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Cytotoxic and genotoxic evaluation
of different synthetic amorphous silica
nanomaterials in the V79 cell line

Y Guichard, C Fontana, E Chavinier, F Terzetti, L Gaté,
S Binet and C Darne

Abstract
The nature of occupational risks and hazards in industries that produce or use synthetic amorphous silica (SAS)
nanoparticles is still under discussion. Manufactured SAS occur in amorphous form and can be divided into two
main types according to the production process, namely, pyrogenic silica (powder) and precipitated silica
(powder, gel or colloid). The physical and chemical properties of SAS may vary in terms of particle size, surface
area, agglomeration state or purity, and differences in their toxicity potential might therefore be expected. The
aim of this study was to compare the cytotoxicity and genotoxicity of representative manufactured SAS
samples in Chinese hamster lung fibroblasts (V79 cells). Five samples from industrial SAS producers were
evaluated, that is, two pyrogenic SAS powders (with primary particle sizes of 20 nm and 25/70 nm), one
precipitated SAS powder (20 nm) and two precipitated SAS colloids (15 and 40/80 nm). V79 cell cultures were
treated with different concentrations of SAS pre-dispersed in bovine serum albumin –water medium. Pyr
(pyrogenic) 20, Pre (precipitated) 20 and Col (colloid) 15 significantly decreased the cell viability after 24 h of
exposure, whilst Pyr 25/70 and Col 40/80 had negligible effects. The cytotoxicity of Pyr 20, Pre 20 and Col 15
was revealed by the induction of apoptosis, and Pyr 20 and Col 15 also produced DNA damage. However,
none of the SAS samples generated intracellular reactive oxidative species, micronuclei or genomic mutations
in V79 cells after 24 h of exposure. Overall, the results of this study show that pyrogenic, precipitated and
colloidal manufactured SAS of around 20 nm primary particle size can produce significant cytotoxic and
genotoxic effects in V79 cells. In contrast, the coarser-grained pyrogenic and colloid SAS (approximately 50
nm) yielded negligible toxicity, despite having been manufactured by same processes as their finer-grained
equivalents. To explain these differences, the influence of particle agglomeration and oxidative species for-
mation is discussed.
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Introduction

Synthetic amorphous silica (SAS) products were first

commercialized in the 1950s. By 2006, worldwide

production was estimated to be one million tons per

year (ECETOC, 2006). SAS correspond to the defini-

tion of nanomaterials agreed by the European Com-

munity (EC, 2011). They are used in a wide variety

of industrial applications, including as reinforcement

and thickening agents in elastomers, resins and inks.

Applications in consumer products include cosmetics,

pharmaceuticals and as direct food and feed additives.

SAS can be divided into two groups according to

whether the manufacturing process is via the wet

route (precipitated silica, silica gel and colloidal

silica) or the thermal route (pyrogenic silica). In brief,

precipitated, gel and colloidal silica products (CAS
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112926-00-8) are obtained by acidification of sodium

silicate under wet conditions. The resulting gelatinous

precipitate is then transformed into either precipitated

silica nanoparticles (powder) or silica gel, depending

on the washing, ageing, drying and milling condi-

tions. Partial neutralization of alkali silicate solution

followed by ion exchange produces colloidal silica

consisting of particle suspensions in water. Pyrogenic

silica (CAS 112945-52-5) is produced by hydrolysis

of silicon tetrachloride at high temperature

(>1000�C) (Fruijtier-Polloth, 2012). Unlike crystal-

line silica, which has been classified as carcinogenic

to humans (group 1) by the International Agency for

Research of Cancer (IARC), SAS has not been classi-

fiable as to its carcinogenicity to humans (group 3)

(IARC, 1997). However, concerns remain regarding

the hazards and risks of SAS nanomaterials for

producers and users. Whilst several in vitro and in
vivo studies have reported cytotoxic and inflamma-

tory effects induced by manufactured or laboratory-

synthesized SAS (Fruijtier-Polloth, 2012; Napierska

et al., 2010), data on the genotoxicity of manufactured

SAS (excluding those synthesized in the laboratory

for research purposes) are more limited. In an in vivo
study, no increase in mutation in the hypoxanthine

guanine phosphoribosyltransferase (HPRT) gene was

found in alveolar epithelial cells from rats exposed by

inhalation to Aerosil 2001, a pyrogenic SAS, for 13

weeks at 50 mg m�3 (Johnston et al., 2000). In

another study, slight DNA damage, assessed in liver

by the comet assay, and weak induction of micronu-

cleated reticulocytes were detected in rats treated with

repeated injection of the colloidal SAS Levasil 2001

(15 nm primary particle size) and Levasil 501 (55

nm) at 50 mg kg�1. However, the micronucleus assay

in human blood lymphocytes exposed to these col-

loids was negative (Downs et al., 2012). In vitro,

comet assays performed with different colloidal SAS

from Glantreo (33, 34 and 240 nm) and Sigma-

Aldrich (21 and 30 nm) were all negative in 3T3-L1

fibroblasts treated with SAS at concentrations of 4

and 40 mg mL�1 for 3, 6 and 24 h (Barnes et al.,

2008), respectively. In contrast, comet assays per-

formed in HT29, HaCat and A549 cell lines exposed

to colloidal Ludox SM-301 (14 nm) at 0.1, 1 and 10

mg mL�1 for 24 h showed an increase in DNA damage

with a dose–response relationship for all cell lines

(Mu et al., 2012). A pyrogenic SAS from Sigma-

Aldrich (14 nm) responded positively in comet assays

performed in the Caco-2 cell line following 4 h treat-

ment with SAS at 20 mg cm�2 (Gerloff et al., 2009).

