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Abstract

concentrations.

Foci formation, Oxidative stress

Background: Poorly soluble cobalt (Il, 1) oxide particles (CosO4P) are believed to induce in vitro cytotoxic effects
via a Trojan-horse mechanism. Once internalized into lysosomal and acidic intracellular compartments, Coz04P
slowly release a low amount of cobalt ions (Co”™) that impair the viability of in vitro cultures.

In this study, we focused on the genotoxic potential of CosO4P by performing a comprehensive investigation of
the DNA damage exerted in BEAS-2B human bronchial epithelial cells.

Results: Our results demonstrate that poorly soluble Cos04P enhanced the formation of micronuclei in binucleated

cells. Moreover, by comet assay we showed that Cos04P induced primary and oxidative DNA damage, and by
scoring the formation of y-H2Ax foci, we demonstrated that CosO4P also generated double DNA strand breaks.

Conclusions: By comparing the effects exerted by poorly soluble CosO4P with those obtained in the presence of
soluble cobalt chloride (CoCl,), we demonstrated that the genotoxic effects of CosO4P are not simply due to the
released Co”* but are induced by the particles themselves, as genotoxicity is observed at very low CosO4P

Keywords: Cobalt oxide nanoparticles, Human lung cells, Cytotoxicity, Genotoxicity, micronuclei, Comet assay,

Background
The industrial application of cobalt nanoparticles ranges
from supercapacitors [1, 2] and pseudocapacitors [3, 4]
to sensors [5, 6], while in biomedicine they are mainly
employed in magnetic resonance imaging [7] and as
nonviral DNA carriers in gene therapy [8—10]. Although
the use of cobalt particles has improved many industrial
and biomedical applications, their biocompatibility and
permanence in tissues and cells remains an open issue.
Human occupational exposure to cobalt particles can
be accidental [11, 12] or chronic, and the main route of
exposure is inhalation during the production of the par-
ticles themselves or of the nanobased products. When
dispersed in aqueous solutions, cobalt nanoparticles
undergo leaching and release cobalt ions (Co>*). This
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peculiarity has been shown to depend on their chemical
form: metallic cobalt and cobalt (II) oxide particles
(CoOP) are significantly more soluble than the cobalt
(11, III) oxide, Co304P [13, 14]. Nevertheless, while Papis
et al. showed that the dissolution of nanosized Co;0,P
in cell culture medium is negligible and not able to
reach effective concentrations [15]. In a previous study
Sabbioni and colleagues reported a significant Co** re-
lease that resulted, within 72 h, from the dissolution of
half of the cobalt metallic particles dispersed in the bio-
logical medium [16]. Interestingly, Ortega and coauthors
showed that Co30,4P display a very low solubility at neu-
tral pH in culture medium, but in an acidic environ-
ment, as can be found in lysosomes, there is slight
particle solubilization leading to a low Co>" release [17].
The role of Co** in the overall toxicity of CozO4P is not
yet fully understood, and it is still unclear whether the
toxic potential of Co3O4P is intrinsic or due to ionic re-
lease in solution. Compared to cobalt metal micro- and
nanoparticles, Co>* derived from soluble cobalt chloride
(CoCl,) induced a less severe cytotoxicity and did not
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exert in vitro morphological neoplastic transformation
in immortalized mouse fibroblasts [18]. By contrast, in
human bladder-, hepatic- and lung-derived cells, CoCl,
was significantly more cytotoxic than CozO4P [15] and
CoOP [19]. Gault et al. showed that CoCl, exerted DNA
damage through reactive oxygen species (ROS) produc-
tion in human keratinocytes [20], whereas Kiihnel and
coauthors reported that the genotoxic effects of CoCl,
were not linked to oxidative stress [21]. Furthermore,
CoCl, and cobalt metal nanoparticles were shown to in-
duce distinct effects in mouse fibroblasts in vitro: Co
nanoparticles displayed a higher cytotoxicity at short ex-
posure times (2—-24 h), and induced genotoxicity and
neoplastic transformation, whereas CoCl, was more effi-
cient in the induction of primary DNA damage [22].
Additionally, besides the genotoxic potential of CoCl,,
cobalt ions were shown to induce epigenetic changes
and histone modifications in bronchial and alveolar cells
[23]. Moreover, the presence of Co?* derived from
poorly soluble CozO4P intracellular solubilization was
demonstrated to trigger cytotoxicity in human bronchial
cells through a Trojan-horse-type mechanism [17], and
the same effect was observed in six different cell lines
representing lung, liver, kidney, intestine, and the im-
mune system exposed to cobalt metal nanoparticles [24].

While the genotoxic effects exerted by cobalt have
been investigated mainly by using the highly soluble
cobalt metal or CoOP, there is a lack of information on
insoluble forms. In this study, we focused on the effects
of poorly soluble submicronic cobalt (II, IIT) oxide parti-
cles (Co30,4P) that can be inhaled in cases of accidental
human exposure [12]. Furthermore, since inhalation is
the main route of exposure, we investigated the potential
genotoxicity induced by poorly soluble Co3;O4P in
BEAS-2B human-derived bronchial epithelial cells. This
cell line represents a useful in vitro model for lung epi-
thelium [25], exhibiting the highest homology in gene
expression pattern with primary nontumor cells and the
lowest number of dysregulated genes compared with in
vivo samples [26]. In addition, BEAS-2B are a good
model for toxicity studies and they have already been
used extensively to assess the toxic potential of particu-
late or soluble cobalt for which the route of human ex-
posure could be inhalation [17, 27-30].

After characterizing the morphology and mean diam-
eter size of Co3O4P by, respectively, transmission elec-
tron microscopy (TEM) and dynamic light scattering
(DLS), we investigated cytotoxicity by quantifying adeno-
sine triphosphate (ATP) and the metabolic activity of
BEAS-2B cells. The cytome version of the cytokinesis-
block micronucleus assay (CBMN-cyt), performed con-
formingly to [31, 32], allowed us not just to study the
genotoxicity of Co3O4P by scoring the frequency of
chromosome breakage and/or loss, but also to evaluate
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their cytostatic and cytotoxic effects via the proliferation
index and the apoptotic index. Finally, DNA single
strand breaks (SSB) and double strand breaks (DSB)
were assayed by comet assay and by detecting the
phosphorylation of the histone, H2Ax, on serine 139,
respectively.

The effects induced on BEAS-2B cells by poorly sol-
uble CozO4P were compared with CoCl, by exposing
the cells to equal concentrations of cobalt, allowing us
to discriminate the respective contributions by the parti-
cles themselves and by the ions released into the cell
culture medium.

Results
Co304P characterization in culture medium
A detailed description of the physicochemical properties
of Coz04P has already been presented in previous re-
ports [17, 29]. Scanning electron micrographs (Fig. la)
showed that Co304P were mainly aggregated and exhib-
ited a polyhedral structure with heterogeneous sizes in
the range 100 to 400 nm. Co3O4P size distribution
(Fig. 1b) was further determined by DLS after resus-
pension of the particle stock in culture medium and
sonication. The main intensity peak (98.9 % intensity) cor-
responded to a mean size diameter of 397.3 + 175.4 nm,
and the polydispersity index was 0.21+0.03 (n=6).
Nevertheless, the intensity graph confirmed the hetero-
geneity of Co30,4P observed by SEM, since DLS revealed
the presence of particles in the range 100 nm—1000 nm.
These differences in the results observed by SEM and
DLS are due to the inability of DLS to properly analyse
multi-dispersed particles suspensions [33]. This incap-
ability is caused by a non-linear variation of light scatter-
ing as a function of size, which increases with the sixth
power of their radius and that, consequently, masks the
presence of the smaller particles [34].

