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Figure 4. Blood coagulation analysis in mice injected with silica particles. (a)-(d) Influence of nSPs on microvascular leakage in BALB/c
mouse skin. Photograph of mouse treated with PBS (a), nSP70 (b), nSP100 (c), or nSP300 (d) 90 min after treatment. Evans Blue
extravasations were observed only in nSP70 and nSP100-treated mice. (e) Hematology analysis in whole blood of mice injected with silica
particles. Blood samples from BALB/c mice injected intravenously with 100 mg kg™ silica particles (nSP70, 300, and mSP1000) or PBS
(control) were collected from heart 5 h after injection. Hematology analysis was performed using VetScan. Results are expressed as mean +
S.E. (n = 3). (), (2) Coagulation response of the plasma of silica particle-injected mice. Plasma samples were collected from BALB/c mice
injected with 100 mg kg~! silica particles (nSP70, 300, and mSP1000), LPS (positive control), or PBS (control) 5 h after injection. Plasma
was then assayed for PT (f) and APTT (g) by standard methods. Results are expressed as mean £ S.E. (n = 3). (h) The protective effect of
anticoagulant on nSP70-induced lethal toxicity. 100 [U/mouse heparin or PBS (vehicle) was administrated by intravenous injection 2 min
before nSP70 or PBS (control) injection. Survival was monitored for 24 h after injection. ** represents significant difference from the
control (P < 0.01), ## represents significant difference from the nSP70 group (P < 0.01).

size was the same [31]. Although the mechanism of this
finding is unclear, we speculate that one of the mechanisms
is the change of interaction between nSPs and biological
molecules such as protein induced by the surface properties
of nSPs. Therefore, our current studies focus on analyzing
biological interactions that nanoparticles may encounter in
tissue culture medium, and following the interactions with
cells (membranes, endosomes, organelles, and cytoplasm) or
concomitantly administered drugs and foods.

4. Conclusions

We reveal here that the emergence of acute toxicity of nSPs
would be dependent on both particle size and material effect
such as the difference of blood coagulation activity and
distribution behavior. These results suggest the importance of
risk management of nSPs and the need for more information
of nSPs’ safety. We are now examining in detail the biological
responses, biodistribution, and biological interactions which



Nanotechnology 23 (2012) 045101

H Nabeshi er al

o
g

s 8 &

Silica clotting time (sec.)
3

[=]

<

Qé
9
o

A0
Q N
2 @

Q\@Q
6":

) ©

1600
1200

800

8

Silica clotting time {sec

3 =

25 50 75 99

Factor Xl deficient plasma
concentration (%)

0 100

Figure 5. Measurement of the blood clotting time and the factor XII activation rate by silica particles in vitro. (a) Changes in silica clotting
time with different sized silica particles (0.02 mg ml~") in healthy human plasma. Results are expressed as mean = S.D. (n = 3).

** represents a significant difference from the buffer group (P < 0.01), ## represents a significant difference from the nSP70 group

(P < 0.01). (b) In vitro silica clotting time measurement using mixtures of healthy and factor XII-deficient human plasma in various
proportions, Silica clotting time was measured with nSP70 (0.02 mg m1~") using normal healthy plasma mixed with different amounts of
coagulant factor XTII-deficient human plasma (0 (healthy human plasma alone), 25, 50, 75, 99, and 100% (coagulant factor XII-deficient
human plasma alone)). Results are expressed as mean + S.D. (n = 3). ** represents a significant difference from 0% factor XII-deficient
human plasma (P < 0.01), ## represents a significant difference from 25, 50, and 75% factor XII-deficient human plasma (P < 0.01), {7
represents a significant difference from 99% factor XII-deficient human plasma (P < 0.01).

are linked to the physicochemical properties of NMs. We
believe that the knowledge obtained from this research may
constitute useful information for ensuring the safety of NMs,
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Abstract It has gradually become evident that nanoma-
terials, which are widely used in cosmetics, foods, and
medicinal products, could induce substantial inflammation.
However, the roles played by the physical characteristics of
nanomaterials in inflammatory responses have not been
elucidated. Here, we examined how particle size and sur-
face modification influenced the inflammatory effects of
nanosilica particles, and we investigated the mechanisms
by which the particles induced inflammation. We compared
the inflammatory effects of silica particles with diameters

T. Morishige - H. Inakura - A, Tanabe - S. Narimatsu -

X. Yao - Y. Mukai - N. Okada - S. Nakagawa (<)

Laboratory of Biotechnology and Therapeutics, Graduate School
of Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka,
Suita, Osaka 565-0871, Japan

e-mail: nakagawa@phs.osaka-u.ac.jp

Y. Yoshioka - S. Tsunoda - Y. Tsutsumi - S. Nakagawa

The Center for Advanced Medical Engineering and Informatics,
Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871,
Japan