More recently, two precipitated SAS powders (12 and

14 nm) and two pyrogenic SAS powders (10 and 16

nm) were found to be incapable of inducing micronu-

clei in human lymphocyte exposed to up to 1250 mg

mL�1 of SAS over 24 h (Tavares et al., 2014).

Together, the literature data suggest that the genotoxi-

city of manufactured SAS may depend on the proce-

dures used to synthesize them, which in turn

determine their different physical and chemical prop-

erties (e.g. primary size, surface area, aggregation/

agglomeration state and degree of purity). Cytotoxic

and genotoxic cellular response to SAS is probably

also associated with the cell type, the method of SAS

dispersion (medium and mode of agitation) and the

composition of the cell culture medium (e.g. the

serum concentration). The aim of this study was to

evaluate in the same in vitro model (the V79 cell line)

the genotoxicity of samples representative of manu-

factured pyrogenic and precipitated SAS (powders

and colloids). Genotoxicity was assessed by the

micronucleus assay, the formamidopyrimidine DNA

glycosylase (FPG)-modified comet assay and the

HPRT gene mutation assay. Cell viability, apoptosis

and reactive oxidative species (ROS) assays were also

carried out for a comprehensive assessment of the

genotoxic effects induced by SAS in V79 cells.

Materials and methods

Physicochemical characterization of SAS

All samples (two pyrogenic samples of different par-

ticle sizes, one precipitated sample and two colloid

samples of different sizes) were kindly provided by

industrial producers. Primary particle-size distribu-

tion was determined by transmission electronic

microscopy (TEM) with an EM910 100kV (Zeiss,

Germany) (Figure 1). For the purpose of this study,

the SAS samples were assigned names that denote the

manufacturing process used (‘Pyr’ for pyrogenic,

‘Pre’ for precipitated and ‘Col’ for colloid) and an

approximation of their primary size in nanometres

(Pyr 20, Pyr 25/70, Pre 20, Col 15 and Col 40/80)

(Table 1). The specific surface area (SSA) of sample

powders was determined by nitrogen gas adsorption

with a BELSORP-Max (BEL Japan, Inc., Japan)

using the Brunauer, Emmett and Teller (BET) calcu-

lation method (Brunauer et al., 1938). For impurity

analysis, concentrations of major elements (sodium,

magnesium, aluminium, potassium, calcium, tita-

nium, manganese, iron, barium, copper and zinc)

were determined by inductively coupled plasma and

2 Toxicology and Industrial Health

 at INRS - I 894 on March 11, 2015tih.sagepub.comDownloaded from 

http://tih.sagepub.com/


atomic emission spectrometry (ICP-AES), and con-

centrations of trace elements (chromium, cobalt,

vanadium, nickel, arsenic, cadmium and lead) by ICP

mass spectrometry (ICP-MS) using an 820-MS (Var-

ian, Australia). The hydrodynamic size of particles,

pre-diluted in the dispersion medium and then diluted

in the cell culture medium (see ‘Preparation of SAS

and cell treatment’ section), was determined for the

highest concentration used in in vitro assays by

dynamic light scattering (DLS) using a Zetasizer

Nano ZS (Malvern Inc., UK).

Cell culture

The V79 cell line (lung fibroblast from Chinese ham-

ster, reference CCL-93, ATCC, Manassas, Virginia,

USA) was selected for this study as it is one of the cell

models recommended in OCDE guidelines 487 and

476 for use in the in vitro micronucleus assay and in

the in vitro HPRT assay, respectively. Cells were

grown in Dulbecco’s modified Eagle’s medium (Invi-

trogen, France), supplemented with 10% foetal calf

serum (FCS, PAN Biotech, France) and antibiotics

Figure 1. TEM images of the different SAS used in this study. TEM: transmission electronic microscopy; SAS: synthetic
amorphous silica.

Table 1. Chemical and physical particle characteristics.

