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a  b  s  t  r  a  c  t

The  present  investigation  was  aimed  to study  the  cytotoxicity,  oxidative  stress,  and  genotoxicity  induced
by molybdenum  nanoparticles  (Mo-NPs)  in mouse  skin  fibroblast  cells  (L929).  Cells  were  exposed  to  dif-
ferent  concentrations  (1–100  �g/ml)  of  Mo-NPs  (size  40  nm)  for 24  and  48 h. After  the  exposure,  different
cytotoxicity  assays  (3-(4,  5-dimethylthiazol-2-yl)-2,  5-diphenyl  tetrazolium  bromide,  MTT;  neutral  red
uptake,  NRU;  and  cellular  morphology)  and  oxidative  stress  markers  (lipid  peroxidation,  LPO;  glutathione,
GSH; and  catalase)  were  studied.  Further,  Mo-NPs-induced  intracellular  reactive  oxygen  species  (ROS)
generation,  mitochondrial  membrane  potential  (MMP),  cell  cycle  arrest,  and  DNA  damage  were  also
studied.  L929  cells  treated  with  Mo-NPs  showed  a  concentration-  and  time-dependent  decrease  in  cell
viability  and  a loss  of  the normal  cell  morphology.  The  percentage  cell  viability  was  recorded  as  25%,  42%,
and  58%  by  MTT  assay  and  24%,  46%,  and 56%  by NRU assay  at 25,  50,  and  100  �g/ml of Mo-NPs,  respec-
tively  after  48  h  exposure.  Furthermore,  the  cells showed  a  significant  induction  of oxidative  stress.  This

was  confirmed  by  the  increase  in  LPO  and ROS generation,  as well  as the  decrease  in  the  GSH  and  catalase
levels.  The  decrease  in MMP also confirms  the  impaired  mitochondrial  membrane.  The  cell cycle  analysis
and  comet  assay  data  revealed  that  Mo-NPs  induced  G2/M  arrest  and  DNA  damage  in  a  concentration-
dependent  manner.  Our  results  demonstrated,  for  the  first  time,  Mo-NPs  induced  cytotoxicity,  oxidative
stress  and  genotoxicity  in  L929  cells.  Thus,  data  suggest  the  potential  hazardous  nature  of  Mo-NPs.
. Introduction

Over the past few years, there is a rapid development in the
eld of nanotechnology worldwide due to their wide applications in
he industry and biomedicine [1]. Nanomaterials possessing novel
hysical and chemical functional properties have been used in the

anufacture of unique devices [2,3]. The major toxicological con-

erns of these manufactured nanoparticles (NPs) are their distinct
roperties, such as small size, high number per given mass, large
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specific surface area, generation of free radicals [4], redox active
nature [2], and transportations into mitochondria through the cell
membranes [5]. Although, most of the NPs have been shown to
induce potential toxicity [6], there is a serious lack of information
concerning the impact of these NPs on the environment and the
human health. It is well established that NPs can affect different
cellular activities [7–9] and can cause toxicity in various organs
[10–12]. Numerous studies showed that NPs can cause cytotoxicity,
genotoxicity and apoptotic cell death [13–15] through lysosomal
membrane destabilization and lipid peroxidation [16]. Although
little is known about the mechanism(s) of nanoparticles toxicity,
free oxygen radical generation is often used to explain toxicity

associated with NPs exposure [17]. Free oxygen radical elicits a
wide variety of physiological and cellular events including cellu-
lar stress, inflammation, DNA damage, and apoptosis [18]. Many
studies have also reported that NPs have the potential to induce
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xidative damage in cellular components including protein, lipid,
nd DNA [19,20]. Although a lot of attention has been paid to their
otential toxic effects, the mechanism(s) of NPs toxicity are still
nclear. Therefore, in vitro studies are essential for assessing the
oxicity of these nanomaterials. Since molybdenum nanoparticles
Mo-NPs) have a wide range of applications in electron industry,
utting tools, hard alloys, textiles, microelectronic films, coatings,
lastics, nanowire, and X-ray tubes. However, till date, there is no
eport available in the literature on the toxic effects of Mo-NPs.
hus, the L929 mouse skin fibroblast cells have been selected as
n in vitro model system to study different effects of Mo-NPs. To
he best of our knowledge, this is the first study on the cytotoxic-
ty, oxidative stress, and genotoxicity induced by Mo-NPs in L929
ells. The L929 cell line has been well characterized for its rele-
ance to toxicity models [21], as well as for nanotoxicity studies
22–24].