Y. Yoshioka - S. Tsunoda - Y. Tsutsumi
Laboratory of Biopharmaceutical Research, National Institute
of Biomedical Innovation, Osaka 567-0085, Japan

X. Yao
Institute of Pharmaceutics, Zhejiang University, 388 Yuhangtang
Road, Hangzhou 310058, China

Y. Monobe - T. Imazawa

Laboratory of Common Apparatus, Division of Biomedical
Research, National Institute of Biomedical Innovation,
Osaka 567-0085, Japan

Y. Tsutsumi

Laboratory of Toxicology and Safety Science, Graduate School
of Pharmaceutical Sciences, Osaka University, Osaka 565-0871,
Japan

Published online: 15 March 2012

of 30-1,000 nm in vitro and in vivo. In macrophages in
vitro, 30- and 70-nm nanosilica particles (nSP30 and
nSP70) induced higher production of tumor necrosis factor-
o (TNFz) than did larger particles. In addition, intraperi-
toneal injection of nSP30 and nSP70 induced stronger
inflammatory responses involving cytokine production
than did larger particles in mice. nSP70-induced TNFx
production in macrophage depended on the production of
reactive oxygen species and the activation of mitogen-
activated protein kinases (MAPKSs). Furthermore, nSP70-
induced inflammatory responses were dramatically
suppressed by surface modification of the particles with
carboxyl groups in vitro and in vivo; the mechanism of the
suppression involved reduction in MAPK activation. These
results provide basic information that will be useful for the
development of safe nanomaterials.

Keywords Inflammation - Macrophage - Nanoparticle -
Silica - Surface modification
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DPI Diphenyleneiodonium chloride

ELISA  Enzyme-linked immunosorbent assay
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Introduction

Many nanomaterials with innovative functions have been
developed. For example, titanium dioxide nanoparticles,
carbon nanotubes, and nanosilica particles have already
been used commercially in electronics, medicine, cosmet-
ics, and foods. Amorphous (noncrystalline) nanosilica
particles with extraordinary properties can be synthesized
by straightforward methods and are relatively inexpensive,
and surface modification of the particles is easy to
accomplish. In addition, they are usually considered to
have low toxicity, in contrast to crystalline silica, which
can cause silicosis and some forms of lung cancer (Huaux
2007, Mossman and Churg 1998). Therefore, nanosilica
particles have been used for many applications, including
cosmetics, foods, medical diagnosis, and drug delivery
(Bharali et al. 2005; Bottini et al. 2007; Hirsch et al. 2003;
Roy et al. 2005; Verraedt et al. 2009).

However, the increasing use of nanomaterials has raised
public concern about their safety (Kagan et al. 2005; Nel
et al. 2006). Carbon nanotubes have been reported to
induce mesothelioma-like lesions in mice upon injection
(Poland et al. 2008; Takagi et al. 2008), in a similar manner
to crocidolite asbestos, and to suppress the immune system
and damage DNA (Mitchell et al. 2009; Yamashita et al.
2010). Furthermore, nanosilica particles have been repor-
ted to induce oxidative stress, genotoxicity, and inflam-
mation in vitro and in vivo (Chen et al. 2008; Liu and Sun
2010; Yang et al. 2010). Because inflammation has been
implicated as the key factor in the development of chronic
obstructive pulmonary disease, fibrosis, and carcinogenesis
(Dostert et al. 2008; Mantovani et al. 2008), the need to
investigate the inflammatory effects of nanosilica particles
and ensure their safety is urgent.

Our group and others have recently reported that the
characteristics of particles, including size and surface
properties, are important factors in pathologic alterations
and cellular responses (Albrecht et al. 2004; He et al. 2008;
Morishige et al. 2010a, b; Waters et al. 2009; Yamashita
et al. 2011). For example, we showed that administration of
nanosilica particles into pregnant mice induces pregnancy
complications, whereas microsilica particles have no effect
(Yamashita et al. 2011). Furthermore, Decuzzi et al. (2010)
demonstrated that the biodistribution of silica particles
depends on particle size. However, only a few studies have
assessed the roles of the physical characteristics of
nanomaterials in relation to the inflammatory responses
they induce. Therefore, the relationship between nanopar-
ticle characteristics and biological effects, including
inflammatory effects, and the precise mechanisms of these
effects must be investigated. In addition, the results of such

@ Springer

investigations should be used to develop a methodology for
decreasing the adverse biological effects of nanomaterials.

