was in general smaller than reported by the manufac-
turer. However, the results reported in Table 1 are the
mean diameter (nm) values and possibly do not
correctly reflect the true size distribution of particles.
Particle distribution graphs and data from all the
particle types suspended in all of the dispersion media
are included in supplementary material. These data
suggest that the smaller particle sizes may be a result
of the inclusion of measurements of aggregates of
dispersant material. Aminated silica (50 nm) sus-
pended in all dispersants apart from BSA produced
measurements which were much larger than the
reported size of the particles, suggesting that these
particles were highly agglomerated, and the aminated
200 nm silica particles appeared to remain well
dispersed in each medium type. The PDI data
(Table 2) suggest that for BSA the range of agglom-
erate size is relatively broad reducing confidence in the
hydrodynamic data (Table 1). The PDI values for the
50 nm aminated silica particles also suggest a broad
size range in all media, especially albumin and serum.

Zeta potential measurements were low (Table 3),
suggesting the potential of particles to agglomerate.
Further analysis of the data indicated that there were
no differences in the zeta potential of the particles
themselves; however, there were significant differ-
ences among the dispersant types. The zeta potentials
of particles dispersed in BSA and serum were
significantly smaller than those of the particles
dispersed in medium and LLF. Albumin and serum
decreased the particle charge possibly due to the
protein charge.

Table 1 DLS NP hydrodynamic diameters (mean & SEM nm) of silica particles dispersed in a range of biological media (Bovine
Serum Albumin (BSA 0.1 %), lung lining fluid (LLF 1 pg/ml) and serum 0.1 %)

Particle (nm) Medium BSA LLF Serum

Plain silica 50 80.77 £ 1.14 34.68 £ 2.88 75.44 £ 1.02 80.13 + 3.82
Plain silica 200 192.43 4+ 2.54 125.73 £ 0.19 208.9 + 1.68 198 £+ 2.21
Silica NH, 50 348.07 £ 6.82 33.55 £ 1.03 297.7 + 5.85 210.13 £ 8.11
Silica NH, 200 205.97 £ 2.44 148.76 £+ 0.29 217.27 + 1.34 205.9 £+ 2.57

The size values quoted in bold in column 1 of the table represent the values provided by the particle suppliers
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Table 2 The polydispersity index (PDI) of silica NPs dispersed in a range of biological media

Particle (nm) Medium BSA LLF Serum

Plain silica 50 0.396 £ 0.023 0.890 £ 0.033 0.276 £ 0.014 0.581 + 0.064
Plain silica 200 0.152 £ 0.007 0.617 £ 0.002 0.164 £ 0.006 0.248 £ 0.008
Silica NH, 50 0.474 £ 0.037 0.999 + 0.001 0.346 £+ 0.038 0.848 £ 0.111
Silica NH, 200 0.103 £ 0.029 0.585 £ 0.003 0.131 £ 0.011 0.189 + 0.026

The size values quoted in bold in column 1 of the table represent the values provided by the particle suppliers

The criteria used to interpret these data are as follows: a value approaching 1 suggests a broad size distribution, indicative of large,
sedimenting particles. The values > 0.5 suggest the presence of large and agglomerated particles

Table 3 The zeta potential of silica NPs dispersed in a range of biological media

Particle (nm) Medium BSA LLF Serum

Plain silica 50 —20.57 £ 1.33 —17.63 £ 0.58 —23.07 + 0.63 —12.57 £ 0.97
Plain silica 200 —239 + 1.16 —16.68 £+ 0.44 —28.03 + 0.35 —11.87 £ 0.07
Silica NH, 50 —229 £0.93 —19.33 £ 1.00 —24.17 £ 0.56 —15.37 £ 0.32
Silica NH, 200 —24.67 £ 1.23 —16.67 £ 0.38 —26.43 + 1.56 —12.57 £ 0.64

The size values quoted in bold in column 1 of the table represent the values provided by the particle suppliers

The criteria used to interpret these data are as follows: 0 to £5 indicates rapid coagulation/flocculation; +10 to +30 indicates

incipient instability (Greenwood and Kendall 1999)

Table 4 DLS NP hydrodynamic diameters (mean + SEM nm) of silica particles dispersed in water

Particle (nm)

Hydrodynamic diameter (nm)

Zeta potential (mV)

Plain silica 50 52.11 £ 0.39
Plain silica 200 208.4 £ 0.44
Silica NH, 50 62.76 £ 0.35
Silica NH, 200 205.83 £+ 1.09

—19.6 £ 0.55
—34.37 £ 0.69
—47.53 £ 1.06
—2897 £ 0.6

The size values quoted in bold in column 1 of the table represent the values provided by the particle suppliers

The particles measured in water (Table 4) were in the
same size range as the values quoted by the manufacturer.