. Materials and methods

.1. Reagents and consumables

Molybdenum nanoparticles, and all other specified chemicals,
eagents, and diagnostic kits were procured from Sigma Chemi-
al Company Pvt. Ltd., St. Louis, MO,  USA, unless otherwise stated.
MEM, antibiotics/antimycotics solution and fetal bovine serum
ere purchased from Invitrogen, Life Technologies, USA. Culture
ares and other plastic consumables used in this study were pro-

ured from Nunc, Denmark.

.2. Cell culture

L929 cells were grown in Dulbecco’s modified eagle’s medium
DMEM) supplemented with 10% fetal bovine serum (FBS), 0.2%
odium bicarbonate, and antibiotic/antimycotic solution (100×,

 ml/100 ml  of medium). The cells were maintained in 5% CO2–95%
tmosphere under high humidity at 37 ◦C. Cells were assessed for
ell viability by trypan blue dye exclusion assay as described earlier
25], and batches showing more than 98% cell viability were used
n this study.

L929 cells were treated with different concentrations of Mo-NPs
1–100 �g/ml) for 24 and 48 h. The treated cells were studied for
ytotoxicity assays (MTT and NRU) and cell morphology analysis.
urther, oxidative stress markers, i.e. lipid peroxidation (LPO), glu-
athione (GSH), catalase, reactive oxygen species (ROS) generation,
nd mitochondrial membrane potential (MMP)  were studied. Mo-
Ps induced cell cycle arrest and DNA damage were also assessed

n L929 cells by flow cytometer and comet assay, respectively. Mo-
Ps were suspended in PBS at a concentration of 10 mg/ml  and
ere sonicated at 40 W for 15 min. The stock solution was then
iluted in culture medium to reach the desired concentrations for
ell treatment.

.3. Characterization of Mo-NPs

The crystalline nature of Mo-NPs was determined by X-ray
iffraction (XRD) pattern. The XRD of Mo-NPs was acquired at room
emperature with the help of PANalytical X’Pert X-ray diffractome-
er equipped with a Ni filter using Cu K� (k 5 1.54056 Å) radiations
s X-ray source. The shape and size of Mo-NPs were determined
y field emission transmission electron microscopy (FETEM, JEM-
100F, JEOL, Japan) at an accelerating voltage of 200 kV. Samples for

ransmission electron microscopy (TEM) analysis were prepared
y drop coating Mo-NPs solution on carbon-coated copper TEM
rids. The films on the TEM grids were allowed to dry prior to
easurement.
 B: Biointerfaces 125 (2015) 73–81

2.4. Cytotoxicity by MTT assay

Percent cell viability was  assessed using the 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT)
assay as described by [26]. Briefly, cells (1 × 104) were allowed
to adhere for 24 h in CO2 incubator at 37 ◦C in 96 well culture
plates. After the exposure, MTT  (5 mg/ml  of stock in PBS) was
added (10 �l/well in 100 �l of cell suspension) in each well and
plates were incubated for 4 h in CO2 incubator at 37 ◦C. Then,
supernatant was discarded and 200 �l of DMSO were added to
each well and were mixed gently. The developed color was  read at
550 nm.  Untreated sets were also run under identical conditions
and served as control.

2.5. Cytotoxicity by neutral red uptake (NRU) assay

NRU assay was  carried out following the protocol described by
[27]. After the exposure, the medium was  aspirated and cells were
washed twice with PBS, and incubated for 3 h in a medium supple-
mented with neutral red (50 �g/ml). The medium was then washed
off rapidly with a solution containing 0.5% formaldehyde and 1% cal-
cium chloride. Cells were further incubated for 20 min  at 37 ◦C in
a mixture of acetic acid (1%) and ethanol (50%) to extract the dye.
The plates were read at 550 nm.  The values were compared with
the control sets.