In this study, we evaluated the correlation between
inflammatory effects and the size and surface modification
of silica particles. Furthermore, we investigated the
mechanisms of the inflammatory responses induced by
nanosilica particles.

Materials and methods
Materials and reagents

Unmodified amorphous silica particles with diameters of 30,
70, 300, or 1,000 nm (designated nSP30, nSP70, nSP300, and
mSP1000, respectively) and nSP70 with surface carboxyl
groups (nSP70-C) were purchased from Micromod Partikel-
technologie (Rostock/Warnemiinde, Germany). Butylated
hydroxyanisole (BHA) and diphenyleneiodonium chloride
(DPI) were purchased from Sigma-Aldrich (St. Louis, MO).
Rabbit polyclonal anti-phospho-p38 antibody (sc-17852-R)
and mouse monoclonal anti-f-actin antibody (sc-47778; clone
C4) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit polyclonal anti-extracellular signal-regu-
lated kinase (ERK)1/2 antibody (#9102), rabbit polyclonal
anti-c-jun N-terminal kinase (JNK) antibody (#9252), rabbit
monoclonal anti-phospho-JNK antibody (#467 1; clone 98F2),
and goat anti-rabbit peroxidase-conjugated antibody (#7074)
were purchased from Cell Signaling Technology (Danvers,
MA). Rabbit monoclonal anti-phospho-ERK1/2 antibody
(MAB1018; clone269434) was obtained from R&D Systems
(Minneapolis, MN). Rabbit polyclonal anti-p38 antibody
(ab47437) was purchased from Abcam (Tokyo, Japan). Goat
anti-mouse peroxidase-conjugated antibody was purchased
from SouthernBiotech (Birmingham, AL). p38 inhibitor
SB203580, ERK inhibitor UO0126, and JNK inhibitor
SP600125 were obtained from Merck (Darmstadt, Germany).

Cells and mice

RAW264.7 (mouse monocyte/macrophage cell line) cells
were obtained from the American Type Culture Collection
(Manassas, VA) and cultured at 37°C in Dulbecco’s
modified Eagle’s medium (Wako Pure Chemical Indus-
tries, Osaka, Japan) supplemented with 10% fetal bovine
serum and antibiotics. Female BALB/c mice were pur-
chased from Nippon SLC (Shizuoka, Japan) and used at
8 weeks of age. All the animal experimental procedures
were performed in accordance with Osaka University’s
guidelines for the welfare of animals.
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Silica particle characterization

The size distributions of the silica particles were measured
with a Zetasizer 3000HS (Worcestershire, United King-
dom) after sonication of the particles at a concentration of
300 pg/mL in H5O.

Cytotoxicity assay and cytokine production assay

RAW264.7 cells (1.5 x 104 cells/well) were seeded in
96-well plates (Nunc, Rochester, NY), cultured at 37°C for
12 h, and then treated with each type of silica particle
(100 pg/mL) or medium (for negative control) for 12 h.
The cytotoxicity of the silica particles was assessed by
means of the standard methylene blue assay method, as
previously described (Morishige et al. 2010a). Production
of tumor necrosis factor-¢ (TNFx) in culture supernatants
was assessed by means of an enzyme-linked immunosor-
bent assay (ELISA) kit (BD Pharmingen, San Diego, CA)
according to the manufacturer’s instructions.

Inhibitory assay

RAW264.7 cells (1.5 x 10* cells/well) were seeded in
96-well plates (Nunc), cultured at 37°C for 12 h, and then
preincubated for 2 h with SB203580 (50 uM), UO0126
(50 uM), SP600125 (10 uM), BHA (50 or 250 uM), or
DPI (2 or 10 uM). Then, the cells were treated with one
type of silica particle (100 pg/mL) or medium (for negative
control) for 4 h. TNFa production in the culture superna-
tants was assessed by means of an ELISA kit (BD
Pharmingen) according to the manufacturer’s instructions.

Western blotting analysis

RAW264.7 cells were seeded in 12-well plates, cultured at
37°C for 12 h, and then treated with one type of silica
particle (100 pg/mL) or medium (for negative control)
for 0.5, 1, 2, or 4 h. For positive control, cells were
treated with lipopolysaccharide (LPS) (1.25 pg/mL) for
30 min. Cells were then washed with PBS and lysed with
Mammalian Protein Extraction Reagent (M-PER; Thermo
Fisher Scientific, Rockford, IL) containing a Halt Protease
Inhibitor Cocktail Kit (Thermo Fisher Scientific) and
Phosphatase Inhibitor Cocktail (Nacalai Tesque, Kyoto,
Japan). Then protein samples (1-5 pg) were loaded on a
20% sodium dodecyl sulfate—polyacrylamide gel. After
electrophoresis, proteins were transferred to polyvinylidene
difluoride membranes (GE Healthcare, Buckinghamshire,
United Kingdom). The blots were blocked with 4% ECL
Advance Blocking Agent (GE Healthcare) in TBS/T buffer
(20 mM Tris—=HCI [pH 7.6], 137 mM NaCl, 0.19% Tween
20) for 2 h at room temperature. The blots were washed