Figure la, b shows the images obtained by TEM of
plain (P) 50 nm silica nanoparticles and NH,-modified
50 nm nanoparticles dispersed in HBSS, BSA, LLF or
serum. Images for the other particle sizes are not
included here. The images show that the particles are
not monodispersed regardless of the dispersant
medium or surface charge.

Particle toxicity

Figure 2 shows the LDH release from A549 cells
treated with silica NPs dispersed in medium, BSA,
LLF or serum for 4 h.

After 4-h treatment with silica particles in different
dispersants, according to the statistical analysis, there
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was no significant increase in LDH release at any dose
compared with untreated cells suggesting that all doses
were suitable for assessing genotoxicity. However,
there appeared to be an increased LDH release at the
highest dose of 62.5 pg/ml for particles dispersed in
medium, LLF and serum, but these increases were not
statistically significant. There was a large degree of
variation associated with the data at this dose and time
point, which may account for the lack of significance
observed. In order to confirm a lack of toxicity, LDH
release was also checked at 24 h (Fig. 3). Again no
significant cytotoxicity was observed at 24 h.

Comet assay

Figure 4a, b summarises the % tail moment, a
parameter illustrating the DNA strand breaks in
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Fig. 1 TEM images of

a plain 50 nm particles and
b NH, 50 nm surface-
modified particles dispersed
in different biological media

HBSS P50 BSA P50

LLF P50 Serum P50

A549 epithelial cells, after treatment with silica NPs associated with oxidation. Compound RO-198022 is a
dispersed in different biological media. The addition photosensitizer which induces specific oxidative dam-
of Fpg allows the identification of DNA damage age in DNA after exposure to light. This compound
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Fig. 2 LDH release from A549 cells treated with silica NPs
dispersed in medium, BSA, LLF or serum for 4 h. Data
represent the mean £+ SEM of the number of units/ml of LDH

and H,0, were included alongside the particle treat-
ments as positive controls.

Figure 4a (upper graph) shows the controls
included in the silica exposure experiments. Typically,
incubating A549 cells in HBSS alone produced a tail
moment of between 10 and 12 % in both Fpg- and
non-Fpg-treated cells. Treatment for 4 h with 60 M
H,0, increased the tail moment to between 16 % (no
Fpg) and 18 % (plus Fpg). Treatment with RO-198022
compound increased the tail moment to approximately
25 % (no Fpg) and to 35 % for the Fpg treatment.
Using ANOVA, there were significant differences
between HBSS (control) and both H,O, and RO-
198022 compound and between H,O, and RO-198022
compound (p < 0.001). There was a significant dif-
ference between treatment without the enzyme Fpg
and treatment with Fpg only for the RO-198022
treatment (p < 0.01).

The lower graph in Fig. 4b shows the effect of silica
particles in different dispersants. Examining each
dispersant in turn, in HBSS, plain 50 nm silica NPs
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released into the culture medium and expressed as a percentage
of the total LDH remaining. Each experiment was carried out on
three separate occasions

caused the largest increase in the tail moment com-
pared with no particle treatment (p < 0.001 no Fpg
treatment; p < 0.05 plus Fpg treatment). There was
also a significant increase produced by aminated
50 nm NPs compared to the control (p < 0.01 no Fpg
treatment; p < 0.001 plus Fpg treatment). Plain
200 nm particles in the presence of Fpg produced a
significant increase in the tail moment (p < 0.001),
this effect was not apparent in the absence of Fpg. The
NH, 200 nm particles had no effect.

There was no significant increase in the tail moment
for any of the particle types compared with untreated
cells when the particles were dispersed in BSA, either
in the presence or in the absence of Fpg. However,
some differences between the particle types them-
selves were observed (see Table 5).