2.6. Morphological analysis by phase contrast microscope

Morphological changes were observed to determine the alter-
ations induced by Mo-NPs in L929 cells. All the cells were exposed to
different concentrations (1–100 �g/ml) of Mo-NPs for 24 and 48 h.
The images were taken using an inverted phase contrast micro-
scope at 20× magnification.

2.7. Lipid peroxidation (LPO)

Lipid peroxidation was  performed using thiobarbituric acid-
reactive substances (TBARS) protocol [28]. Briefly, after the
exposure, L929 cells were collected by centrifugation and were
sonicated in ice cold potassium chloride solution (1.15%) and were
then centrifuged for 10 min at 3000 × g. The resulting supernatant
(1 ml)  was added to 2 ml  of thiobarbituric acid (TBA) reagent (15%
TCA, 0.7% TBA and 0.25 N HCl) and was  heated at 100 ◦C for 15 min
in a boiling bath. Then samples were placed in cold and were cen-
trifuged at 1000 × g for 10 min. Absorbance of the supernatant was
measured at 550 nm.

2.8. Glutathione (GSH) level

Intracellular GSH level was estimated as described [29]. Briefly,
after respective exposure, cells were collected by centrifugation
and the cellular protein was  precipitated by incubating 1 ml  of
the sonicated cell suspension with 1 ml  TCA (10%) and was placed
on ice for 1 h followed by a 10 min  centrifugation at 3000 rpm.
The supernatant was  added to 2 ml  of 0.4 M Tris buffer (pH
8.9) containing 0.02 M EDTA, followed by the addition of 0.01 M
5,5′-dithionitrobenzoic acid (DTNB) to a final volume of 3 ml.
The tubes were incubated for 10 min  at 37 ◦C in shaking water
bath. The absorbance of the yellow color developed was read at
412 nm.
2.9. Catalase activity

The catalase activity in L929 cells exposed to Mo-NPs was
assayed following the protocol [30] using H2O2 as a substrate.
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Fig. 1. Characterization of molybdenum nanoparticles (Mo-NPs). (A)

eaction mixture in a final volume of 1 ml  consisted of phos-
hate buffer (pH 7.0), 0.08 �mol  of H2O2 and enzyme protein. The
nzyme activity was measured following disappearance of H2O2 at
70 nm.

.10. Reactive oxygen species (ROS) generation

ROS generation was assessed using 2,7-dichlorodihydr-
fluorescein diacetate (DCFH-DA; Sigma–Aldrich, USA) dye as a
uorescence agent following the protocol earlier described [15].
ollowing the exposure of Mo-NPs for 24 h, cells were washed
ith PBS and were incubated for 60 min  in DCFH-DA (20 �M)  con-

aining incomplete culture medium in dark at 37 ◦C. Then, the cells
ere analyzed for intracellular fluorescence using fluorescence
icroscope.

.11. Mitochondrial membrane potential (MMP)

MMP  was measured following the protocol of Zhang et al. [31].
n brief, control and treated cells were washed twice with PBS. Then
ells were further treated with 10 �g/ml of Rhodamine-123 fluo-
escent dye for 1 h at 37 ◦C in dark. Cells were then washed twice
ith PBS. Then, fluorescence intensity of Rhodamine-123 was mea-

ured using fluorescence microscope by grabbing the images at 20×
agnification.

.12. Cell cycle analysis

Cell cycle arrest was determined following the method [14].
n brief, L929 cells were exposed to different concentrations
1–100 �g/ml) of Mo-NPs for 24 h. After the exposure, cells were
arvested and centrifuged at 3000 rpm for 5 min. Cell pellets were
ashed in 500 �l of PBS. Then, cells were fixed with 500 �l of

hilled 70% ethanol, and further incubated at 4 ◦C for 1 h. After
wo successive washes with PBS at 3000 rpm for 5 min, cell pel-
ets were resuspended in PBS and stained with 50 �g propiodium
odide (PI)/ml containing 0.1% Triton X-100 and 0.5 mg/ml  RNAase

 for 1 h at 30 ◦C in dark. Fluorescence of the PI was measured
y flow cytometer using Beckman Coulter flow cytometer (Coul-
er Epics XL/Xl-MCL, Miami, USA) through a FL-4 filter (585 nm).

or the measurement, 10,000 events were acquired. The data were
nalyzed by Coulter Epics XL/XL-MCL, System II Software, Version
.0. Cell debris characterized by a low FSC/SSC was excluded from
he analysis.
mission electron microscopy (TEM) and (B) X-ray diffraction (XRD).