with TBS/T and incubated with primary antibodies over-
night at 4°C. Goat anti-rabbit or goat anti-mouse peroxi-
dase-conjugated secondary antibody was added to the
membranes, which were then incubated for 1 h at room
temperature. The protein bands on the membrane were
visualized with SuperSignal West Femto Maximum Sen-
sitivity Substrate (Thermo Fisher Scientific).

Transmission electron microscopy (TEM) analysis

RAW264.7 cells (3 x 10° cells/well) were seeded in
4-well Lab-Tek II Chambered Coverglass (Nunc), cultured
at 37°C for 6 h, treated with 100 pg/mL nSP70, nSP70-C
or medium (for negative control), and fixed in 2.5% glu-
taraldehyde and then in 1.5% osmium tetraoxide. The fixed
cells were dehydrated and embedded in EPON resin.
Ultrathin sections were stained with lead citrate and
observed by transmission electron microscopy (HITACHI-
H7650, HITACHI, Tokyo, Japan).

Assessment of in vivo inflammatory effects of silica
particles

BALB/c mice were intraperitoneally injected with 1 mg of
one type of silica particle in 200 pL phosphate-buffered
saline (PBS) or PBS for negative control. Two or twenty-four
hours after injection, the mice were sacrificed, and whole
peritoneal cavity lavage fluid (PCLF) was collected using
4 mL of cooled PBS as previously described (Kops et al.
1986; Morishige et al. 2010a). Cytokine production patterns
in the PCLF 2 h after injection were analyzed by means of a
Mouse Cytokine 20-Plex Panel (Invitrogen, Carlsbad, CA)
using a Bio-Plex Suspension Array System (Bio-Rad Lab-
oratories, Tokyo, Japan). The total number of live cells in the
PCLF 24 h after injection was determined with a Nucleo-
Counter (Chemometec A/S, Allergd, Denmark).

Statistical analysis

All results are presented as means =+ standard deviation
(SD) or standard error of the mean (SEM). Differences
were compared by using Student’s r-tests or Scheffé’s
method after analysis of variance (ANOVA).

Results

Size dependence of silica particle-induced
inflammatory responses

Here, we used nanosilica particles with diameters of 30 and
70 nm (nSP30 and nSP70, respectively) and conventional
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microsilica particles with diameters of 300 and 1,000 nm
(nSP300 and mSP1000, respectively). The hydrodynamic
diameters of these particles, as measured by means of a
dynamic light-scattering system, were 33, 78, 300, and
945 nm, respectively (Fig. 1a). The size distribution spec-
trum of each silica particle showed a single peak (Fig. 1a),
and the hydrodynamic diameter corresponded almost
precisely to the primary particle size for each sample,
indicating that the silica particles used in this study
were well-dispersed particles in solution. In addition,
TEM images confirmed that the particles were well-
dispersed smooth-surfaced spheres, as described previously
(Yamashita et al. 2011). First, we assessed the correlation
between the size of the silica particles and their inflam-
matory effects. We incubated RAW264.7 cells with each
type of silica particle and measured TNF« production in the
culture supernatant, because TNFu is a crucial modulator
of inflammation (Fig. 1b). Of the various silica particles,
nSP30 and nSP70 induced the highest TNFx production,
whereas the larger nSP300 and mSP1000 did not induce
such inflammatory responses.

Next, we assessed the correlation between particle size
and inflammatory effects in vivo (Fig. lc, d). We intra-
peritoneally injected silica particles into BALB/c mice and
counted the total number of live cells in the PCLF, because
inflammation is known to induce local infiltration of various
inflammatory cells (Busuttil et al. 2004). We found that
nSP30 and nSP70 induced significant cell migration com-
pared with PBS, whereas nSP300 and mSP1000 showed
low cell accumulation (Fig. 1c). Furthermore, we analyzed
cytokine and chemokine production in the PCLF by using a
cytokine array system (Fig. 1d). nSP30 and nSP70 induced
greater production of interleukin-5 (IL-5) and IL-6, mac-
rophage chemoattractant protein-1 (MCP-1), and keratino-
cyte chemoattractant (KC) than did nSP300 and mSP1000,
although TNFu production was not detected in the PCLF.
These results indicate that the nanosilica particles possessed
a more potent inflammatory effect than did the larger silica
particles.