Cytotoxicity of cobalt: poorly soluble particles versus
cobalt chloride
The cytotoxicity of Co304P and CoCl, was evaluated in
BEAS-2B cells after 24 h exposure to increasing cobalt
concentrations (0 to 100 pug mL™ cobalt). As shown in
Fig. 2, no to slight toxicity was observed after exposure
to Co304P: the metabolic activity (CellTiter-Blue®) of
BEAS-2B cells was impaired by 12.3+15 % at
10 ug mL™ (p < 0.05) and by 15.4 + 1.8 % at 100 pug mL™"
(p < 0.01) whereas, compared with the untreated control,
the ATP content (CellTiter-Glo®) was slightly reduced
(p <0.05) by 194+ 8.6 % at 10 pg mL™" and by 22.2 + 2.6 %
at 100 pug mL™". The latex beads, LB-3, were not cytotoxic
at up to 100 ug mL™ (data not shown), confirming the
data reported by Ortega and coauthors [17].

By contrast, CoCl, exerted a severe decrease up to
about 85 % in the metabolic activity and in the ATP
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Fig. 1 Morphometric analysis and particle size determination of Cos04P. CosO4P solutions resulted polydispersed and with multiple morphologies, as
shown by SEM (a). The dispersion of particles in culture medium and after 15 min sonication was analysed by DLS (b). The mean intensity + standard
deviation (SD) corresponded to 397.3 + 1754 nm, and PDI=0.21 + 0.03 (n = 6). Both SEM and DLS showed that Cos0,4P solutions were heterogeneous
and composed of particles whose size ranged significantly

content in BEAS-2B cells, as shown by CellTiter-Blue®
and CellTiter-Glo®. The effect was dose dependent and
highly statistically significant (p <0.001) compared with
the untreated control (100 % cell viability). Additionally,
it was possible to calculate the CoCl, ICs5o, which corre-
sponded to 31.3 +3.1 and 24.0 + 3.8 pg mL™" in the case
of CellTiter-Blue® and CellTiter-Glo®, respectively.

Overall, our results show that the cytotoxicity of
poorly soluble Coz04P is significantly lower than that in-
duced by soluble cobalt chloride. Moreover, our data
confirm the results obtained by Darolles et al. [29], who
reported no cytotoxic effects in BEAS-2B cells following
exposure to CozO4P (ICs50=1000 pg mL™? cobalt), and
by Bresson and coauthors [28], where, using CellTiter-
Glo® assay, the IC5q observed for CoCl, corresponded to
20 pg mL™" cobalt.

Cytostasis and apoptosis induced by poorly soluble
Co30,4P and CoCl,

The cytostatic effects exerted by Co3;O4P and CoCl,
were evaluated by performing the CBMN assay and by
determining the cytokinesis-block proliferation index
(CBPI). As shown in Table 1, CozO4P in the range 1.25

to 100 pug mL™" cobalt did not induce any statistically
significant variation of CBPI compared with the un-
treated control cells (C neg). Analogously, LB-3 was not
cytostatic to BEAS-2B cells. CoCl,, by contrast, signifi-
cantly affected (p < 0.05) the cellular proliferation at the
two highest concentrations tested, 10 and 20 pg mL™
cobalt, and the impairment of CBPI was equal to or
more severe than the positive control (0.1 pg mL™
MMC). CBPI observations were confirmed by calculat-
ing the % cytostasis: CoCl, was cytostatic at concentra-
tions>5 pg mL™" cobalt, and the observed cytostasic
effect was comparable to the positive control, MMC;
Co30,P, in contrast, induced a slight but not statistically
significant cytostasis at 10-20 pg mL™, whereas at
100 pug mL™ cobalt, the proliferation of BEAS-2B cells
was significantly impaired (p < 0.01).

The apoptosis induced by Coz0,P and CoCl,, as an
indicator of cytotoxicity, was investigated by scoring the
apoptotic index by CBMN cytome assay. As shown in
Table 1, compared with the negative control, CozO04P
and CoCl, induced cytotoxicity (p <0.001) in BEAS-2B
cells at 5 pug mL™" cobalt, with apoptotic indexes of
161 % and 1.02 % compared to 0.25 % (negative
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Fig. 2 Cos0,P do not exert cytotoxicity in BEAS-2B cells. CellTiter-Blue®

and CellTiTer-Glo® showed that CosO4P induced a slight and not

statistically significant cytotoxicity in BEAS-28B cells. Either analyzing the

mitochondrial activity (CellTiter-Blue®) or the ATP content (CellTiter-Glo®)

after 24 h of exposure, the cellular viability was reduced by only about

20 % at the highest concentration tested (100 ug mL" cobalt).

Differently, the cytotoxicity of CoCl, was dose related and at

100 pg mL! the viability of BEAS-2B was reduced by about 80-85 %.

ICso CellTiter-Blue®: 31.30 £ 3.07 ug mL" cobalt; ICs, CellTiter-Glo®:

2404 +3.75 ug mL™" cobalt. Data are presented as mean % + SEM of

two independent experiments in triplicate. Statistical significance

was evaluated by one-way ANOVA with Holm-Sidak post-hoc test:

*p <005; *p < 0.01; **p < 0.001

control), respectively. Co;O,P at 100 ug mL™ cobalt and
CoCl, at 10 pg mL™" cobalt exerted a slight effect, which
corresponded to 0.62 % and 0.60 % apoptotic index
(p <0.05). The other concentrations tested, and the con-
trol latex bead particles LB-3, did not induce apoptosis
and no dose effect was observed. Therefore, we cannot
conclude to any significant apoptosis induction by cobalt.
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Table 1 Cytostasis and cytotoxicity in BEAS-2B cells exposed to
Co304P and CoCl,

ug mL™ CBPI % cytostasis Apoptotic index
C neg 161+0.05 0.00+0.00 0.25+0.06
C pos 1.34+0.08* 4401 +4.04*** 0.99 + 0.06***
LB-3 1.64£001 0.00+243 0.17£0.07
Cos04P 1.25 1.62+0.02 0.00+257 021 +0.06
2.50 1.63+0.02 0.00+257 034+0.16
5 159 +0.06 284+367 1.61 £ 0.06%**
10 148 £0.11 2096 £5.57 057+0.11
20 148+0.12 20.96 +£6.02 0.60+0.13
100 139+0.10 36.68 + 6.49** 0.62 £0.02%
CoCly 1.25 1.62+0.01 0.00+243 0.06 +£0.06
2.50 1.55+0.03 943 +£2.58 039+0.15
5 149+001 19.34 £1.97% 1.02 £0.06***
10 1.34+£0.05% 44011273 060+0.07*
20 1.20 + 0.00** 67.07 +0.78*** 0.10+0.06

The cytostatic effects induced in BEAS-2B after 24 h exposure to Co304P and
CoCl, were evaluated by the cytokinesis-block proliferation index (CBPI).
Compared with the C neg, only CoCl, at 10-20 ug mL™" cobalt induced a
slightly significant reduction of CBPI. By contrast, Cos04P and their control,
LB-3, did not exert any cytostatic effect on BEAS-2B cells. The % cytostasis
confirmed the toxicity of CoCly, but highlighted the significance of the exposure
to the highest Cos04P concentration tested (100 ug mL™' cobalt). Differently, the
cytotoxicity evaluated by scoring the apoptotic index showed that Co;04P and
CoCl, exerted significant effects at 5 ug mL", whereas a mild apoptosis was
observed after treatment with Co304P and CoCl, (10 ug mL™" cobalt). The positive
control, MMC (0.1 pg mL™), was cytostatic and cytotoxic. Data are expressed

as mean value + SEM of two independent experiments, each in duplicate.
Statistically significant differences from the C neg were determined by one-way
ANOVA followed by Holm-Sidak method for comparisons between groups:

*p <0.05, **p <0.01 and ***p < 0.001

Chromosome damaging properties of cobalt: poorly
soluble particles versus cobalt chloride
The chromosome damaging potential, evaluated by
CBMN assay, showed that Co3;O.P and CoCl, induce
micronuclei formation in BEAS-2B cells. As shown in
Fig. 3, after 24 h exposure both Co3;O.P and CoCl,
exerted a highly statistically significant (p <0.001) and
dose-dependent formation of MN in BN cells.
Compared to the C neg, Co304P induced an increase
in the number of the BNMN cells that ranged from 2.3-
fold at 1.25 pug mL™ cobalt to 6-fold at 100 pug mL*-
cobalt. The chromosome damaging potential of CoCl,
was higher: at 1.25 pug mL™ cobalt, that of BNMN cells
was 3.3 times higher than the corresponding negative
control, and at 10 pg mL™ the frequency of BNMN was
increased by 6-fold. The BNMN cell increase was
higher after CoCl, than Co3;O,4P treatment at 1.25, 2.5
and 10 pg mL™". Similarly to Co304P, 50 ug mL™" LB-3
induced statistically significant (p <0.05) MN for-
mation, which was enhanced 2.8 times compared with
the untreated cells, and consequently the genotoxic
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Fig. 3 Micronuclei formation in BEAS-28B cells upon exposure to
C050.4P and CoCl,. Compared with C neg (0 ug mL™"), CosO,P and
Co(l, induced statistically significant chromosomal damage or loss
with micronuclei formation in BN BEAS-2B cells. BNMN induction was
significantly higher following exposure to CoCl, (1.25-2.5-10 ug mL!
cobalt) than Cos04P. Mitomycin C (positive clastogenic control;
0.1 ug mL") and latex beads LB-3 (50 pg mL™) also resulted in a
significant induction of MN. Data show the number of BNMN cells + SEM
(two independent experiments, 1000 BN in total). Statistical significance
versus C neg was evaluated by chi-square test: *p < 0.05;
*p < 001; **p < 0001

potential of LB-3 was comparable to 1.25-2.5 ug mL™
Co30,P.

The decision to test CoCl, at a maximum of
10 pg mL™" cobalt was based on the recommendations
described by OECD TG487 [35], i.e., to not use test
compounds at concentrations inducing more than
55+ 5 % cytotoxicity.

Primary and oxidative DNA damage induced by Co30,4P
To evaluate DNA lesions (single strand breaks), the
comet assay was performed, both in its alkaline-
conventional (primary damage) and alkaline-modified
protocol with the use of restriction enzymes (oxidative
damage).

As shown in Fig. 4, Coz0O4P induced primary DNA
damage in BEAS-2B cells. At short exposures (2 h), the
effect observed was dose related although only the two
highest conditions tested (10-20 pg mL™") were statisti-
cally significant (p <0.001). Moreover, compared with
the untreated control, at 10 pg mL™ the increase in
DNA damage was 1.7 times higher, while at 20 pg mL™
cobalt there was a 1.9-fold increase. Similarly, after 24 h
treatment, Co3O4P exerted significant DNA strand
breaks in BEAS-2B cells at 2.5 pg mL™ (p <0.05) and at
10-20 pg mL™, with an enhanced DNA damage of 1.4,
1.4 and 1.5 times, respectively.

3 2h
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Fig. 4 Comet assay showed that poorly soluble Cos0O,P induce
primary DNA damage. At 2 h exposure, the primary DNA damage
exerted by Cos0,4P was dose dependent and, compared with C neg
(0 ug mL™), only 10 and 20 pg mL™" were statistically significant. At
24 h, the effect was not dose dependent, but the measured damage
was statistically significant at 2.5, 10 and 20 ug mL". CoCl,, by contrast,
did not induce dose-related primary DNA damage at 2 h or at 24 h.

A statistically significant increase was observed at 2 h exposure for the
three highest concentrations tested whereas no increase was noted at
24 h exposure. Data are presented as mean tail DNA % + SEM of two
independent experiments in duplicate. Statistical significance was
evaluated by one-way ANOVA with Holm-Sidak post-hoc test: *p < 0.05,

9 < 001, **p < 0001

By contrast, CoCl, exerted a milder primary DNA
damage (Fig. 4), and at 2 h exposure the DNA strand
breaks were slightly more severe than at longer expo-
sures (24 h). In fact, compared with the untreated con-
trol, 2 h incubation in the presence of CoCl, induced
DNA damage ranging from a 1.5-fold increase at
1.25 ug mL™" to a 1.7-fold increase at 10 pg mL™" cobalt,
whereas at 24 h incubation the tail DNA % was
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enhanced by 1.2-fold. Additionally, statistical significance
was observed only after short incubation periods at con-
centrations superior to 2.5 pug mL™ cobalt. Moreover,
comparing the DNA damage exerted by 10 pg mL™
Co030,4P and CoCl,, it was possible to observe that at 2 h
exposure the damage, compared with their respective
negative control, was of the same intensity (1.7-fold in-
creased tail DNA %); by contrast, at 24 h Co3O4P was
more genotoxic (1.4-fold increase for CozO04P vs 1.2-fold
increase for CoCl,).

To evaluate the oxidative DNA damage caused by
cobalt, the enzymes, FPG, which recognizes oxidized py-
rimidines, and hOGG1, which is specific for 8-oxoGua,
were added to the alkaline comet assay protocol. An
analysis of the tail DNA % showed that cobalt particles
and cobalt chloride induced oxidative DNA damage both
at 2 h and at 24 h exposure (Table 2). Following expos-
ure to Co30,P, independently of the length of exposure,
FPG detected significant DNA damage at 2.5 pg mL™
and at 10-20 pg mL™ cobalt. Alternatively, the DNA
oxidative damage detected by hOGG1 seemed to be
more severe at low concentrations (1.25-10 pg mL-
cobalt) and at 24 h exposure compared with the results
observed at short incubation times. Moreover, as already
reported by Smith et al, hOGG1 appeared to recognize
oxidative damage with greater specificity than FPG [36].

In the case of CoCl,, interestingly, the oxidative DNA
damage seemed to occur severely after 2 h exposure, at
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all concentrations tested (1.25-10 pug mL™" cobalt), and
independently of the enzyme used. At 24 h exposure, by
contrast, only hOGGI1 detected statistically significant
oxidative DNA damage at 5 and 10 pg mL™, whereas
with FPG all the conditions appeared not to exert DNA
strand breaks.

LB-3 was not genotoxic at 2 h or 24 h exposure, and
the measured tail DNA % was comparable to the C neg
(Fig. 4 and Table 2); conversely, the primary (Fig. 4) and
oxidative (Table 2) DNA damage induced by the positive
control, H,O,, was statistically significant (p < 0.001).

Generation of y-H2Ax after cobalt treatment

By detecting, via immunofluorescence, the phosphory-
lated histone, H2Ax (y-H2Ax), we evaluated the DNA
double strand breaks (DSB) exerted by 24 h exposure to
cobalt, and the results showed that Co3;O4P and CoCl,
(10 ug mL™" cobalt) induced a linear y-H2Ax formation
already from 2.5 to 20 pug mL™ cobalt (Fig. 5a). We also
observed that Co3O4P (0.97 £0.04 foci per cell at
2.5 ug mL™ up to 2.32+0.07 at 20 pug mL™") induced a
less severe formation of y-H2Ax foci compared with
CoCl, (1.47 +0.04 at 2.5 pug mL™" up to 4.39+0.02 at
20 pg mL™), while C pos (MMC, 0.1 pg mL™) resulted
in a statistically significant higher mean number of
y-H2Ax foci per cell (14.01 £0.07) compared with C
neg (0.67 £ 0.03).