When dispersed in LLF, only plain 50 nm and NH,
50 nm silica nanoparticles produced a significant
(p < 0.001) increase in the tail moment compared
with untreated cells in the absence of Fpg. In the
presence of Fpg, plain 50 nm, plain 200 nm and NH,
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Fig. 3 LDH release from A549 cells treated with silica NPs
dispersed in medium, BSA, LLF or serum for 24 h. Data
represent the mean £ SEM of the number of units/ml of LDH

50 nm particles produced a significant (p < 0.001,
p < 0.05 and p < 0.01, respectively) increase in the
tail moment compared with untreated cells when
dispersed in LLF. NH; 200 nm particles had no effect.
For plain 50 nm particles, the Fpg effect was not
significantly different from the effect observed for
plain 50 nm particles in the absence of Fpg. In general,
dispersing the particles in LLF caused a significant
(» < 0.001) reduction in the Fpg response compared
with particles dispersed in HBSS.

When particles were dispersed in serum, there was
a significant genotoxic effect on the A549 cells caused
by plain 50 nm nanoparticles, both in the presence and
absence of Fpg. The overall Fpg effect, however, was
not significant.

Table 5 summarises the significant effects between
different particles suspended in the different
dispersants.

Plain 50 nm silica nanoparticles exhibited some
toxicity at the higher dose of 62.5 pg/ml, although this
effect was not statistically significant. We therefore
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released into the culture medium and expressed as a percentage
of the total LDH remaining. Each experiment was carried out on
three separate occasions

repeated the comet assay with only this particle type
suspended in the different dispersants to investigate
whether the effects observed at the highest dose were
evident at a lower dose of 31.25 pg/ml. The results are
shown in Fig. 5.

Using a global ANOVA where we examined the
effect of particle treatment and dispersant across all
the data, we show that at a lower dose of plain 50 nm
nanoparticles, there was a significant increase in the
tail moment in particle-treated cells compared with
untreated cells (p < 0.001). There was also a signif-
icant difference between Fpg-treated and non-Fpg-
treated cells (p < 0.001). The largest differences were
noted for particle treatments in the presence of Fpg.
The tail moments of the cells treated with particles
dispersed in BSA, LLF and serum were significantly
less than those in the HBSS treatment (p < 0.05;
p < 0.001; p <0.001, respectively). Overall, there
were significant differences between particles dis-
persed in HBSS and BSA (p < 0.05),LLF (» < 0.001)
and serum (p < 0.001).
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Fig. 4 DNA strand breaks in A549 cells after treatment with
H,0, and RO-198022 compound (upper graph) and with silica
NPs (lower graphs). The horizontal axis treatments are
represented as HBSS—no particles; P50—plain silica 50-nm-
diameter particles; P200—plain silica 200-nm-diameter parti-
cles; NH, 50—NH,-modified silica 50-nm-diameter particles;
and NH, 200—NH,-modified silica 200-nm-diameter particles.

Micronucleus formation in A549 cells
Figure 6 shows the presence of micronuclei in A549

cells after cytochalasin B treatment. The images serve
to illustrate the criteria used to count the micronuclei.

@ Springer

Treatment

Individual graphs show the dispersant in which the particles
were suspended. Data represent the mean £ SEM of the % tail
moment (a total of fifty cells per treatment were measured in
each experiment and each experiment was carried out on three
separate occasions) *p < 0.05; **p < 0.01; ***p < 0.001
compared with the appropriate control

Micronuclei were counted using the protocol out-
lined in the materials and methods and the cytokinesis
block proliferation index for each treatment shown in
Table 6. Only one set of results was available for the
BSA treatment.
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Table 5 Summary of the significant effects between particles
suspended in different dispersants

Treatment Fpg P50 P200 NH, 50 NH, 200

HBSS significant Fpg effect (p < 0.001)

HBSS only — 0.001 NSD 0.01 NSD
+ 0.05 0.001  0.001 NSD
P50 — * NSD 0.01 NSD
+ NSD NSD 0.05
P200 — * NSD 0.01
+ NSD 0.001
NH, 50 — * 0.001
+ 0.001
NH, 200 — *
+
LLF significant Fpg effect (p < 0.001)
LLF — 0.001 NSD  0.001 NSD
+ 0.001  0.05 0.001 NSD
P50 — * 0.001 NSD 0.01
+ NSD NSD NSD
P200 — * 0.01 NSD
+ NSD NSD
NH, 50 — * 0.01
+ 0.05
NH, 200 — *
+
Serum no significant Fpg effect
Serum — 0.05 NSD NSD NSD
+ 0.05 NSD NSD NSD
P50 . * NSD NSD 0.05
+ NSD  0.01 0.001
P200 — * NSD NSD
+ NSD NSD
NH, 50 — * NSD
+ NSD
NH, 200 — *
J’_
BSA no significant Fpg effect
BSA - NSD NSD NSD NSD
+ NSD NSD NSD NSD
P50 — * NSD NSD 0.05
+ NSD  0.05 NSD
P200 — * NSD 0.001
+ NSD NSD
NH, 50 . * 0.001
+ NSD