2.13. DNA damage by comet assay

DNA strand breaks in L929 cells exposed to different concen-
trations (10–100 �g/ml) of Mo-NPs for 24 h were quantified by
comet assay following the method described [14]. In brief, cells
(5 × 104 cells/well) were exposed to Mo-NPs in 24 well plates for
24 h at 37 ◦C. The cells were washed with serum free medium and
were harvested by adding 0.065% trypsin and incubated at 37 ◦C.
The cell suspension was centrifuged at 3000 rpm for 5 min  and the
pellet was  resuspended in 100 �l of PBS. The cells were mixed with
100 �l of 1% LMA  and were layered on one-third frosted slides, pre-
coated with NMA  (1% in PBS) and kept at 4 ◦C for 10 min. After
gelling, another layer of 90 �l of LMA  (0.5% in PBS) was added.
The cells were lysed in a lysing solution overnight. After wash-
ing with TBE buffer, the slides were subjected to electrophoresis in
cold TBE (Tris–base, 90 mM;  boric acid, 90 mM;  Na2EDTA, 2.5 mM)
buffer. Electrophoresis was performed at 1 V/cm for 30 min (16 mA,
32 V) at 4 ◦C. All preparative steps were conducted in dark to pre-
vent secondary DNA damage. Each slide was stained with 75 �l of
20 �g/ml ethidium bromide solution for 5 min. The slides were ana-
lyzed at 40× magnification (excitation wavelength of 515–560 nm
and emission wavelength of 590 nm)  using a fluorescence micro-
scope (Nikon Eclipse 80i, Japan) coupled with a charge coupled
device (CCD) camera. Images from 100 cells (50 from each repli-
cate slide) were randomly selected and subjected to image analysis
using software Comet Assay IV (Perceptive Instruments, Suffolk,
UK).

2.14. Statistical analysis

Results were expressed as mean ± standard error of three inde-
pendent experiments (each in triplicate). Statistical analysis was
performed using one-way analysis of variance (ANOVA) post hoc
Dunnett’s test was applied to compare values between control and
treated groups. The values depicting p < 0.05 were considered as
statistically significant.

3. Results

3.1. Characterization of molybdenum nanoparticles

Fig. 1(A) shows the typical TEM image of Mo-NPs. The aver-

age diameter was  calculated from measuring over 100 particles
in random fields of TEM view. The average TEM diameter of
Mo-NPs was 40 nm.  Fig. 1(B) shows the XRD pattern of Mo-NPs
that clearly exhibits the crystalline nature of this material. The
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ig. 2. Cytotoxicity assessment by (A) MTT  assay. (B) NRU assay. (C) Morphologica
anoparticles for 24 and 48 h. Images were taken using an inverted phase contrast 

rystalline size has been estimated from the XRD pattern using
he Scherrer’s equation [32]. The average crystalline size of Mo-
Ps was also found to be 40 nm which is supporting the TEM
ata.

.2. Cytotoxicity assessment (MTT assay)

Highlights of the results of the MTT  assay are summarized in
ig. 2(A). A concentration and time dependent statistically signif-
cant (p < 0.001) decrease in percentage cell viability of L929 cells

as recorded following 24 and 48 h exposure of Mo-NPs. Cell via-
ility at 25, 50, and 100 �g/ml of Mo-NPs exposed for 24 h were
ecorded as 12%, 18%, and 28%, respectively. A chronological further
ecrease in percentage cell viability was also observed at extended
xposure period of 48 h, that is, 25%, 42%, and 58% for 25, 50,
nd 100 �g/ml of Mo-NPs, respectively. A significant decrease at
0 �g/ml of Mo-NPs exposed for 48 h was observed, but Mo-NPs
xposed cells for 24 h at 10 �g/ml and lower concentrations did
ot cause any significant decrease in cell viability (Fig. 2A).