Table 2 Oxidative DNA damage evaluated by alkaline comet assay modified with the enzymes FPG and hOGG1 in BEAS-2B cells:

tail DNA %
ug mL”’ 2h 24 h
FPG hOGG1 FPG hOGG1
LB-3 6.22 +048 5414046 394+034 333+033
C pos 81.89 £ 0.69*** 7225+ 053 81.78 £ 0.70*** 83.01 061
Cneg 6.79+0.53 515+043 6.19+048 3.15+033
Cos04P 1.25 560+0.39 15.69 £ 1.49%** 481+035 11.57 £ 0.69%**
25 9.59 + 0.66** 9.01+0.56 873 £0.55%* 12.82 +0.82%**
5 6.25+0.52 8314052 7394053 9.58 £ 0.77***
10 11.23 £0.76%** 1343 £1.78%%* 10.74 £ 0.64%** 6.80 £0.61%**
20 12.14 £ 0.76*** 1347 +1.46%** 10.79 +0.73%** 436+039
C pos 82.71 £ 042%* 7637 £061%** 73.67 £ 0.64*** 74.99 + 0.77%**
C neg 298+0.29 2724026 477 +032 431+028
CoCly 1.25 493 +0.33** 443 +0.34* 502+036 5.75+047
25 6.98 + 0.47%** 5.88 + 0.46*** 471+038 4.69+0.36
5 501 +£037** 5.73 £043%** 493+0.36 6.75 +042%*
10 771 £048*** 5.02 £ 041%** 5204037 847 +049%**

After 2 h exposure, both FPG and hOGG1 enzymes detected oxidative DNA damage in BEAS-2B cells. Additionally, at the highest concentrations tested, Co3O,4P
induced more severe DNA damage than CoCl,, but compared with C neg, CoCl, induced statistically significant DNA damage at all the concentrations tested,
while Co304P did not. After 24 h, both enzymes showed that oxidative DNA damage occurred in the presence of Cos;0,4P, which, additionally, seemed to induce
more severe and significant damage than CoCl,. LB-3 (50 ug mL™") was used as an internal control for the cobalt particles; 110 uM H,O, represented the positive
control. Statistical analysis was performed by one-way ANOVA with Holm-Sidak post-hoc test (*p < 0.05; **p < 0.01; ***p < 0.001)
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Fig. 5 Evaluation of double strand breaks in BEAS-2B cells exposed
to cobalt using y-H2Ax staining. The graphical representation of the
phosphorylation of the histone H2Ax as (a) mean number of foci
per cell indicates that CoCl, is slightly more genotoxic that CosO4P.
This conclusion is further supported by the mean number of cells
that developed foci after exposure to 10 pg mL™ cobalt, (b), which
clearly shows how CoCl, induced more foci formation than CosO4P.
C pos (0.10 pg ML MMC) was highly significant compared with C
neg. Data are presented as (@) mean number of foci per cell + SEM
and (b) mean number of cells with a given number of foci (two
independent experiments in duplicate). Statistical significance was
evaluated by one-way ANOVA with Holm-Sidak post-hoc

test: ***p < 0.001

In the case of BEAS-2B incubated with Co304P
(10 pg mL™" cobalt), the mean number of cells with a
given number of y-H2Ax foci in the nuclei (Fig. 5b) de-
creased and ranged from 425.00 + 9.74 cells in the group
with no foci per cell to 1.00 + 0.33 cells in the group hav-
ing> 11 foci per nucleus. A similar trend was observed
for C neg, which displayed a mean number of cells with
y-H2Ax foci ranging from 0 (642.00 + 16.27 cells) to 7-8
(3.00 + 1.33 cells). In addition, CoClyinduced a y-H2Ax
foci formation, but the number of cells with a high num-
ber of foci was greater compared with Co304P. In fact,
304.00 £ 10.02 cells did not show foci in their nuclei,
whereas 66.00 +4.16 of the BEAS-2B cells developed =
11 y-H2Ax foci. In the positive control, MMC, in
contrast, a very high number of cells (582.00 + 9.00)
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with> 11 y-H2Ax foci was scored versus 52.00 + 3.00
BEAS-2B where no foci were scored.

We also analyzed DNA double strand breakage in the
presence of the ROS scavenger, N-acetylcysteine (NAC;
0.5 mM, 2 h pretreatment) (Table 3). We observed that
the treatment with NAC induced a highly statistically
significant (p <0.001) decrease in the number of cells
with y-H2Ax foci, both in BEAS-2B exposed to Coz04P
and those exposed to CoCl, as well as in C neg.
Additionally, the effect was more pronounced in cells
incubated with Co30,P compared with CoCl,. While
y-H2Ax foci formation decreased by 20- and 55-fold in
NAC-pretreated BEAS-2B exposed to 10 and 20 pg ml™
CoCl,, respectively, at the same cobalt concentrations the
decreases in DNA double strand breakage following incu-
bation with Co3;O4P were, respectively, 58- and 75-fold.

Discussion
Exposure by inhalation, either occupational or acciden-
tal, to metallic cobalt or cobalt oxide particles has
increased recently, in line with an increase in their in-
dustrial use. In the case of poorly soluble Co3zO4P, the
increased risk following inhalation is enhanced by the
fact that, in vivo, Co304P can be retained for periods of
time ranging from months to years, thus prolonging
their toxic potential [12, 37]. In addition, Co3O,P trigger
toxic effects via a Trojan-horse like mechanism, by
which Coz0,P are able to release cobalt ions (Co>") when
they are taken up into acidic intracellular compartments
such as endosomes and lysosomes [13, 17, 38, 39]. As Co**
are known to be cytotoxic, genotoxic and potentially car-
cinogenic to humans [40], and because Co?* do not display
a threshold below which they are not toxic, cobalt now
appears even more potentially harmful for human health.
The current literature reports extensively on the tox-
icity exerted by soluble cobalt particles (metallic CoP
and CoOP oxides) and by their released ionic fraction.
For example, the concentration-related reduction in cell

Table 3 Histone H2Ax phosphorylation in BEAS-2B cells
pre-exposed to NAC

pg mL! Without NAC With NAC Fold
pretreatment pretreatmem decrease
C neg 067 +0.06 0.06 +0.02"* 11
CosO4P 10 1.74 40125 003 +0.01" 58
20 226+ 0.14%%% 0.03 001" 75
CoCl, 10 337 £0.19%* 0.17 0,04 20
20 4404 0.12%%% 008+ 002" 55

The pretreatment of BEAS-2B cells with 0.5 mM NAC exerted a statistically
significant reduction of y-H2Ax foci, independently of the exposure of the cells
to Cos04P or CoCl,. However, the protective effect of NAC in Co;04P-incubated
cells seems stronger than in BEAS-2B exposed to CoCl,. Statistical analysis was
performed by one-way ANOVA with Holm-Sidak post-hoc test. Significance versus
C neg cells not pretreated with NAC: ***p < 0.001. Significance of NAC pretreated
samples versus the corresponding non preincubated ones: ##p < 0.001
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viability observed in A549 and in HaCaT was reported
by Horie et al. to depend on the released Co®* rather than
on CoOP [41]. Similarly, by MTT assay, Chattopadhyay
and coauthors reported that chitosan-modified CoOP in-
duced an impairment of mitochondrial activity in different
human cell lines such as T-lymphocyte (Jurkat) or
myelogenous leukemia (K562 and KGla) cells, and that
cytotoxicity depended on the pH and the amount of Co*"*
released [42]. In fact, the fraction of cobalt ions released
from chitosan-coated CoOP was greater in acidic condi-
tions than at neutral pH, and this effect was positively
related to the cytotoxicity of the particles [42].