Involvement of mitogen-activated protein kinases
in nanosilica particle-induced inflammation

Mitogen-activated protein kinases (MAPKs) are a family of
proteins, including p38, ERK, and JNK, that play key roles
in regulation of the production of proinflammatory medi-
ators and in apoptotic cell death (Jeffrey et al. 2007). To
investigate the mechanisms of nanosilica particle-induced
inflammation, we treated RAW264.7 cells with silica par-
ticles and used Western blotting analysis to examine the
activation of MAPKs (Fig. 2a—c). We detected the phos-
phorylation of p38, ERK, and JNK in nSP30- and nSP70-
treated cells. In contrast, little or no phosphorylation of
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Fig. 1 Correlation between silica particle size and inflammatory
effects in vitro and in vivo. a Size distribution of various sizes of
silica particles was measured by a dynamic light-scattering method.
b TNFz production levels in vitro. RAW264.7 cells were treated with
each silica particle or no particles (Non) for 12 h, and then, TNFx
production levels in the culture supernatants were measured. The data
represent means £ SD (n = 5; **P < 0.01 versus value for medium
control, ANOVA). ¢, d In vivo inflammatory effects. BALB/c mice
were intraperitoneally injected with PBS or each silica particle; then,
¢ the total number of live cells in the PCLF was counted after 24 h,
and d cytokine and chemokine production in the PCLF was measured
after 2 h. N.D. not detected. Data represent means + SEM (n = 3;
##P < (.01 versus value for PBS control, ANOVA)
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Fig. 2 Effects of silica particles on the activation of MAPKs.
a-c¢ Activation of MAPKs induced by silica particles. RAW264.7
cells were treated with silica particles of various sizes for 4 h. The
whole-cell lysates were analyzed by Western blotting for phosphor-
ylated and nonphosphorylated a p38, b ERK, and ¢ JNK. d—f Asso-
ciation of MAPKs in silica particle-induced TNFz production.

MAPKs was detected in cells treated with nSP300 or
mSP1000. No changes in the expression of nonphosphor-
ylated p38, ERK, and JNK were observed in cells treated
with silica particles. These results suggest that nanosilica
particles might have induced inflammation via activation of
MAPKs.

To confirm the importance of MAPKSs in nanosilica par-
ticle-induced inflammation, we analyzed TNFu production
in RAW264.7 cells treated with silica particles in the pres-
ence of an inhibitor of p38 (SB203580), ERK (U0126), or
IJNK (SP600125) (Fig. 2d—-f). nSP30- and nSP70-induced
TNFo production was almost completely suppressed by the
inhibitors, indicating that nanosilica particle-induced TNFx
production was mediated by MAPKs. Taken together, these
results indicate that significant nanosilica particle-induced
inflammation was mediated by the activation of MAPKs,
whereas microsilica particles had little activation effect on
MAPKs.

Involvement of the production of reactive oxygen
species in nanosilica particle-induced inflammation

Intracellular reactive oxygen species (ROS) are reported to
function as second messengers of inflammatory effects by
activating multiple signaling pathways including a series of
MAPKs (Bubici et al. 2006; Thannickal and Fanburg
2000). To investigate the involvement of ROS in nanosilica
particle-induced TNFo production, we measured the TNFu
concentrations induced by nSP30 and nSP70 in the

Nen nSP nSP nSP mSP
30 70 300 1000

nSP nSP mSP
70 300 1000

RAW264.7 cells, pretreated with inhibitors of d p38, e ERK, or
f JNK were exposed to silica particles, and 4 h after the treatment,
TNFa production in the culture supernatants was measured. Dimethyl
sulfoxide (0.1%) was used as the control. Data represent means £+ SD
(n = 5; *P < 0.05, **P < 0.01 versus value for inhibitor [-] control
within each treatment pair, r test)

presence BHA, a broad-spectrum ROS scavenger, or DPI, a
specific inhibitor of NADPH oxidase, which is an impor-
tant enzymatic producer of ROS (Morel et al. 1991). Both
BHA and DPI significantly suppressed nanosilica particle-
induced TNFz production (Fig. 3a, b), suggesting that
nanosilica particle-induced production of ROS plays an
important role in MAPK activation and subsequent
inflammatory responses.