.3. Cytotoxicity by NRU assay

Data highlights of NRU assay are summarized in Fig. 2B. A con-

entration and time dependent statistically significant (p < 0.001)
ecrease in cell viability of L929 cells was also recorded following
he exposure of Mo-NPs for 24 and 48 h. Percent cell viability at 25,
0, and 100 �g/ml of Mo-NPs exposed for 24 h were recorded as
ges in L929 cells following the exposure of various concentrations of molybdenum
scope at 20× magnification. *p < 0.01, **p  < 0.001 vs control.

13%, 17%, and 30%, respectively by NRU assay. At 48 h exposure,
the cell viability was recorded as 24%, 46%, and 56% for 25, 50,
and 100 �g/ml of Mo-NPs, respectively. Like MTT  assay, a signif-
icant decrease at 10 �g/ml of Mo-NPs exposed L929 cells for 48 h
was observed, but Mo-NPs exposed cells for 24 h at 10 �g/ml and
lower concentrations did not cause significant decrease in the cell
viability of L929 cells (Fig. 2B).

3.4. Morphological changes

The morphological changes observed in L929 cells exposed
to Mo-NPs for 24 and 48 h are shown in Fig. 2C. Alterations
in the morphology of L929 cells were observed under phase
contrast inverted microscope. The cells indicate the most promi-
nent effects after the exposure of Mo-NPs and changes in their
morphology, which were found to be concentration and time
dependent. L929 cells exposed to 25 �g/ml and higher concen-
trations of Mo-NPs reduced the normal morphology of the cells
and cell adhesion capacity as compared to control. Most of the
cells exposed to 100 �g/ml of Mo-NPs for 48 h lost their typical
morphology.

3.5. Lipid peroxidation
The Mo-NPs induced lipid peroxidation in L929 cells exposed
for 24 and 48 h are summarized in Fig. 3A. A concentration and
time dependent significant increase in the lipid peroxidation
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ig. 3. Molybdenum nanoparticles induced oxidative stress in L929 cells exposed
p  < 0.01, **p  < 0.001 vs control.

as observed. An increase of 12%, 31%, and 41% at 25, 50, and
00 �g/ml of Mo-NPs, respectively were observed in L929 cells
xposed for 24 h. At 48 h, an increase in the LPO level was
bserved as 28%, 51%, and 65% at 25, 50, and 100 �g/ml of Mo-NPs,
espectively.

.6. Glutathione depletion

The results of depletion in the glutathione level in cultured L929
ells exposed to 1–100 �g/ml concentrations of Mo-NPs for 24 and
8 h are summarized in Fig. 3B. The results indicated that Mo-NPs
ecreased the GSH levels in a concentration and time dependent
anner. A significant decrease in GSH level was  observed as 11%,

0%, and 43% and 55% at 25, 50, and 100 �g/ml, respectively in Mo-
Ps exposed L929 cells for 24 h as compared to untreated control.
hereas, decreases of 20%, 34%, and 54% in GSH level was observed

t 25, 50, and 100 �g/ml, respectively in Mo-NPs exposed cells for
8 h.

.7. Catalase activity

The results of catalase activity in L929 cells exposed to
o-NPs are summarized in Fig. 3C. A concentration and time

ependent decrease in catalase activity was also observed in
929 cells exposed for 24 and 48 h. A significant decrease of
6%, 31%, and 45% was  observed at 25, 50, and 100 �g/ml of

o-NPs, respectively. Whereas, the decrease in catalase activ-

ty at 25, 50, and 100 �g/ml of Mo-NPs exposed cells for 48 h
ecorded 24%, 42%, and 56%, respectively as compared to untreated
ontrol.
 and 48 h. (A) Lipid peroxidation. (B) Glutathione depletion. (C) Catalase activity.