SAS Impuritya SSA (m2 g�1)b Primary size (nm)c Size in BSA–water (nm)d Size in culture medium (nm)d

Pyr 20 <0.5% 184 19 + 5 176 + 3 250 + 7
Pyr 25/70 <0.5% 42 71 + 25 (≈50%) 196 + 1 281 + 9

25 + 8 (≈50%)
Pre 20 1% Na 207 19 + 3 n.d n.d
Col 15 0.8% Na ≈200e 15 + 4 35 + 0.4 174 + 4
Col 40/80 <0.5% ≈50e 79 + 3 (≈80%) 87 + 1 117 + 2

38 + 5 (≈20%)

n.d: not determined; SAS: synthetic amorphous silica; BSA: bovine serum albumin; SSA: specific surface area; ICP-AES: inductively
coupled plasma and atomic emission spectrometry; ICP-MS: inductively coupled plasma and mass spectrometry; BET: Brunauer,
Emmett and Teller; TEM: transmission electronic microscopy; DLS: dynamic light scattering.
aICP-AES and ICP-MS analyses (percentage of mass).
bBET analysis.
cTEM analysis (mean diameter + SD of 100 measurements).
dDLS analysis (mean hydrodynamic diameter + SD of three assays).
eCalculated from the primary size.
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(50 U mL�1 penicillin, 50 mg mL�1 streptomycin,

Invitrogen). Cells were incubated at 37�C and 5% car-

bon dioxide. Under these conditions, the doubling

time of V79 cells was approximately 14 h.

Preparation of SAS and cell treatment

SAS suspensions for cell treatment were prepared

according to the procedure described by Jensen

et al. (2011). A 5.25 mg mL�1 dispersion of SAS

powders was prepared by pre-wetting the powders

in 0.5 vol% ethanol followed by addition of sterile-

filtered 0.05 wt% bovine serum albumin (BSA,

Sigma-Aldrich) water. Next, the SAS suspension

underwent ultrasonication for 16 min on ice using a

Bransonic sonifier 450 (Branson Ultrasonics Corp,

Danbury, Connecticut, USA) set at 10% amplitude.

The two colloidal samples Col 15 and Col 40/80,

which were purchased at initial concentrations of

381 and 369 mg mL�1, respectively, were not soni-

cated. Serial dilutions of all SAS were prepared in

0.05 wt% BSA–water (0.655, 1.31, 2.62 and 5.25

mg mL�1). An aliquot of each of these preparations

was immediately diluted 10 times in the cell culture

medium, leading to final SAS concentrations of 66,

131, 262 and 525 mg mL�1. In this study, SAS con-

centrations are expressed as mass per cell culture sur-

face area and correspond to concentrations of 12.5,

25, 50 and 100 mg cm�2.

Viability assay

Cell viability was measured using the cell prolifera-

tion reagent WST-1 (Roche Diagnostics, France). The

method is based on the cleavage of WST-1 tetrazo-

lium salt by mitochondrial dehydrogenases in viable

cells to a water-soluble formazan dye. First, 1 � 104

cells in 100 mL of culture medium were seeded in a

96-well culture plate (0.32 cm2 per well) and incu-

bated for 24 h prior to treatment. The cells were then

treated for 24 h with 10 mL of either BSA–water alone

(control) or BSA–water containing SAS dilutions. In

parallel, a 96-well culture plate received culture

medium that contained no cells but the same treat-

ment dilution in order to assess potential interference

between the SAS and the WST-1 reagent. After treat-

ment, 1/10 (v/v) WST-1 reagent was added to each

well and incubated for 3 h. Plates were then centri-

fuged at 4500 r min�1 for 5 min. Supernatants were

transferred to new 96-well plates and optical density

(OD) was recorded at 450 and 690 nm using a micro-

titer plate reader (Synergy HT, BioTek, France). The

delta OD (OD450 nm� OD690 nm) was then calculated.

Cell viability was expressed by the percentage of the

delta OD in treated cells with respect to the control.