By contrast, there is also evidence in the literature that
cobalt particles are more toxic than cobalt ions. In
HepG2 cells, the concentration- and time-dependent
cytotoxicity of poorly soluble CozO4P, evaluated by
measuring mitochondrial activity and membrane integ-
rity, was more severe following exposure to particles
than to CoCl, [43]. Similarly, Ponti et al. showed that
metal CoP, whose mean size diameter ranged from 20 to
500 nm and which showed a time-dependent Co>* leak-
age, at 2 and 24 h of exposure, more severely impaired
the colony-forming efficiency of Balb/3 T3 mouse fibro-
blasts compared with Co ions, and this effect was related
to a higher cellular uptake of CoP compared with Co**
[22]. More recently, Sabbioni and coauthors showed that
the cytotoxicity of metal CoP in Balb/3 T3 fibroblasts
was positively related to concentration and the exposure
length, with CoP more toxic than Co>* [18]. However, as
CoP were highly soluble (10-20 % solubilization within
4 h incubation in culture medium) and the uptake of co-
balt released from the particles was 50—60 times higher
than CoCl, [44], and considering cytotoxicity as a func-
tion of the intracellular Co content, the authors ob-
served that the ionic form (CoCl,) induced higher
toxicity than the particles [18].

In our study, conversely, we focused on poorly soluble
Co30,P, which were previously characterized by Ortega
and coauthors [17]. By performing CellTiter-Glo® and
CellTiter-Blue® assays, and by analyzing cytostasis via
the cytokinesis-block proliferation index, we observed
that CoCl, induced a severe cytotoxicity, while Co304P
did not trigger any cytotoxicity but moderate cytostasic
effect in BEAS-2B cells up to 100 and 20 pg mL™, re-
spectively. In agreement with Bresson et al. [28], who set
the ICs, at 20 ug mL™, we showed that the CoCl, ICs,
ranged from 24 to 31 ug mL™ at 24 h exposure. In the
same way, our results confirmed the noncytotoxic
potential of poorly soluble Co3;O,.P that has already
been reported by Darolles et al. [29], who obtained
an ICg, > 1000 pg mL™.

Poorly soluble Co3O4P are characterized by a quick in-
ternalization into the lysosomal compartments of BEAS-
2B cells. The exposure of BEAS-2B cells to 50 ug mLof
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cobalt particles, that corresponds to IC25, gave a quan-
tity of intracellular cobalt particles of 9500 + 1650 fg/cell,
with 6.7 + 3.0 fg/cell solubilized cobalt, and exposure of
BEAS-2B cells to 170 pg mL™of cobalt particles, that
corresponds to IC50, gave a quantity of intracellular cobalt
particles of 20 450 +23 500 fg/cell, with 48 + 20 fg/cell
solubilized cobalt [17]. It was also shown that IC25 CoCl,
(29 ug mL") corresponded to 5.4+ 0.8 fg/cell of intra-
cellular solubilized cobalt, indicating that 17 times more
cobalt particles concentration compared to CoCl, are
needed to obtain a comparable intracellular amount of
solubilized cobalt [17]). Moreover, Co30O,4P are character-
ized by a very low and pH-dependent Co** release (up to
3 days in solution, 0.3 % Co®" leaking at neutral pH and
2 % under acidic conditions) [17]. More importantly, they
can be solubilized into intracellular organelles (such as
endosomes and lysosomes) thus triggering cytotoxicity via
a Trojan-horse-like mechanism, [17].

Current literature reports few information on the gen-
otoxic potential of poorly soluble Co;O4P [30, 43] (Table
4). Most of the studies have been performed on metal
Co particles that are known to be genotoxic but soluble
[18, 22, 45-48] (Table 4). We investigated the DNA and
chromosome damage potentials of these particles versus
CoCl,. By performing CBMN assays we observed that
both Co3;0,4P and CoCl, exerted similar MN formation
in BN BEAS-2B cells. It is noteworthy that cobalt in-
duced chromosome damage without impairing neither
ATP cellular content nor cellular metabolism capability
(Fig. 2). Nevertheless, an increase in cytostasis was ob-
served for CoCl, and Co;0,4P at cobalt concentration > 5
and 10 pg mL™, respectively (Table 1). Moreover, alka-
line comet assays showed that, at cobalt concentration
inferior to 5 pg mL"’, the DNA damage exerted by
Co304P and CoCl, was comparable, while at 10 pg mL7,
Co304P was more genotoxic than soluble CoCl,. Lastly,
when we analyzed the extent of phosphorylated histone,
H2Ax, we observed that CoCl, induced a higher level of
damage than Co30,4P, either considering the mean num-
ber of total foci per cell, or taking into account the num-
ber of cells with more than 9 foci. This damage might be
linked to oxidative effects on the DNA as is was greatly re-
duced in the presence of NAC.

By comparing the in vitro genotoxicity of soluble metal
CoP and Co** on freshly isolated human peripheral leu-
kocytes, Colognato et al. observed a clear concentration-
dependent MN frequency after exposure to cobalt ions,
whereas CoP showed only minor changes compared
with the untreated control [45]. Nevertheless, by com-
paring the individual blood donors, the frequency of
MN was highly variable and the differences observed
among the single donors were statistically significant
[45]. By contrast, as shown by comet assay, CoP induced
concentration-dependent primary DNA damage to
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Table 4 Genotoxicity studies on cobalt particles
Type of cobalt particle and Cell model Assays performed, concentration  Results Ref.

nominal size

and exposure length

Co metal particles
CoP (34 nm)CoMP (2.2 um)

CoP (20-500 nm)

CoP (100-500 nm)

CoP (<50 nm)

CoP (20 nm)

CoP (4 um)

Cos0, particles

Commercially available Cos0O4P
Sigma- Aldrich (22 nm)

Balb/3 T3 mouse fibroblasts,
clone A31-1-1

Balb/3 T3 mouse fibroblasts,
clone A31-1-1

Human peripheral blood leukocytes
(PBLs)

Mouse embryonic fibroblasts
MEF Ogg1**MEF Ogg1””

Human lung epithelial cells
(A549)

Human peripheral blood
mononucleated cells (PBMC)

Human lung epithelial cells
(A549)

Human bronchial epithelial
cells (BEAS-2B)

Colony forming efficiency
(0.1-100 uM, 4-72 h)

H,DCFDA (1-100 pM, 4 h)
GSH (1-100 pM, 4 h)
LPO (1-100 UM, 4 h)

Morphological transformation +/-
ascorbic acid (1-20 uM, 72 h)

Colony forming efficiency
(0.1-100 uM, 2-24-72 h)

Morphological transformation
(1-30 uM, 72 h)

CBMN (1-10 pM, 24 h)

Comet assay (1-5 UM, 2 h)
CBMN (10°-10° M, 24 h)
Comet assay (10°-10™ uM, 2 h)

Automated cell counting method
(0.05-40 ug ml™”, 24-48 h)

Comet assay (0.05-1 ug ml”,
24 h)

FPG-modified comet assay
(0.05-1 pg ml™, 24 h)

Alamar blue (2.5-40 ug ml™,
24 h)

H,DCFDA (2.5-15 g ml™, 12 h)