Table 5 continued

Treatment Fpg P50 P200  NH, 50 NH, 200

NH, 200  —
+

Column and row labels refer to the particle treatment in each
dispersant compared with each other particle type. NSD
indicates no significant difference between the comparisons

* indicates that the comparison was not obtained

There were no significant differences in micronu-
cleus formation regardless of the particle treatment,
nor were there any differences when the particles were
suspended in different dispersants.

Discussion

We investigated the effects of size, surface chemistry
and dispersion medium on the ability of silica particles
to produce genotoxic effects in A549 lung epithelial
cells. The main focus of our study was to determine
whether or not the dispersion medium could modulate
the genotoxic effects of the particles. It has become
apparent from the literature that studies using nanopar-
ticles must be robust in terms of the characterisation
techniques employed. Routinely, measurements such
as DLS and zeta potential are used to characterise
particles, as well as some form of microscopical
techniques such as SEM or TEM. In addition, there has
been considerable debate regarding the best way to
disperse particles, and some studies have used artifi-
cial surfactants, sonication (Taurozzi et al. 2011) or
dispersion of particles in organic solvents (Cook et al.
2010). In a comprehensive study by Corradi et al.
(2012), the authors suggest that the protein corona acts
as a protective layer. It is likely that the interactions
between particle and protein are more complicated.
The formation and the presence of a protein corona on
different types of nanoparticle have been well
described (Lesniak et al. 2010; Petri-Fink et al.
2008), and the modulatory effects including reduced
toxicity and effects on phagocytosis of protein-coated
nanomaterials are recognised. However, it has also
been noted that these effects depend on a range of
other factors such as cell type, concentration and type
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Fig. 5 DNA strand breaks 70
in A549 cells after treatment
with plain 50 nm (31.25 pg/ 60

ml) silica NPs dispersed in
different media. Data

represent the mean += SEM S0

of the % tail moment (a total
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were measured in each

experiment and each 30 1

experiment was carried out
on three separate occasions)
(*p < 0.05; **p < 0.01;
***p < 0.001 compared
with HBSS)

Tail Moment % DNA
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g 8
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8

of coating, incubation time and the chosen endpoint.
For example, Clift et al. (2010) have described the
effects of FCS on the bioactivity of 20 nm polystyrene
beads using J774 cells and demonstrated that using the
MTT assay, after 2-, 4- and 48-h treatment with and
without FCS, the metabolic activity of the cells was
not different. However, at 24 h the presence of FCS
significantly reduced the metabolic activity of cells
treated with 20 nm polystyrene beads at a dose of
50 pg/ml. In contrast, in both the presence and the
absence of FCS, the LDH release was significantly
increased. These observations indicate an important
point in that the choice of endpoint should be carefully
considered when choosing an assay for measuring
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cytotoxicity and that the dispersants in which the
treatments are suspended can influence the outcome of
such experiments.

Studies involving the use of superparamagnetic
iron oxide nanoparticles (SPIONs) (Petri-Fink et al.
2008) have demonstrated the effect of an amine
copolymer associated with the particles, and serum on
cytotoxicity and uptake. This study highlights the
comments mentioned previously regarding the com-
plexity of interactions between particles, surface
chemistry, particle coating and choice of cell type
and endpoint. Here, the presence of serum was shown
to inhibit the uptake of particles with an associated
amine copolymer surface. In a more recent study,
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Fig. 6 A549 cells observed
using oil immersion (x 100)
light microscopy. The
images show several
binucleated cells, indicating
cell proliferation in the
presence of cytochalasin B
treatment. The arrows show
binucleated cells with
micronuclei. Several
mononucleated cells are also
observed, as well as a
necrotic cell on the fop right
corner (a) and a cell
undergoing apoptosis at the
bottom of the picture. b and
d are enlargements of the
cells containing the
micronuclei

Ty

Table 6 The cytokinesis block proliferation index (CBPI)
calculated from micronucleus formation