Suppression of inflammation by surface modification
of nSP70

To investigate the influence of surface modification on
nanosilica particle-induced inflammatory responses, we
used nSP70 of which the surfaces had been modified with
COOH groups (nSP70-C). We confirmed that nSP70-C were
smooth-surfaced spherical particles by TEM as described
previously (Yamashita et al. 2011). The mean secondary
particle diameter of the nSP70-C was 70 nm, and the zeta
potentials of nSP70 and nSP70-C were —53 and —76,
respectively, indicating that surface modification changed
the surface charge of the particles as described previously
(Yamashita et al. 2011). We incubated RAW264.7 cells with
nSP70 or nSP70-C for 12 h and then measured the TNFx
concentrations. Whereas nSP70 induced high levels of TNF«
production, nSP70-C induced low levels of TNFa production
(Fig. 4a). Furthermore, we evaluated the inflammatory
effects of nSP70 and nSP70-C in vivo. We intraperitoneally
injected both types of particle separately into BALB/c mice
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Fig. 3 Involvement of nanosilica particle-induced ROS production in
TNFx production. RAW264.7 cells were treated with nSP30 or nSP70
for 4 h in the absence or presence of a BHA or b DPI at the indicated
concentrations. TNFz production in the culture supernatants was
measured. Data represent means £ SD (n = 5; **P < 0.01 versus
value for inhibitor [~] control within each treatment pair, ¢ test)

and then counted the total number of live cells and measured
the production of cytokines and chemokines in the PCLF.
nSP70-C did not induce significant cell migration in treated
mice, even though nSP70 induced strong inflammatory
responses (Fig. 4b). In addition, cytokine and chemokine
production in nSP70-C-treated mice was significantly lower
than in nSP70-treated mice (Fig. 4c). We also confirmed
that, in the 20-plex cytokine array system used in this study,
there was no upregulation of cytokine and chemokine pro-
duction in the nSP70-C-treated group (data not shown).
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Fig. 4 Inflammatory responses induced by surface-modified nSP70.
a TNFu production induced by nSP70 and nSP70-C. RAW264.7 cells
were treated with nSP70 or nSP70-C for 12 h, and then, TNFx
production in the culture supernatants was measured. Data represent
means £ SD (n = 5; **P < 0.01 versus value for medium control,
P < 0.01 versus value for nSP70, ANOVA). b, ¢ In vivo inflam-
matory effects of nSP70 and nSP70-C. BALB/c mice were intraper-
itoneally injected with PBS or nSP70 or nSP70-C; b the total number
of live cells in the PCLF was counted after 24 h, and ¢ cytokine and
chemokine production in the PCLF was measured after 2 h. N.D. not
detected. Data represent means & SEM (n = 5; **P < 0.01 versus
value for PBS control, "'P < 0.01 versus value for nSP70, ANOVA)

These results indicate that nSP70 modified with COOH
groups are unlikely to induce undesired inflammatory
responses.

Suppression of MAPK activation by surface
modification of nSP70

Through their phagocytic activity, macrophages play an
important role in determining the biopersistence of foreign
particles and initiating inflammatory responses, including
cytokine production. Therefore, we speculated that the
reduction of inflammatory responses by surface modifica-
tion of nSP70 resulted from a difference in the particle
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uptake frequency between the modified and unmodified
nSP70. TEM analysis of the uptake frequency of nSP70-C
clearly showed that they were taken up by RAW264.7 cells
as well as nSP70 (Fig. 5a). Therefore, we attributed the
difference between the inflammatory effects of the modi-
fied and unmodified particles to a difference in signaling
intensity after ingestion of the particles into the cells. To
elucidate the mechanisms by which surface modification
suppressed the inflammatory effect of nSP70, we examined
the activity of MAPKs in RAW264.7 cells treated with
modified or unmodified nSP70 (Fig. 5b). nSP70-C induced
low MAPK activation compared with nSP70 4 h after the
treatment, although there was no noticeable difference at
the time point of 0.5, 1, and 2 h after the treatment. Taken
together, our observations suggest that surface modification

- - w

of nSP70 suppressed TNFo production by reducing nSP70-
induced MAPK activation rather than by reducing cellular
uptake frequency.