Caspase-3 assay

The EnzChek1 Caspase-3 Assay Kit #2 (Molecular

Probe, Invitrogen) was used for the detection of apop-

tosis. This assay measures the protease activity of

caspase-3 with the aspartic acid (Asp)–glutamic

acid–valine–Asp (DEVD) amino acid sequence. The

substrate used in the assay is a rhodamine 110 deriva-

tive covalently linked to DEVD peptides, thereby sup-

pressing the dye fluorescence. Upon enzymatic

cleavage by caspase-3, the non-fluorescent substrate

is converted to a fluorescent rhodamine 110 deriva-

tive. Twenty-four hours prior to treatment, 4 � 105

cells in 4 mL of culture medium were seeded in 60-

mm culture dishes (21 cm2) and then treated for 24

h with 400 mL of BSA–water either alone (for the con-

trol) or containing SAS dilutions. At the end of treat-

ment, cells were washed in Hank’s balanced salt

solution (Invitrogen) and harvested using 0.25% tryp-

sin (Invitrogen). Cell cultures that had been deprived

of FCS for 18 h were used as a positive control for

apoptosis induction in V79, as described in a previous

study (Hasan et al., 1999). At the end of treatment, an

aliquot of 1 x 106 cells was washed in PBS and sus-

pended in 50 mL of cell lysis buffer (contained in the

Kit #2) on ice for 30 min. The mixture was then cen-

trifuged at 6000 r min�1 for 5 min. Fifty microlitres of

the supernatant were transferred in a 96-well plate and

50 mL of substrate solution (containing rhodamine

110-DEVD peptides) was added and samples were

incubated at room temperature for 30 min. Fluores-

cence was recorded using a microtiter plate reader

(Synergy HT, BioTek) with excitation at 485 nm and

emission detection at 530 nm. An aldehyde Ac-

DEVD-CHO inhibitor was used to confirm that the

observed fluorescence signal was due to the activity

of caspase-3. Next, 1 mL of Ac-DEVD-CHO inhibitor

solution was added to selected samples that were then

incubated at room temperature for 10 min before add-

ing the substrate solution. In all cases, the increase in

caspase-3 activity was expressed by the fold change in

the measured fluorescence intensity of treated cells

with respect to the control.

FPG-modified comet assay

DNA damage was assessed by performing both ver-

sions of the alkaline comet assay, that is, with and
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without the use of the FPG. The glycosylase FPG

enzyme recognizes and cuts modified DNA bases,

such as oxidative bases (e.g. 8-oxoguanine) (Tice

et al., 2000) and alkylated bases (Speit et al., 2004).

Base cleavages produce apurinic sites that are

converted into strand breaks by the associated

apurinic/apyrimidinic-endonuclease activity of FPG.

We followed the procedure of Collins et al. (1998),

with some minor modifications. Cells were grown,

treated for either 3 or 24 h and then harvested under

the same conditions used for the caspase-3 assay.

Cultures treated with 125 mM methyl methanesulpho-

nate (MMS, Sigma-Aldrich) were used as a positive

control according to Speit et al. (2004). At the end

of treatment, the recovered cells were embedded in

1% low-melting agarose (Sigma-Aldrich). Aliquots

of the cell–agarose mixtures were then loaded onto

slides pre-coated with 1% normal melting agarose

(Sigma-Aldrich). Slides were immersed in cold lysis

solution (2.5 M sodium chloride, 100 mM dihydrate

ethylenediaminetetraacetic acid (Na2EDTA), 10 mM

tris(hydroxymethyl)aminomethane–hydrochloric acid

(Tris-HCl) with 1% Triton X-100 and 10% dimethyl

sulphoxide) for 1 h at 4�C. Slides were then drained

and pre-incubated in the FPG incubation buffer (Hepes

40 mM, potassium chloride 0.1 M, EDTA 0.5 mM, and

BSA 0.2 mg mL�1; pH 8) for 15 min at 4�C. After

draining, slides were incubated for 30 min at 37�C in

fresh FPG incubation buffer containing either 5 U mL�1

of FPG (Sigma-Aldrich) or no FPG. Slides were then

drained and immersed in cold alkaline solution

(300 mM sodium hydroxide and 1 mM Na2EDTA;

pH 13) for 20 min. Electrophoresis was performed in

the same buffer at 0.7 V cm�1 for 40 min. The slides

were then washed with 0.4 M Tris-HCl for 15 min,

and DNA was then stained with propidium iodide

(2.5 mg mL�1) for 1 h. Comet analysis was performed

using a fluorescence microscope equipped with image

analyzer software (Comet Assay IV, Perceptive Instru-

ments, UK). The extent of DNA damage was determined

on the basis of the median tail DNA from 100 cells.

Intracellular ROS assay

Intracellular ROS was detected with the 5-(and-6)-

chloromethyl-2070-dichlodihydrofluorescein diacetate

fluorescence probe (CM-DCFDA, Molecular Probe,

Invitrogen). DCFDA derivatives detect a variety of

ROS, including hydrogen peroxide, peroxyl radicals

and peroxynitrite anions (LeBel et al., 1992). As in the

cell viability assay, cells were grown and treated with

SAS in a 96-well plate. Following the protocol

described by Guichard et al. (2012), a sample of

nano-size anatase titanium dioxide (TiO2) was used

as a positive control. At the end of treatment, the wells

were washed with PBS and 50 mL of CM-DCFDA

was added to give a final concentration of 5 mM. The

plate was then incubated at 37�C for 30 min. Wells

were then washed with PBS and the fluorescence was

recorded using a microtiter plate reader (Synergy HT,

BioTek) with excitation at 485 nm and emission

detection at 530 nm. ROS induction was expressed

by the fold change in the measured fluorescence

intensity of treated cells with respect to the control.

Micronucleus assay

In 800 mL of culture medium, 1 � 105 cells were

seeded in Labtek1 slides (Nunc A/S, Denmark; 4

cm2) 24 h prior to treatment and then treated for 24

h with 80 mL of BSA–water, alone for the control,

or containing SAS dilutions, or containing 125 mM

MMS (final concentration) as a positive control

(Lasne et al., 1984). At the end of treatment, slides

were washed with PBS, fixed in methanol for 15 min

and left to dry at room temperature. DNA was stained

with Pro Long Gold antifade reagent1 with DAPI

(Molecular Probe, Invitrogen). Micronuclei frequency

was determined by scoring the number of micronu-

cleated cells (containing at least one micronucleus)

in 1000 cells per slide. Apoptotic cells were scored at

the same time. The presence of SAS agglomerates on

the slides did not interfere with the readings.