8-OHdG +/- NAC pre-treatment
(2.5-15 ug ml™, 12-24 h)

Comet assay (5-15 pg ml™', 12 h)
y-H2Ax foci (5-15 pg ml™', 12 h)
CBMN (0.6-6 pg ml™", 15 min)

Comet assay (0.6-6 ug ml”,
15 min)

LDH and WST-1 (1-40 pg mi™,
0.5-2-24 h)

Comet assay (1-40 pg ml™,
2-24 h)

FPG-modified comet assay
(1-40 ug ml”", 2-24 h)

LDH (1-40 pg ml™, 0.5-2-24 h)

Concentration- and time-dependent
cytotoxicity

Increased intracellular ROS
Reduced total GSH content

Concentration-dependentLPO
formation

Induction of type-lll foci, significantly
decreased in the presence of
ascorbic acid

Concentration-related cytotoxicity
Increase in Type-lll foci formation
Statistically significant induction of

Induction of DNA damage
Increase in MN formation

Concentration-dependent DNA
damage

Cytotoxicity observed at 48 h
exposure

No DNA damage
DNA damage in MEF Ogg1”” cells
Significant cytotoxicity at > 20 ug ml”

Concentration-dependent increase in
ROS generation

Oxidative stress and damage but not
when cells are pre-incubated with
NAC

Concentration- and time-related
increase in DNA damage

Pre-incubation of cells with NAC
attenuated the DNA damage

Statistically significant concentration-
dependent increase in MN

No DNA damage

No cytotoxicity

DNA damage at the highest
concentrations (20-40 ug ml™

Oxidative DNA damage at the
highest tested concentrations
(20-40 pg ml™)

Dose-related cytotoxicity only at
2 h exposure

18

22

45

46

47

48

30
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Table 4 Genotoxicity studies on cobalt particles (Continued)

Page 10 of 15

WST-1 (1-40 ug ml™, 24 h)

Comet assay (1-40 pg ml™",
2-24 h)

FPG-modified comet assay

Statistically significant viability
reduction only at 40 pg ml”’

Concentration-related DNA damage
only at 40 ug ml”

Oxidative DNA damage

(1-40 pg ml™', 2-24 h)

Commercially available Cos04P, Human hepatocarcinoma
Sigma-Aldrich (264 nm by DLS; (HepG2) cells
22 nm by TEM)

Caspase-3 (5-10-15 ug ml ™,
24-48 h)

Comet assay

LDH and MTT (5-40 ug ml™,
24-48 h)

GSH/LPO/SOD/catalase
(5-10-15 ug ml™", 24-48 h)

Concentration- and time-dependent 43
cytotoxicity

Concentration- and time-related
depletion of GSH and induction of
LPO, SOD, and catalase

Concentration- and time-dependent
increase of caspase-3 activity

Concentration- and time-dependent
DNA damage

freshly isolated human peripheral leukocytes, whereas
Co>* did not exert any effect, and to explain these con-
troversial results the authors suggested that the lack of
DNA strand break induction by CoCl, might be due to
the fact that Co>" are internalized less efficiently than
CoP [45].

In Balb/3 T3 mouse fibroblasts, soluble CoP was more
severe in inducing MN formation compared with Co**:
1-5-10 uM CoP exerted statistically significant but not
dose-related chromosomal aberrations, whereas under
the same experimental conditions Co®* did not exert mi-
cronucleus formation [22]. Additionally, Ponti and coau-
thors observed, by comet assay, a statistically significant
induction of DNA damage following exposure to CoP
and Co?*, with the increased DNA damage induced by
CoP not dose dependent whereas a dose-dependent
effect was observed for Co** [22].

More recently, poorly soluble Co304P were shown to
induce, in HepG2 cells, concentration- and time-
dependent primary DNA damage [43]. In BEAS-2B cells,
we have observed a similar effect following 2 h and 24 h
exposure.

Additionally, Cavallo et al. observed that, in BEAS-2B
cells, the primary DNA damage induced by Coz;O4P
could be observed only at high concentrations (20—
40 pg mL™), while oxidative DNA damage, analyzed by
performing a FPG-modified comet assay, was particu-
larly evident at low concentrations (5-10 pg mL™) [30].
These results are only partially confirmed by our obser-
vations, by which the incubation of BEAS-2B cells with
poorly soluble Coz04P enhanced primary DNA strand
breaks already at 10 pg mL™* cobalt, whereas at 2 h and
24 h exposure oxidative DNA lesions were significantly
induced at much low cobalt concentrations (2.5 ug mL™
cobalt using FPG and 1.25 pg mL™' cobalt using
hOGG1).

The genotoxic potential of several types of nanoparti-
cles, including cobalt nanoparticles, has been linked to
their ability to induce oxidative stress [49-51]. For
example, soluble CoOP exerted significant induction of
ROS in human lymphocytes and in mouse peripheral
blood mononuclear cells [52], as well as in the leukemic
Jurkat, K562 and KG1-a cells [53]. In HepG2, the deple-
tion of GSH and the induction of membrane lipid perox-
idation was higher in the presence of poorly soluble
Co30,P than following exposure to CoCl, [43]. Simi-
larly, Papis and coauthors reported that, at equal cobalt
concentrations, insoluble Co;O,P were more capable of
inducing ROS in HepG2 and ECV-304 compared with
CoCl, [15]. Moreover, the exposure of primary human
aorta (HAECs) and umbilical (HUVECs) endothelial
cells to poorly soluble CozO4P resulted in a statistically
significant ROS increase, associated with lipid peroxida-
tion and GSH scavenger activity [54]. We also investi-
gated the oxidative stress induced by cobalt in BEAS-2B
cells and we observed that CoCl,, but not Co30,P
altered the GSH/GSSG ratio at 24 h exposure (data not
shown). The difference observed between our results
and the literature might be due to either the different
solubility of the particles studied (CoOP and Co3;0,4P) or
to different exposure times. Indeed, oxidative potential
of poorly soluble Co3;04.P has been reported following
exposure times ranging between 30 and 60 min [15, 54].

Intracellular uptake and solubilization of cobalt were
determined in our previous study, showing that the same
amount of intracellular soluble cobalt is found when
cells are incubated with 50 ug mL™ of particulate cobalt
(Co304P) or 2.9 pg mL™ of soluble cobalt (CoCl,) [17].
As, in this study, DNA and chromosome damage were
observed at low CosO4P concentrations (22.5 pg mL™),
the genotoxic effects would be induced by the particles
themselves and not by the amount of intracellular
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solubilized cobalt which is, as shown in our previous
study [17], very low.

Taking our results together, they suggest that Co;O,P
and CoCl, exert genotoxicity by different mechanisms.
Co304P seem to induce more primary single DNA
strand breaks (SSB) than free Co-ions that, indeed, exert
double DNA strand breakages (DSB) in BEAS-2B cells.
The main difference between the damage induced by
Co30,4P and CoCl, seem to be related to the contribu-
tion given by oxidative stress. The hypothesis is that
Co304P generate free radical species on the cell mem-
brane, inducing lipid peroxidation. Lipid peroxidation
products, such as malondialdehyde (MDA) and 4-hydroxy-
2-nonenal (4-HNE), are well known to contribute to the
formation of interstrand DNA crosslinks and DNA-protein
conjugates [55]. These DNA lesions are known to decrease
the migration of DNA in the comet assay and are con-
verted in double strand break during mitosis or repaired by
recombination.