Particle treatment BSA LLF Serum

No particles 0.022  0.022 £ 0.003 0.027 £ 0.014
Plain silica 50 nm  0.047  0.02 & 0.003  0.034 & 0.013
Plain silica 200 nm 0.014 0.011 & 0.004 0.027 £+ 0.01
Silica NH, 50 nm  0.046 0.021 £+ 0.01 0.03 £ 0.014
Silica NH, 200 nm  0.036 0.018 & 0.01  0.022 £ 0.01

Two-hundred and fifty cells were counted per treatment for
each particle type and is represented as the mean &= SEM

Panas et al. (2013) confirmed that cell viability was
decreased in the absence of serum and consequently
the particles were less toxic when dispersed in serum.

Our interest lies ultimately in the interaction of
particles and proteins, in particular the route of entry
of particles into the body and the consequences of this
exposure to different organ systems of the body. For
instance, uncoated silica particles entering the lung
immediately become coated with proteins and other
immunomodulatory molecules contained in LLF. This
initial coating of the particle may be sufficient to
produce local effects within the lungs themselves. The
particles may interact with different cell types of the
lung such as airway cells and cells in the alveolar
region. That protein coatings of various kinds alter the
reactivity of the particle surface is well established,

and LLF certainly contains components of the com-
plement system which act as opsonins to assist in
particle clearance. However, particles which initially
are coated with LLF in the lung may translocate via the
bloodstream to organs distal to the lung and during this
process encounter other proteins in blood such as
albumin and serum proteins (Oberdorster et al. 2002).
Here it should be considered that an additional coating
of proteins from the blood may be formed on top of an
existing coating obtained in the lung. The question
arises whether or not this extra coating makes the
particle more toxic or less toxic or stimulates cells in
other ways. This question forms the basis of our future
work.

In this study, one of our concerns was that the
dispersion of particles should utilise medium which is
biologically relevant to the in vivo scenario. We chose
three different dispersants with different characteris-
tics in terms of their protein and/or phospholipid
profile to model the possible routes to which workers
using nanomaterials may become exposed. Albumin
and serum were selected as dispersants because of
their relevance with respect to exposure to blood-
borne particles and existing in vitro model protocols,
and lung lining fluid due to its relevance to exposure of
particles via the lung.

Our characterization data showed that the plain
silica 50 and 200 nm particles were generally well
dispersed in each medium type. In contrast, the 50 nm
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aminated particles were overall more agglomerated
than the 200 nm aminated particles when dispersed in
medium, LLF or serum. The particle measurements
obtained in water supported those provided by the
manufacturers, and we suggest that the size differ-
ences we observed may be due to the corona formation
on the particles by the components of the dispersants.
As mentioned previously (Results section), in the
examination of size distribution characteristics
obtained by DLS, the smaller than expected particle
diameter may be due to the presence of aggregates of
dispersant material. The aminated particles may be
expected to exhibit a relatively positive charge
compared to the plain particles; however, no such
difference was observed (when zeta potential mea-
surements were made). This suggests that either the
positive charge was masked by the medium compo-
nents or that the aminated surface was not stable. The
aminated particles also appeared to be more agglom-
erated than the plain particles, again suggesting a lack
of significant charge. Interaction of the particles with
different proteins and other biological molecules may
affect the agglomeration of the particles as well as
their sedimentation rate and hence the way they
interact with the cells. The impact of coating may be
relevant in vivo, where particles encounter serum
proteins or in the lung where particles may interact
with the components of LLF. The zeta potential
measurements produced here suggest that all of the
particles were agglomerated to some degree regardless
of the medium used to disperse them, and the low zeta
potentials associated with BSA and serum are possibly
due to the proteins.

The toxicity of all of the silica particles suspended
in the different dispersants at 4 and 24 h post exposure
was not statistically significant, indicating the suit-
ability of the dose range used. However, a slight but
non-significant elevation of LDH release appeared to
occur with the highest concentration (62.5 pg/ml) of
plain 50 nm silica nanoparticles. Therefore, genotox-
icity studies were repeated at a lower dose of 31.25 g/
ml in such cases in order to ensure that genotoxicity
measured was not associated with cell death.