HPRT assays

Mutation induction was assessed at the HPRT locus in

V79 cells by 6-thioguanine selection, as described by

the OECD 476 guideline. In 10 mL of culture

medium, 1� 106 cells were seeded in 100-mm culture

dishes (55 cm2) 24 h prior to treatment. The cells

were then treated for 24 h with 1 mL of culture

medium (medium alone for the control, medium con-

taining SAS dilutions or medium containing ethyl

methanesulphonate (EMS), Sigma-Aldrich, at 400

mM as a positive control according to the OECD

476 guideline). Cells were harvested at the end of

treatment and aliquots of 1� 105 cells were grown for

6 days in new plates, during which time the cells were

passaged once. Cells were then harvested and seeded

in ten 100-mm culture dishes (2 � 105 cells/dish) in

the presence of 6-thioguanine (6-TG, 5 mg mL�1,

Sigma-Aldrich) and in ten 60-mm culture dishes
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(100 cells/dish) in the absence of 6-TG. Cultures

without 6-TG were grown over 7 days and those with

6-TG were grown over 10 days. The cell cultures were

then washed in PBS, fixed in ethanol for 15 min,

stained with 10% Giemsa (Merk, Germany) for 15

min and then scored. The percentage of surviving

cells (the cloning efficiency) was determined by

dividing the number of colonies scored by the number

of cells seeded without 6-TG. HPRT mutant fre-

quency per 106 surviving cells was calculated using

the cloning efficiency and the number of cells seeded

for mutation selection with 6-TG.

Statistics

All experiments were carried out on at least three bio-

logical replicates. Data were analysed by one-way

analysis of variance using the Statgraphics Centurion

software (Statpoint Technologies, Warrenton, Virgi-

nia, USA). Fisher’s least significant difference test

was used to determine significance relative to the con-

trol and p < 0.05 was considered significant.

Results

SAS sample characterization

The physicochemical characteristics of the SAS used

in this study are described in Table 1. Chemical impu-

rities were determined by ICP-AES and ICP-MS and

were found to constitute less than 1% of total mass for

all samples. TEM analysis showed that samples Pyr

20, Pre 20 and Col 15 were of similar primary particle

size (around 20 nm), and particle size was relatively

homogeneous in each of these samples. In contrast,

samples Pyr 25/70 and Col 40/80 were composed of

bimodal particle-size populations (25 and 70 nm in

Pyr 25/70 and 40 and 80 nm in Col 40/80). As

expected, the SSA values of the finer-grained SAS

(Pyr 20, Pre 20 and Col 15) were much higher than

those of the coarser-grained SAS (Pyr 25/75 and Col

40/80). As the BET method could not be used for the

colloid samples, the SSA of Col 15 and Col 40/80 was

calculated from their primary sizes. Particle sizes of

samples in liquid phase were analysed by the DLS

method at the highest SAS concentrations used in in

vitro assays. DLS assays were performed both with

SAS pre-dispersed in the BSA–water mixture (at

5.25 mg mL�1) and with the corresponding dilution

in the culture medium (final concentration of 525 mg

mL�1). DLS analysis of SAS pre-diluted in BSA–

water showed that all SAS formed mono-dispersed

agglomerates of nanometric and submicrometric size

(from 35 nm to 176 nm, depending on the SAS). SAS

agglomerates were larger when diluted in the culture

medium than when in BSA–water, and can be ranked

as follows: Pyr 25/70 (≈280 nm) > Pyr 20 (≈250 nm)

> Col 15 (≈170 nm) > Col 40/80 (≈120 nm). DLS mea-

surements could not be performed on Pre 20 in BSA–

water or in culture medium because the particle-size

distribution was outside the range of detection of the

system. Microscopic observation of Pre 20 in BSA–

water or diluted in the culture medium revealed the

presence of large micron-scale agglomerates (up to

10 mM in size) that cannot be analysed by DLS.

Cell viability

Results showed that the finer SAS samples (Pyr 20,

Pre 20 and Col 15) were more cytotoxic in V79 cells

than the coarser samples Pyr 25/70 and Col 40/80

(Figure 2). The two coarse samples had negligible

cytotoxic effect even at a relatively high concentra-

tion of 100 mg cm�2. Col 15 was the most cytotoxic

sample (53 + 1% of cell viability at 100 mg cm�2).

Considering the level of cytoxicity for Col 15, we did

not test concentrations higher than 100 mg cm�2 for

any of the SAS in this study as this would have made

comparison of their genotoxicity irrelevant. SAS

cytotoxicity in V79 can be ranked as follows: Col

15 > Pyr 20 ¼ Pre 20 > Pyr 25/70 ¼ Col 40/80.