3.8. ROS generation

A statistically significant (p < 0.001) ROS generation was
observed in L929 cells exposed to Mo-NPs at 25, 50, and 100 �g/ml
concentrations for 24 h (Fig. 4A and B). The increase in ROS genera-
tion was  observed in a concentration dependent manner, i.e., 13%,
51%, and 89% of untreated control following the exposure of 25, 50,
and 100 �g/ml of Mo-NPs, respectively.

3.9. Mitochondrial membrane potential

The effect of Mo-NPs exposure on mitochondrial membrane
potential (MMP)  was evaluated in L929 cells. A concentration
dependent statistically significant (p < 0.001) decrease in the level
of MMP  was observed in L929 cells after the exposure of Mo-NPs
for 24 h. The decrease in MMP  were observed to be 9%, 29%, and
60% at 25, 50, and 100 �g/ml of Mo-NPs, respectively as compared
to untreated control (Fig. 5A and B).

3.10. Cell cycle analysis

Flow-cytometric analysis of cell cycle progression in L929 cells
exposed for 24 h are summarized in Fig. 6. Data revealed the sig-
nificant G2/M arrest in L929 cells after the exposure of different
concentrations (1–100 �g/ml) of Mo-NPs for 24 h. Cell cycle analy-

sis of propiodium iodide stained control and Mo-NPs treated cells
indicated an increase in apoptotic G2/M peak. A significant increase
of 31.8%, 42.2%, and 47.6% in G2/M phase was observed at 25, 50,
and 100 �g/ml, respectively in Mo-NPs exposed L929 cells for 24.
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Table 1
Mo-NPs induced DNA damage in L929 cells after 24 h of exposure, analyzed using
different parameters of alkaline comet assay.

Groups Olive tail moment
(arbitrary unit)

Tail length
(�m)

Tail intensity
(%)

Control 0.39 ± 0.06 33.04 ± 2.74 3.30 ± 0.44
EMS  (1 mM)  30.41 ± 0.14** 89.30 ± 0.80** 81.96 ± 0.27**

Mo-NPs (�g/ml)
10 9.33 ± 0.43** 71.94 ± 1.97** 32.63 ± 1.12**

25 15.67 ± 3.42** 80.50 ± 2.39** 49.50 ± 8.37**

50 30.66 ± 3.16** 93.91 ± 4.83** 76.71 ± 2.77**

100 44.42 ± 1.89** 109.69 ± 2.83** 91.42 ± 1.26**

Data represent the mean ± S.D. of three independent experiments done in dupli-
cate. EMS: ethyl methanesulphonate. Statistical analysis was performed by one-way
analysis of variance (ANOVA) using Dunnett’s multiple comparisons test. The level

F
u
c

ig. 4. (A) Molybdenum nanoparticles induced ROS generation in L929 cells. ROS ge
f  molybdenum nanoparticles for 24 h. (I) Control; (II) 25 �g/ml; (III) 50 �g/ml; and (I
f  various concentrations of molybdenum nanoparticles for 24 h. *p < 0.01, **p < 0.00

.11. DNA damage by comet assay

The L929 cells exposed to Mo-NPs for 24 h have exhibited sig-
ificant induction of DNA damage in a concentration dependent
anner as compared to control cells in the standard alkaline comet

ssay as measured by the comet assay parameters i.e., olive tail
oment (OTM), tail length, and % tail DNA intensity (Table 1). The

epresentative images of DNA damage obtained by the comet assay
re shown in Fig. 7A and B. The cells treated with 10, 25, 50, and
00 �g/ml of Mo-NPs for 24 h exhibited 24-, 40-, 78-, and 114-fold
igher OTM values, as compared to the untreated control (Table 1).
n increase in tail length (2.1-, 2.4-, 2.8-, and 3.3-fold at 10, 25, 50,
nd 100 �g/ml, respectively) and % tail DNA (9.9-, 15-, 23.2-, 27.7-
old at 10, 25, 50, and 100 �g/ml, respectively) was also observed
n L929 cells exposed for 24 h (Table 1).
. Discussion

Characterization of nanoparticles (NPs) is essential in the nan-
toxicology research for a better interpretation of the results

of  statistical significance chosen was  p < 0.05, unless otherwise stated.
** p < 0.01 vs control.

ig. 5. (A) Molybdenum nanoparticles induced reduction in the intensity of mitochondrial membrane potential (MMP)  in L929 cells exposed for 24 h. MMP  was  studied
sing  Rh123 fluorescent dye. (I) Control; (II) 25 �g/ml; (III) 50 �g/ml; and (IV) 100 �g/ml. (B) Percent induction of MMP  in L929 cells following the exposure of various
oncentrations of rotenone for 24 h. *p < 0.01, **p < 0.001 vs control.