The modified comet assay was used to investigate
the possible genotoxic effects of the particles in
different dispersants on A549 cells. The enzyme Fpg
was used to enhance assay sensitivity, since this
enzyme detects DNA damage due to oxidative effects.
This is a key enzyme in the base excision repair
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pathway, removing modified purines such as 8-oxo-
guanine and then cleaving the mutated DNA strand,
so that on electrophoresis a larger comet tail is
detected due to the extra DNA fragments and this
increase is attributed to oxidative effects. Firstly, our
data indicated that both 50 and 200 nm silica particles
induced significant genotoxicity to the A549 cells and
that there was a strong oxidative component to this
effect. Plain 50 nm, plain 200 and 50 nm aminated
silica particles produced a significant increase in the
tail moment of cells exposed to these particles when
dispersed in HBSS and LLF in the presence of Fpg.
This effect was reduced or abolished when the
particles were dispersed in serum or BSA. Both
BSA and serum contain antioxidants which may
account for this observation. Alternatively, binding of
the albumin component of BSA and serum may have
altered the surface reactivity of the particles, render-
ing them less reactive (Brown et al. 2012). There was
also a significant increase in the tail moment in cells
exposed to plain 50 nm and aminated 50 nm particles
dispersed in medium in the absence of Fpg, suggest-
ing that the smaller diameter particles were more
reactive than the larger 200 nm particles. In LLF, only
plain 50 nm particles dispersed in LLF in the absence
of Fpg produced a significant increase in the tail
moment compared with untreated cells. This suggests
that for some particles, but not the aminated 50 nm
particles, LLF can reduce the genotoxic potential. Our
study also demonstrates that oxidative damage is also
present at a lower dose using plain 50 nm silica
particles (31.25 pg/ml), an effect which was reduced
when the particles were dispersed in LLF, BSA and
serum. These data therefore demonstrate that the
dispersant used can influence the genotoxicity of
particles in vitro. Furthermore, the data suggest the
potential in vivo for body fluids to protect against
genotoxicity induced by nanoparticles.

In previous studies using crystalline forms of silica
(Fubini et al. 1990; Donaldson and Borm 1998; Shi
et al. 1998; SaYotti et al. 1994; Daniel et al. 1995;
Seiler et al. 2001), the role of oxidative stress in
particle toxicity was demonstrated both in rat lung and
in human lung epithelial cells. Similarly, Fanizza et al.
(2007) demonstrated that a-quartz caused oxidative
DNA damage in vitro, and this effect appeared to be
related to the surface reactivity of the particle as well
as the size and by an intracellular mechanism after the
particles had been phagocytosed. The persistence of an
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inflammatory response after particle-induced inflam-
mation may result in the formation of reactive oxygen
species which in turn may further promote DNA
damage. Our data suggest that amorphous silica
particles can also generate ROS effects in vitro. More
specifically, the use of the Fpg enzyme when con-
ducting the comet assay enables the detection of DNA
damage mediated by oxidative processes. Our data
demonstrated that DNA damage was enhanced when
the comet assay was conducted in the presence of Fpg,
indicating an involvement of ROS in silica NP-
mediated genotoxicity. However, the production of
ROS following NP exposure of A549 cells would need
to be confirmed in a separate study. Many studies
using the comet assay may detect genotoxicity in vitro
but not in vivo as observed using TiO, (Bhattacharya
et al. 2009; Warheit and Donner 2010).

As a comparison to the comet assay, we examined
the effect of the silica particles on micronucleus
formation in A549 cells. This assay appeared not to be
as sensitive as the comet assay in detecting genotox-
icity, as we found no significant changes in micronu-
cleus formation with any of the particle treatments or
when dispersed in different media. Moretti et al.
(2002) suggested that a lack of sensitivity in the
micronucleus assay compared with the comet assay
may be due to differences in the actual type of damage
to the cell. The authors hypothesized in their study that
there may be differences in ‘cytogenetic damage’ as
measured in the micronucleus assay compared with
‘primary DNA damage’ as measured using the comet
assay. A similar scenario may be possible with the
silica particles used here.

Conclusions

Our study suggests that plain 50 nm silica particles and
aminated 50 nm silica particles are more reactive in
producing DNA damage in A549 cells than the larger
200 nm particles, possibly through an oxidative mech-
anism. Amination appeared to have little influence
over the genotoxicity of the silica nanomaterials. These
effects can be modulated depending on the dispersion
medium in which the particles are suspended, with
albumin and serum quenching such effects. The study
also stresses the significance of the dispersion medium
on the agglomerated state of the particles that in turn

may affect the particle surface—cell contact and the
subsequent cellular responses to NPs.
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