Apoptosis

Pyr 20, Pre 20 and Col 15 all increased caspase-3

activity in V79. The increases were concentration

dependent for Pyr 20 and Pre 20, but occurred only

at the highest concentration for Col 15 (Figure 3). In

contrast, no change in caspase activity was observed

with Pyr 25/70 and Col 40/80. At a concentration of

100 mg cm�2, Pyr 20, Pre 20 and Col 15 induced cas-

pase activity increases of 4.6 + 0.4, 2.6 + 0.8 and 8.1

+ 2.5-fold, respectively, compared with the control.

FBS deprivation for 18 h (positive control) was asso-

ciated with a 14.0 + 1.6-fold increase in caspase

activity. The specificity of the caspase-3 assay was

verified by extinction of the fluorescent signal in the

presence of a peptide inhibitor in samples treated at

100 mg cm�2 SAS and in the positive control. Pyr

20 and Col 15 similarly increased the frequency of

apoptotic cells, as observed in slides prepared for the

micronucleus assays (additional graph, Figure 3).

The effect of Pyr 20 was significant at two doses and

the effect of Col 15 was significant at one dose. At
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100 mg cm�2, 23 + 6 apoptotic cells were observed in

1000 cells for Pyr 20 and 83 + 20 apoptotic cells

were observed in 1000 cells for Col 15. These com-

pare to 1 + 2 apoptotic cells for the control. The

absence of apoptotic cell induction for Pyr 25/70 and

Col 40/80 is consistent with the negative responses of

these samples in the caspase-3 assay. In contrast, no

increase in the number of apoptotic cells was detected

for Pre 20 even though this SAS was positive in the

caspase-3 assay. It is possible that caspase-3-

positive cells induced by Pre 20 had not yet appeared

as apoptotic cells at the time of the observation. As

expected, FBS deprivation for 18 h significantly

increased the frequency of apoptotic cells (86 + 11

apoptotic cells among 1000 cells).

DNA damage

No DNA damage was revealed by comet assays per-

formed after 3 h of exposure to any of the SAS (data

not shown). After 24 h of exposure, Pyr 20 and Col 15

were positive in comet assays performed both with

and without FPG, whilst no DNA damage was

detected for Pyr 25/70, Pre 20 and Col 40/80 (Figure

4). Pyr 20 induced DNA-strand breaks at the highest

concentration (100 mg cm-2) in assays performed

without FPG and at all concentrations in the FPG-

modified comet assays. A dose-dependent response

was also observed for Col 15 in the FPG-modified

comet assays (significant at 50 and 100 mg cm�2) but

only one concentration of Col 15 was positive (50 mg

cm�2) in assays performed without FPG. Pyr 20

induced more DNA damage than Col 15 both with

or without FPG. At 100 mg cm�2, the percentage of tail

DNA in FPG assays was 23.3+ 3.7% for Pyr 20 and 11

+ 2% for Col 15, compared with 8.8 + 0.5 and 1.6 +
0.3% for the respective controls. After 24 h treatment

with the MMS-positive control (125 mM), the mean

percentages of tail DNA measured were 5.9 + 2.7%
with FPG and 70.1 + 5.5% without FPG.

Intracellular ROS, micronucleus formation and
HPRT mutagenesis

No significant ROS induction, micronucleus forma-

tion or HPRT mutagenesis was detected in V79 cells

Figure 2. Percentage cell viability in V79 cells exposed to different concentrations of SAS (�g cm�2) over 24 h. Results are
expressed as mean + SD. *p < 0.05: significantly different from the control. SAS: synthetic amorphous silica.
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that had been exposed to SAS for 24 h. ROS assays

performed with SAS were all negative (data not

shown). The sensitivity of the ROS assay was verified

using a TiO2 anatase sample that had previously been

shown to increase intracellular ROS in DCFDA-based

assays (Guichard et al., 2012). Micronucleus and

HPRT results are shown in Table 2. In the micronu-

cleus assays, MMS was used as a positive chemical

control because of its known cytogenetic effect in

V79 (Lasne et al., 1984). MMS (125 mM) induced sig-

nificant micronuclei formation, with an average of

100 + 21 micronucleated cells per 1000 cells com-

pared with an average of 14 + 4 micronucleated cells

per 1000 cells in the control assays. HPRT assays

were validated by using EMS as a positive control,

as described by Davies et al. (1993). EMS (400 mM)

caused a significant increase in the mutation

frequency (producing an average of 110 + 20

mutants per 106 cells compared with an average of

27 + 3 mutants per 106 cells in the control assays).

No significant change in cloning efficiency was

observed in cultures treated with SAS or with EMS

at the time of HPRT mutation analysis (data not

shown). The cloning efficiency was on average 81

+ 3% for all cultures.

Discussion

In this study, we evaluated the cytotoxic and geno-

toxic effects of five samples of different types of man-

ufactured SAS on V79 Chinese hamster lung

fibroblast. The choice of this pulmonary rodent cell

line was primarily based on its suitability for use in

cytogenetic assays according to OCDE guidelines.