Cytotoxicity of silica particles

MAPKSs are associated with cell growth, cell differentia-
tion, and apoptotic cell death (Shiryaev and Moens 2010),
Therefore, to investigate the influence of silica particle size
on cytotoxicity, we treated RAW264.7 cells with silica
particles of various sizes and examined the cell viability.
nSP30 and nSP70 had significant cytotoxicity compared
with the larger particles (nSP300 and mSP1000; Fig. 6a).
To determine the impact of surface modification of the
silica particles on cytotoxicity, we incubated RAW264.7
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Fig. 6 Cytotoxicity induced by silica particles. a Cytotoxicity of
silica particles. RAW264.7 cells were treated with silica particles of
various sizes for the indicated time, Cell viability was assessed. Data
represent means + SD (n=5). b Cytotoxicity of nSP70-C.
RAW?264.7 cells were treated with nSP70 or nSP70-C for 24 h. Cell
viability was assessed. Data represent means * SD (n=35;
#5P < 0,01 versus value for medium control, "'P < 0.01 versus

cells with nSP70 and nSP70-C and again evaluated the cell
viability. nSP70-C showed no cytotoxicity, whereas nSP70
induced significant cell death (Fig. 6b). We speculated that
nanosilica particle-induced cell death depended on MAPK
signaling triggered by nanosilica particles. Therefore, to
investigate the association of MAPKs and nanosilica par-
ticle-induced cell death, we treated RAW264.7 cells with
silica particles in the presence or absence of an inhibitor of
p38 (SB203580), ERK (U0126), or JNK (SP600125).
The p38 inhibitor (SB203580) significantly suppressed the
cytotoxicity of nanosilica particles (Fig. 6¢c—¢), whereas the
inhibitors of ERK (U0126) and JNK (SP600125) did not.
These findings indicate that nanosilica particle-induced cell
death depended in part on p38, but was independent of
ERK and JNK.

Discussion

We elucidated the effects of particle size and surface
modification on silica particle-induced inflammatory
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value for nSP70, ANOVA). c—e Association of MAPKs with silica
particle-induced cell death. RAW264.7 cells pretreated with inhibi-
tors of ¢ p38 MAPK, d ERK, or e JNK were exposed to silica
particles, and 12 h after the treatment, cell viability was assessed,
Dimethyl sulfoxide (0.1%) was used as a control. Data represent
means £ SD (n = 5; **P < 0.01 versus value for inhibitor [-] control
within each treatment pair, ¢ test)

responses, with the goal of obtaining basic information for
use in the development of safe and effective nanomaterials.
First, we evaluated the association between the size of
silica particles and their inflammatory effects. We focused
on TNFu production, because TNFu stimulates the acute-
phase reaction and is involved in systemic inflammation.
Furthermore, recent reports have shown that TNFx plays a
critical role in the pathogenesis of silicosis (Li et al. 2009).
We showed that nSP30 and nSP70 induced significant
TNFa production in vitro, whereas nSP300 and mSP1000
exhibited low levels of TNFa production (Fig. 1b). In
addition, we demonstrated that the nSP30 and nSP70
induced higher in vivo inflammatory responses than did
nSP300 and mSP1000 (Fig. lc, d). Among the most
important sources of cytokines against inhaled foreign
particles are macrophages, which are widely known as the
first line of defense against such particles (Hornung et al.
2008). We attributed nanosilica particle-induced cytokine
production to the inflammatory signaling cascade triggered
by ingestion of the nanosilica particles by macrophages.
Consistent with our consideration, the results obtained by
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other studies indicate that smaller titanium dioxide parti-
cles induce strong inflammatory responses than do larger
particles (Sager et al. 2008). Therefore, we suggest that
investigation of the mechanisms of nanosilica particle-
induced inflammation is necessary for the development of
safe and effective nanosilica particles. Although nSP30 and
nSP70 induced in vitro inflammatory responses, we did not
detect the production of TNFx in vivo, perhaps owing to
the timing of our measurement of TNFu production (Savici
et al. 1994).

We also investigated the mechanisms of the inflamma-
tory effects of nanosilica particles on RAW264.7 macro-
phages. Intracellular ROS function as second messengers
of inflammatory effects by activating multiple signal
pathways including a series of MAPKs (Thannickal and
Fanburg 2000). The activation of MAPKs leads to the
induction of transcription factors for TNFa production,
such as nuclear factor kB, activator protein 1, and acti-
vating transcription factor (Bubici et al. 2006). These
transcription factors control the inducible expression of
genes of which the products are part of the inflammatory
response. In fact, Ke et al. (2006) reported that ROS play
an essential role in crystalline silica-induced TNFax pro-
duction. Here, we demonstrated that smaller nanosilica
particles activated MAPKs more strongly than did larger
silica particles, and furthermore, we showed that nanosilica
particle-induced intracellular ROS were important factors
in nanosilica particle-induced inflammatory responses of
macrophages (Figs. 2, 3). Consistent with our results, the
recent results of Liu et al. showed that exposure to silica
nanoparticles causes the generation of ROS in endothelial
cells, which in turn induces endothelial apoptosis via JNK/
pS3 and evokes the activation of -nuclear factor kB path-
ways (Liu and Sun 2010). These observations collectively
suggest that nSP30- and nSP70-induced intracellular ROS
may participate in the activation of MAPKSs and subsequent
inflammatory responses.