Co-ions also exerted oxidative stress in BEAS-2B cells
but not preferentially on cell membrane. The hypothesis
is that CoCl, does not induce the same level of lipid per-
oxydation products, and thus lower interstrand DNA
crosslinks and DNA-protein conjugates are generated.
Therefore, free radicals species induce a dose related
increase in the modified comet assay. Following CoCl,
incubation, the formation of DSB is demonstrated by the
scoring of MN, but especially by the high phosphoryl-
ation of the histone H2AX. Since y-H2AX foci were
inhibited by pre-treating BEAS-2B cells with the antioxi-
dant NAC, and because the GSH/GSSG ratio decreased
only in CoCl, exposed cells, we can assume that, com-
pared to poorly soluble Co3;O,P, differently generated
free radicals and oxidative stress occur and cause the
genotoxicity of cobalt chloride.

Although comet assay is usually known to be more sen-
sitive to DNA damage than CBMN, in our experiments
we have observed a substantially greater degree of DNA
damage with the CBMN assay. This discrepancy might be
linked to the differences of the two proposed protocols. In
fact, while comet assay is performed directly at the end of
the exposure period, CBMN requires a further incubation
(28 h) following exposure to Co30O4P and CoCl,, during
which two different events could have happened: (i) cells
might have continued being exposed to particles (particles
that cannot be completely removed from culture sub-
strates or cell membrane by simple washing), and (ii) the
internalized cobalt particles and soluble cobalt might have
continued to exert their genotoxic action, resulting thus in
a higher genotoxicity compared to comet assay. This dis-
crepancy could also be partly due to a reduced DNA mi-
gration during comet assay following interstrand DNA
crosslinks and/or DNA-protein conjugates formation con-
secutive to lipid peroxidation.
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Conclusions

From the current literature (summarized in Table 4), it
was evident that there was a lack of information on
Co30, particles, which result particularly important
since they are those involved in cases of accidental con-
tamination in the nuclear industry [12]. Therefore, our
study represents the first comprehensive genotoxicity
study on poorly soluble Coz0, particles. Our findings,
which raise concern about long-term Co3;O4P exposure
in case of accidental inhalation, have shown that Co3;O,P
induce in BEAS-2B bronchial cells genotoxic effects that
are independent of the amount of intracellular solubi-
lized cobalt. DNA and chromosome damages, in fact,
are observed at non cytotoxic concentrations and might
be linked to oxidative effects on the DNA. In vivo stud-
ies would be needed to fully evaluate the carcinogenic
risk associated with exposure to these particles, as well
as additional in vitro studies to better evaluate the oxida-
tive potential of cobalt particles and cobalt ions.

Methods

Reagents

LHC9 and LHC basal medium, trypsin, PBS and ProLong®
Gold antifade reagent with DAPI were purchased from
Life Technologies (Saint Aubin, France). Co30, particles
(Co304P) were supplied by Merck (Fontenay Sous Bois,
France) and, according to the manufacturer’s quality con-
trol sheet, their purity was of 98.4 %. CoCl, x 6 H,O and
Polystyrene Latex Beads (LB-3 in aqueous suspension;
0.3 um mean diameter size) were purchased from Sigma-
Aldrich (Lyon, France). CellTiter-Glo® Luminescence Cell
Viability Assay and CellTiter-Blue® Assay were purchased
from Promega (Charbonnieres, France). All other reagents
were purchased from Sigma-Aldrich.

Cobalt and latex bead preparations

The cobalt particles used were the very same previously
investigated by Ortega et al. [17] and by Darolles et al.
[29]. Poorly soluble Co3;0,P were suspended in deion-
ized water to prepare stock solutions with a cobalt
concentration of 8 mg mL™"; suspensions were then son-
icated for 15 min with an Autotune sonicator (Fisher
Scientific; Illkirch, France) operated at 750 W, and
stored at — 20 °C until use. Before the cells were exposed
to Co304P, the stock solutions were sonicated for
15 min in the same conditions as described above, and
diluted in culture medium [29]. The cobalt concentra-
tion of Coz04P stocks was determined by ICP-AES from
an external standard calibration curve using three wave-
length emission lines (228.616 nm, 237.862 nm and
238.892 nm) with a 5 s integration time. Five replicates
for each wavelength were analyzed, and the final concen-
tration considered was the mean value obtained from
the three wavelengths. Detailed particle characterization



Uboldi et al. Particle and Fibre Toxicology (2016) 13:5

has been described previously [17, 29]. Before each ex-
periment, the dispersion or aggregation/agglomeration
of freshly sonicated particles was assessed by dynamic
light scattering (DLS) using a Nano ZS ZetaSizer
(Malvern; Orsay, France).

LB-3 polystyrene latex beads were used as the negative
control for Co30,P. Before the addition of LB-3 to cul-
ture medium, the solution underwent sonication for
1 min [17].

CoCl, x 6 HyO (named CoCl,), included in the study
to discriminate between the toxic effects exerted by
Co304P and their released ions, was prepared at a final
cobalt concentration of 10 mg mL™ in deionized water,
and did not require any sonication step.

Cell cultures and exposure to cobalt

The transformed human bronchial epithelial cell line,
BEAS-2B, was obtained from the American Type
Culture Collection (CRL#9609). Cells were cultured in
sterile tissue culture treated flasks or plates precoated
using a solution comprising BSA (0.01 mg mL™), human
fibronectin (0.01 mg mL™) and collagen (0.03 mg mL™?)
in LHC basal medium. The cultured cells were main-
tained in LHC-9 medium under standard cell culture
conditions (37 °C in 5 % CO, at 95 % humidity) and pas-
saged, by trypsinization (0.25 % trypsin and 2.6 mM
EDTA), at 70-80 % confluence.

For the experiments with cobalt, BEAS-2B cells were
exposed for 2 h and/or 24 h to increasing concentrations
of poorly soluble Co;0,P and cobalt chloride solutions
so that the concentration of cobalt ranged from 1.25 to
100 pg mL" in LHC-9 medium. As the treatments were
performed in multiwell plates or chambers, the volumes
were strictly adjusted to the surface area of the culture
supports. Cells were also exposed to LB-3 at the fixed,
nontoxic concentration of 50 ug mL™ [17].

Cytotoxicity assays

The effects of poorly soluble Co304P, CoCl, and LB-3
on the viability of human BEAS-2B cells were evaluated
using the CellTiter-Blue® Assay and the CellTiter-Glo®
Luminescence Cell Viability Assay.

The CellTiter-Blue® assay is based on the measure-
ment of mitochondrial reductase activity, and in particu-
lar of resazurin, a nonfluorescent substrate, which is
reduced to the fluorescent product, resorufin, by mito-
chondrial reductases. To perform this assay, 2 x 10*
BEAS-2B cells cm™ were seeded into opaque 96-well
plates and grown for 24 h before being exposed to
Co304P, CoCl, or LB-3. The assay protocol described by
the manufacturer was improved to avoid particle inter-
ference during luminescence reading [29]: at the end of
the exposure period (24 h), 20 pL CellTiter-Blue® solu-
tion were added into each well and incubated (3 h at
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37 °C). After centrifugation (900 g, 5 min, RT) to pellet
Co30,4P, 100 pL supernatant from each well was trans-
ferred into an empty plate, and fluorescence (excitation
at 560 nm and emission at 590 nm) was measured on a
plate reader (LumiStar, BMG LABTECH, Champigny
s/Marne, France). For each condition, three independent
assays were carried out, each performed in duplicate. The
fluorescence values were normalized to the untreated con-
trol and expressed as percentage of viability.