Figure 3. Apoptosis results: the main graph shows the induction of caspase-3 activity (fold change with respect to the
control) in V79 cells exposed to different concentration of SAS (�g cm�2) over 24 h. At 100 �g cm�2, caspase-3 assays
were performed both with and without the inhibitor (I) of the fluorescent substrate used in caspase-3 assays. The inset
graph shows the frequency of apoptotic cells scored in 1000 V79 cells after to the same treatment. As positive control,
V79 cells were cultured in FBS-free medium over 18 h. Results are expressed as mean + SD. *p < 0.05: significantly dif-
ferent from the control. SAS: synthetic amorphous silica; FBS: foetal bovine serum.

8 Toxicology and Industrial Health

 at INRS - I 894 on March 11, 2015tih.sagepub.comDownloaded from 

http://tih.sagepub.com/


In addition, our laboratory has previously demon-

strated the ability of V79 cells to uptake particulate

substances and the high sensitivity of these cells in

HPRT assays (Elias et al., 1986). The selected SAS

samples were obtained directly from industrial pro-

ducers. The availability of pyrogenic and colloidal

samples of different particle sizes provided an oppor-

tunity to compare size effects for these SAS.

SAS preparation for cell treatment was based on a

standardized dispersion method that uses BSA as a

dispersant. The principle of this method is to create

protein coronas around SAS particles in order to sta-

bilize particle suspensions and reduce particle

agglomeration and sedimentation in the culture media

(Jensen et al., 2011). This method was effective for

almost all of the SAS used in this study, as agglomer-

ate size was in the nanometric or submicrometric

range in the culture medium. However, the technique

proved less successful for the precipitated SAS sam-

ple (Pre 20) and agglomerates of several microns in

size were still present after dispersion in BSA–water

or in the culture medium. When we compare the dif-

ferent SAS used in this study, there appears to be no

obvious relationship between the sizes of agglomer-

ates in culture medium and their cytotoxic effects. For

example, the Col 40/80 sample formed the smallest

aggregates but was not the most cytotoxic SAS in this

study. Thus, physical proprieties other than aggrega-

tion/agglomeration are probably involved. For exam-

ple, it has been suggested that the cytotoxic activity

of SAS nanoparticles is influenced more by particle

surface area than by the degree of agglomeration

(Rabolli et al., 2011).

Under our culture and treatment conditions, only

the SAS of smaller primary size (around 20 nm)

clearly impaired cell viability. It is interesting to note

that the minor difference in size between the finest-

grained SAS (Pyr 20, Pre 20 and Col 15) and the

coarser-grained SAS (Pyr 25/70 and Col 40/80) is

associated with a significant difference in toxicity.

Our results are consistent with the general consensus

that the biological effect of particles increases

Figure 4. DNA damage expressed as the percentage of DNA in tail in V79 cells exposed for 24 h to either different con-
centrations of SAS (�g cm�2) or 125 �M MMS (positive control). Comet assays were performed both without FPG (open
histogram) and with FPG (filled histogram). Results are expressed as mean + SD. *p < 0.05: significantly different from the
control. SAS: synthetic amorphous silica; FPG: formamidopyrimidine DNA glycosylase; MMS: methyl methanesulphonate.
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inversely with size due to easier cellular uptake and/or

to higher SSA, which greatly enhances surface reac-

tivity (Oberdorster et al., 2005). The higher SSA val-

ues of Pyr 20, Pre 20 and Col 15 (≈200 m2 g�1)

compared with those of Pyr 25/75 and Col 40/80

(≈50 m2 g�1) possibly reflect differential surface

reactivity, which may in part explain the observed dif-

ferences in their cytotoxicity and genotoxicity.

According our results, the effects of Pyr 20, Pre 20

and Col 15 on cell viability may involve apoptotic

mechanisms and/or, in the case of Pyr 20 and Col

15, DNA damage. Recent in vitro studies have

demonstrated the ability of different colloidal SAS

to induce both apoptosis and DNA damage in

different lung and hepatic cell lines (Fede et al.,

2012; Li et al., 2011; Ye et al., 2010). These effects

were associated with increased intracellular ROS,

lipid peroxidation and a decrease in glutathione con-

tent, indicative of cellular oxidative stress (Gerloff

et al., 2009; Ye et al., 2010). In this study, the level

of intracellular ROS remained unchanged in V79 cells

treated with SAS. However, the enhanced responses

of Pyr 20 and Col 15 in the presence of FPG in the

comet assay can be considered indicative of oxidative

DNA damage (Collins, 2004; Tice et al., 2000). The

generation of DNA-strand breaks may be explained

by indirect mechanisms involving intracellular ROS,

but also by direct interactions between SAS particles

and DNA, as has been suggested for other oxide nano-

particles (Brunner et al., 2006; Nel et al., 2006). How-

ever to our knowledge, no previous study of cellular

uptake of SAS has reported the presence of particles

in the nucleus, regardless of the particle size or cell

line used (Drescher et al., 2011; Mu et al., 2012; Ye

et al., 2010).