M.A. Siddiqui et al. / Colloids and Surfaces B: Biointerfaces 125 (2015) 73–81 79

F s for 2
o  phase
o

[
a
p
n
i
4
a
o
T
c
s
d
l
e
a
m
w
i
s
[
a
l
t
p
m
fi
a
c
o
[
i
s
i
d
d
a
b
l
t
i

ig. 6. Cell cycle analysis in L929 cells exposed to different concentrations of Mo-NP
f  cell cycle. G2/M in each micrograph represent the percentage of cells in the G2/M
f  cell cycle. *p < 0.05, **p  < 0.001 vs control.

33–35]. In this study, characterization was performed using XRD
nd TEM in order to provide crystalline nature, morphology and
article size of Mo-NPs. Our XRD results confirm the crystalline
ature of Mo-NPs. TEM analysis showed that Mo-NPs are spherical

n shape with a smooth surface and have an average diameter of
0 nm.  Cytotoxicity assessments by MTT  and NRU assays revealed

 concentration and time dependent decrease in the cell viability
f L929 cells exposed to Mo-NPs for 24 and 48 h at 10–100 �g/ml.
here is no literature available on molybednum nanoparticles
ytotoxicity till date. In one of the studies, Hussain et al. [36]
howed that molybdenum trioxide (MoO3) exposure did not pro-
uce cytotoxicity up to 100 �g/ml concentration in BRL 3A rat

iver cells. However, in another study, they showed that MoO3
xerts toxic effects on cellular metabolic activity at 50 �g/ml and
t the higher concentrations with an EC50 of 90 �g/ml in mam-
alian germline stem cells [37]. Our cytotoxicity results are in
ell agreement with the previous findings showing a decrease

n the cell viability within this concentration range by the expo-
ure to different NPs including, nickel ferrite NPs in A549 cells
38], silica NPs in HepG2 cells [39], nickel oxide NPs in MCF-7
nd HEp2 cells [9], and copper oxide NPs in human liver and
ung epithelial cells [8,15]. Our results also correlate well with
he recent reports on nanoparticles induced loss of mitochondrial
otential and lysosomal membrane destabilization [14,40,41]. The
orphological changes in L929 cells exposed to Mo-NPs also con-

rms the cytotoxic effects as observed by the detachment of the
dherent cells, and the reduced morphology with increasing con-
entrations. These kinds of morphological changes have been also
bserved in nanoparticles exposed cells by various investigators
15,37,42]. Oxidative stress has been cited to be one of the most
mportant mechanisms of toxicity induced by nanoparticles expo-
ure [9,15,43]. Results from this study also showed that Mo-NPs
nduced oxidative stress in L929 cells in a concentration and time
ependent manner, that is, an increase in the level of lipid peroxi-
ation and a decrease in the antioxidant enzyme GSH level as well
s catalase activity. These studies suggest that oxidative stress may

e the primary mechanism of toxicity in mouse skin fibroblast cell

ine (L929) induced by Mo-NPs. Our results are also supported by
he previous findings suggesting that the cytotoxicity of Mo-NPs
s mediated through the oxidative stress [44,45]. Reactive oxygen
4 h. (A) Representative flow cytometric image exhibiting changes in the progression
. (B) Each histogram represents the percentage of cells arrested in different phases