The cytotoxic potential of poorly soluble CozO4P
on BEAS-2B cells was further investigated by the
CellTiter-Glo® Luminescence Cell Viability Assay, an in
vitro test that allows the measurement of the amount of
intracellular ATP, which is directly linked to the number
of metabolically active cells. Briefly, BEAS-2B were plated
at the same density and conditions described for
CellTiter-Blue®. To avoid interference between Co3;0,P
and the CellTiter-Glo® reagents, at the end of the exposure
(24 h) plates were handled as described above. Data were
acquired using a luminescence plate reader. For each ex-
perimental point, three independent assays were carried
out, each performed in duplicate. Values were expressed
as percentage of viability following the formula [(mean
luminescence for a given sample condition/mean lumines-
cence of unexposed cells) x 100].

Cytostasis, cytotoxicity and genotoxicity: cytome
cytokinesis-blocked micronucleus (CBMN) assay
The cytokinesis-block micronucleus assay (CBMN), per-
formed according to the protocol described by M.
Fenech [31, 32] and to the recent recommendations con-
cerning exposure to nanomaterials [56—58], allowed us
to identify chromosome breakage or loss following ex-
posure to poorly soluble CosO4P and cobalt chloride.
BEAS-2B cells were seeded onto a 2-well Lab-Tek™ II
Chamber Slide™ System (Nalgene Nunc International,
Villebon sur Yvette, France) at a density of 2 x 10* cells
cm®. After 24 h culture, cells were treated with increasing
concentrations of Co3O4P and/or CoCl, (0 to 100 pg mL™
cobalt), with 0.1 pg mL™ mitomycin C (MMC), which
served as a positive control, whereas LHC-9 culture
medium and LB-3 (50 pg mL') were the negative con-
trols. After 24 h exposure, cells were washed and cytocha-
lasin B (3 pug mL™) was added to the cultures to block
cytokinesis. Cells were maintained in culture for an add-
itional 28 h in order to arrest the cytokinesis and to allow
the scoring of binucleated cells. Afterwards, cells were
fixed with 4 % paraformaldehyde in PBS (20 min, RT) and
permeabilized with 0.25 % Triton” X-100. To stain the
cytoplasm, actin staining was carried out with a solution
of phalloidin-tetramethylrhodamine B isothiocyanate
(0.06 pug mL™), while the nuclear staining was performed
using ProLong® Gold antifade reagent with DAPIL.
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All assays were performed in two independent ex-
periments, and slides were scored blindly using an epi-
fluorescence microscope (Nikon; Champigny sur Marne,
France) at 400 X magnification.

Micronuclei (MN) were assessed in binucleated (BN)
cells that had completed one nuclear division following
exposure to the test compounds [59-61]. As previously
described [53], for each experimental condition the
number of BN micronucleated (BNMN) cells was scored
in 1000 BN cells.

Since CBMN was performed in its implemented cytome
version [32], cytostasis and cytotoxicity exerted by poorly
soluble Co30,4P and cobalt chloride in BEAS-2B cells were
also determined. To evaluate cytostasis, the cytokinesis
block proliferation index (CBPI) was calculated by scoring
mononucleated, BN and multinucleated cells in the first
500 living cells analyzed. CBPI, which indicates the aver-
age number of cell divisions completed by the cells, was
calculated as follows [61]: [(1 x number of mononucleated
cells) + (2 x number of BN cells) + (3 x number of
multinucleated cells)/500 cells]. The percentage of cytos-
tasis was calculated as described by OECD (T G487, 2014):
{100 - 100 x [(CBPI treated cells - 1)/(CBPI C neg - 1)]}.

Finally, the apoptotic index, calculated as the percent-
age of apoptotic cells (early and late apoptosis) in 500
viable cells [32], allowed us to evaluate the cytotoxic
potential of cobalt in bronchial BEAS-2B cells.

Alkaline comet assay: primary and oxidative DNA damage
To detect the DNA damage induced by cobalt in BEAS-2B
cells, the comet assay in alkaline conditions was performed.
2.0 x 10* cells cm™ were seeded onto precoated 12-well
plates (BD Falcon; Le Pont de Claix, France) and, after
overnight incubation, cultures were exposed to poorly sol-
uble Co;0,4P, CoCl, and LB-3 for 2 and 24 h. At the end of
the treatment period, cells were trypsinized, diluted in 1 %
low-melting-point (LMP) agarose and spotted onto glass
slides precoated with 1.6 % and 0.8 % normal-melting-
point (NMP) agarose. Afterwards, cells were lysed and the
DNA denatured. After denaturation, which occurred in a
solution comprising 300 mM NaOH and 1 mM EDTA in
MilliQ water, slides underwent electrophoresis by setting
constant voltage (25 V) and variable amperage (300 to
315 mA) for 20 min at 4 °C. After neutralization and dehy-
dration, slides were air-dried before being stained with pro-
pidium iodide (PI). As a negative control, cells were
incubated in LHC9 medium alone, while as a positive con-
trol cells were exposed (5 min at 4 °C, protected from light)
to 110 uM hydrogen peroxide (H,O,).

For the analysis of oxidative DNA damage, after cell
membrane lysis, the enzymes, formamidopyrimidine
DNA glycosylase (FPG; New England Biolabs, Evry,
France) and human 8-oxoguanine DNA N-glycosylase 1
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(hOGG1; New England Biolabs, Evry, France), were
added to the slides and incubated for 30 min at 37 °C.

Slides, which were prepared in duplicate for each experi-
mental condition, were analyzed under a fluorescence
microscope at 400 X magnification using the Komet 6.0
software (Andor Bioimaging, Nottingham, UK). DNA
damage was expressed as mean tail DNA % + standard
error of the mean (SEM).

Immunostaining of gamma-H2Ax foci

The induction of DNA double strand breaks (DSB) follow-
ing exposure to poorly soluble Co;O,P was analyzed by
gamma-H2Ax immunostaining. To examine the role of
ROS in the production of DSB after exposure to Co3O,P
and cobalt chloride, we examined DNA damage in the
presence/absence of pretreatment with the ROS scavenger,
N-acetyl-cysteine (NAC). After seeding (2 x 10* cells cm™
onto 2-well Lab-Tek™ II Chamber Slide™ System), cells
were exposed to a subtoxic concentration (0.5 mM) of
NAC for 2 h before the addition of increasing concentra-
tions of Co304P and CoCl, (0-20 pg mL " cobalt). After
24 h treatment, cells were washed with PBS, fixed for
20 min in 4 % paraformaldehyde in PBS, and perme-
abilized for 2 min at 4 °C in a buffer composed of 20 mM
Tris at pH 7, 20 mM NaCl, 300 mM sucrose, 3 mM
MgCl, and 0.5 % Triton X-100. Thereafter, BEAS-2B cells
were incubated with the anti-gamma H2Ax ser139 anti-
body (clone JBW301; Merck Millipore, Fontenay sous
Bois, France) for 40 min at 37 °C. After two washes in
PBS, cells were then incubated (20 min, 37 °C) with an
anti-mouse fluorescein (FITC) secondary antibody (Sigma-
Aldrich, France). Nuclear staining was performed with
DAPI Prolong® Gold antifade reagent. Slides were observed
at 400 X magnification under a fluorescence microscope
(Nikon; Champigny sur Marne, France). Experiments were
performed in duplicate, and for each sample two slides
were observed (500 cells per slide were scored and ana-
lyzed, or 200 cells for NAC experiments).

Statistical analysis

Data are presented as the mean + SEM. The Prismé6 soft-
ware (GraphPad software; La Jolla, CA, USA) allowed us
to calculate ICsy values, to test if the effect was dose
dependent and to analyze statistical significance (one-way
ANOVA followed by Holm-Sidak method for multiple
comparisons). CBMN statistical analysis was performed
by chi-square test. Statistical significance was set as
*p <0.05, *p <0.01 and ***p < 0.001.
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