Our study showed no formation of micronuclei and

no induction of HPRT mutation in V79 cells for all

SAS. To our knowledge, no in vitro study of commer-

cially available SAS has yet reported positive results

in micronucleus assays or HPRT assays. Some studies

showed a slight elevation in micronuclei frequency in

A549 cells exposed to SAS synthesized for research

purposes (Gonzalez et al., 2010, 2014). In addition,

SAS of different sizes (30 and 80 nm) produced by the

Stöber method were shown to induce gene mutation in

3T3-L1 mouse fibroblasts (Park et al., 2011).

Although V79 cell line is known to be defective for

the functional p53 protein, which is involved in DNA

repair in response to DNA damage (Chaung et al.,

1997), DNA damage induced by 24 h treatment with

Pyr 20 and Col 15 did not lead to any chromosomal

alteration or genomic mutation under our treatment

conditions.

Conclusions

Significant decreases in cell viability and an induction

of apoptosis were observed in V79 cells exposed to

pyrogenic and precipitated manufactured SAS of

around 20 nm primary particle size. Pyrogenic and

colloidal SAS of this size were also able to induce

DNA damage. Pyrogenic and colloidal SAS of larger

particle sizes (around 50 nm) yielded almost no toxi-

city in our experiments. None of the SAS samples

generated micronuclei or HPRT mutations. Apoptosis

Table 2. Results of micronucleus and HPRT assays per-
formed in V79 cells exposed to SAS for 24 h.

Micronucleated
cell frequency
per 1000 cellsa

HPRT mutant
frequency per

106 cellsa

Pyr 20 Control 13.00 + 4.36 27.30 + 6.12
12.5 mg cm�2 12.00 + 1.73 44.29 + 13.53

25 mg cm�2 12.31 + 7.21 21.24 + 14.28
50 mg cm�2 9.33 + 0.58 22.78 + 18.12

100 mg cm�2 11.33 + 6.03 23.06 + 7.11
Pyr 25/70 Control 9.34 + 1.52 30.74 + 9.21

12.5 mg cm�2 9.00 + 5.57 37.34 + 15.12
25 mg cm�2 9.00 + 2.65 18.03 + 14.83
50 mg cm�2 6.00 + 1.00 17.72 + 9.02

100 mg cm�2 6.00 + 2.00 22.60 + 14.38
Pre 20 Control 11.67 + 2.08 25.29 + 22.74

12.5 mg cm�2 7.67 + 1.53 24.82 + 16.67
25 mg cm�2 7.33 + 1.15 39.93 + 10.29
50 mg cm�2 9.67 + 6.35 26.52 + 4.41

100 mg cm�2 12.34 + 5.86 20.96 + 3.13
Col 15 Control 14.66 + 1.53 22.71 + 13.81

12.5 mg cm�2 12.90 + 4.82 17.76 + 12.22
25 mg cm�2 14.65 + 3.84 33.55 + 24.63
50 mg cm�2 14.61 + 2.14 16.76 + 16.45

100 mg cm�2 12.67 + 5.03 21.10 + 18.10
Col 40/80 Control 19.00 + 6.56 29.95 + 26.17

12.5 mg cm�2 20.33 + 4.93 22.62 + 12.49
25 mg cm�2 22.67 + 4.93 38.32 + 24.94
50 mg cm�2 15.33 + 4.16 22.57 + 14.38

100 mg cm�2 18.66 + 9.72 21.31 + 16.44
Positive

controlb
75.00 + 8.54c 110.93 + 19.58c

HPRT: hypoxanthine guanine phosphoribosyltransferase; MMS:
methyl methanesulphonate; EMS: ethyl methanesulphonate.
aResults are expressed as mean + SD.
bThe positive control was MMS (125 mM) in the micronucleus assay
and EMS (400 mM) in the HPRT assay.
cp < 0.05: significantly different from the control.
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and DNA damage induced by pyrogenic and colloidal

SAS of around 20 nm occurred without an elevation

in intracellular ROS. However, as revealed in the

FPG-modified comet assays, production of oxidative

DNA lesions could not be excluded. In terms of

hazard assessment, our study suggests that toxicity

is related more to the primary particle size of the SAS

than its type (pyrogenic or precipitated) or physical

form (powder or colloid). Therefore, SAS materials

of the same type but slightly different particle size

(e.g. 20 and 25/70 nm) may possess very different

cytotoxic and genotoxic properties. To gain a better

understanding of the mechanisms that lead to DNA

damage in V79 cells after SAS exposure, future stud-

ies could focus on alternative markers of oxidative

stress such as lipid peroxidation and glutathione con-

tent. In addition, cellular TEM analysis would be use-

ful for determining the outcome of SAS particles after

their uptake by V79 cells, in particular, their intracel-

lular location and their access to the cellular nucleus.
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