species (ROS) are continuously generated through normal cellular
metabolisms or by exogenous insults. In this study, we observed
Mo-NPs induced intracellular ROS generation in a concentration-
dependent manner. Similar to other oxidative stress markers, ROS
production was  also significantly higher in L929 cells, since the
excess generation of ROS has been considered as a crucial mediator
of cell death [46]. We  also found a decrease in the mitochondrial
membrane potential (MMP)  in L929 cells exposed to Mo-NPs. The
decrease in the MMP,  based on cationic fluorescent probe Rh123,
indicates the role of oxidative stress in toxicity of Mo-NPs. As shown
in Fig. 5A and B, the MMP  decreases in a dose-dependent manner,
which is in well agreement with Dornetshuber et al. [47], suggest-
ing a less preserved mitochondrial integrity. The lesser fluorescence
intensity of Rh123 in Mo-NPs exposed L929 cells might be due
to the oxygen radicals production during mitochondrial respira-
tion, suggesting a possible correlation between oxidative stress and
mitochondrial activity [48]. From the present study, the results con-
firmed that Mo-NPs activate the G2/M cell cycle checkpoint. The
flow-cytometric analysis of 24 h treated L929 cells suggests the
activation of DNA repair process with a noticeable cell cycle arrest
in G2/M phase in damaged cells at 25, 50, and 100 �g/ml concentra-
tion of Mo-NPs. It is known that the cellular DNA repair mechanisms
are highly conserved [49] and that the extensive DNA damage may
lead to cell-cycle arrest and cell death as observed in this study.
Our data also exhibit that the Mo-NPs inhibited L929 cells prolifer-
ation by inducing G2/M arrest (Fig. 6). The G2/M phase has played
an important role in mitotic processes. G2/M DNA damage check-
point serves to prevent cells from entering mitosis (M-phase) with
genomic DNA damage [50–52]. Several studies also demonstrated
that NPs suppress the progression of cell cycle in different cells
[53–55].

We studied the genotoxic potential of Mo-NPs in L929 cells in
the alkaline comet assay, which is capable of detecting single as
well as double DNA strand breaks and alkali labile sites. The results
showed that Mo-NPs induced concentration dependent highly sig-
nificant DNA damage as observed by the induction in the fold

change of olive tail moment (OTM), percent tail DNA, and tail length
as shown in Fig. 7A and B and Table 1. The DNA damage caused
by Mo-NPs can be explained on the basis of the experimental evi-
dence of genotoxic effect. Due to the small size, high number per
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ig. 7. Mo-NPs induced strand breaks in cellular DNA of L929 cells. (A) Represent
f  DNA damage in L929 cells treated with varying concentrations of Mo-NPs for 24
oment = (tail mean − head mean) tail% DNA/100) using Comet Assay IV software.

iven mass and large specific surface area of NPs, they are capable of
eaching the nucleus and interacting with DNA [56,57]. The mode
f action may  include the inhibition of various enzymes involved in
NA repair, expression, and possibly the induction of reactive oxy-
en species, which may  inflict DNA damage. This DNA damage may
ither lead to carcinogenesis cell death or the disruption of normal
ell functions. The DNA damage responses by comet assay are due to
he exposure to various nanoparticles, which have been observed at
his concentration range in human liver cells (HepG2) [41], human
mbilical vein endothelial cells (HUVECs) [51], and in fish cells
58]. Our earlier studies have also revealed that titanium dioxide
anoparticles (TiO2-NPs) and zinc ferrite nanoparticles (ZnFe2O4-
Ps) can induce DNA damage in human amnion epithelial cells

WISH) as proven by the comet assay [14,40].
In conclusion, the present study, for the first time, demonstrated

he cyto- and genotoxicity of Mo-NPs in L929 cell line. We have

hown that Mo-NPs induced significant cytotoxicity in L929 cells in

 concentration and time dependent manner. This nanocrystalline
article was also found to induce oxidative stress as observed by the

nduction of ROS generation and LPO level, and the depletion of GSH
epi-fluorescence images of DNA damage by comet assay. (B) Percent distribution
ive tail moment (OTM) values were determined following the algorithm (olive tail

level and catalase activity. The decrease in mitochondrial mem-
brane potential also confirms the impaired mitochondrial activity.
This in vitro study also showed the induction of apoptosis in Mo-NPs
exposed L929 cells through G2/M arrest and DNA damage. Thus, our
findings suggest the potential hazardous nature of Mo-NPs.
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