In contrast, our previous data showed that, by activating
the cytoplasmic NOD-like receptor family member NLRP3
inflammasome, mSP1000 induce higher IL-1§ production
than do nanosilica particles (Morishige et al. 2010a). These
results indicate that there are differences in the intracellular
behavior, signaling pathways, and cytokine production
profiles induced by silica particles of various sizes.
Although the detailed mechanisms by which nano- and
microsilica particles induce different signaling cascades
remain unclear, recent reports have shown that nanomate-
rials are introduced into the macrophages via foreign-rec-
ognizing scavenger receptors rather than via the traditional
endocytosis pathway (Iyer et al. 1996; Thakur et al. 2009).
In particular, scavenger receptor class A-mediated recog-
nition and ingestion of nanomaterials reportedly induce
cytotoxicity and cytokine production via activation of p38

(Hirano et al. 2008; Limmon et al. 2008). Therefore, we
speculate that the difference between the inflammatory
effects of nano- and microsilica particles was due to dif-
ferences in the pathways by which they are recognized and
ingested.

We also examined the effect of surface modification on
the inflammatory effects of silica particles, because particle
surface properties have been demonstrated to be important
factors for the particles’ biological effects (Albrecht et al.
2004; He et al. 2008; Morishige et al. 2010a; Yamashita
et al. 2011). Interestingly, although unmodified nSP70 and
surface-modified nSP70-C were equally taken up, we
found that nSP70-C did not induce inflammatory responses
in vitro or in vivo (Figs. 4, 5a). Furthermore, nSP70-C
induced less MAPK activation (Fig. 5b). These results
indicate that changes in surface properties, such as the
surface charge, suppressed the inflammatory responses
induced by nSP70. We previously demonstrated that sur-
face modification of mSP1000 with functional groups,
including COOH groups, efficiently decreases mSP1000-
induced ROS production (Morishige et al. 2010a). There-
fore, we speculate that the nSP70-C triggered less ROS
production (which induces TNFx production) than did
unmodified nSP70, although more precise investigation is
needed. It has recently been shown that nanomaterials
become coated with serum proteins and induce different
cellular responses by binding to proteins (Lesniak et al.
2010; Lundqvist et al. 2008). In addition, different surface
characteristics, such as surface charge and surface func-
tional groups, are known to influence the binding affinities
of proteins to nanomaterials (Lundqvist et al. 2008).
Therefore, the differences in protein binding between
nSP70 and nSP70-C might have given rise to differences in
the nanomaterials’ inflammatory responses.

In addition to cytokine production, cell death induced by
nanosilica particles is also a critical obstacle to the safety
and efficacy of nanosilica particles, because macrophages
play a central role in the defense system of the host. Our
data indicate that nSP30 and nSP70 induced significant cell
death and that their cytotoxicity might be dependent on p38
but independent of ERK and JNK signaling (Fig. 6). These
results indicate that nanosilica particle-induced cell death
depended on activation of p38, whereas nanosilica particle-
induced production of TNFa was not involved in cell death.
Consistent with these considerations, nSP70-C, which
induces less MAPKSs activation, did not trigger cell death.

We demonstrated that nanosilica particles induced
stronger inflammatory responses than did microsilica parti-
cles and that nanosilica particle-induced TNFu production
was mediated by the activation of ROS and MAPKs.
Furthermore, by surface modification with COOH groups,
we suppressed nanosilica particle-induced inflammatory
responses by inhibiting the activation of MAPKs. We expect
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that further studies of the relationship between surface
characteristics and biological effects will provide useful
information for the development of safe and effective
nanomaterials.
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Amorphous nanosilica particles (nSP) are being utilized in an increasing number of applications such as
medicine, cosmetics, and foods. The reduction of the particle size to the nanoscale not only provides ben-
efits to diverse scientific fields but also poses potential risks. Several reports have described the in vivo
and in vitro toxicity of nSP, but few studies have examined their effects on the male reproductive system.
The aim of this study was to evaluate the testicular distribution and histologic effects of systemically
administered nSP. Mice were injected intravenously with nSP with diameters of 70 nm (nSP70) or con-
ventional microsilica particles with diameters of 300 nm (nSP300) on two consecutive days. The intrates-
ticular distribution of these particles 24 h after the second injection was analyzed by transmission
electron microscopy. nSP70 were detected within sertoli cells and spermatocytes, including in the nuclei
of spermatocytes. No nSP300 were observed in the testis. Next, mice were injected intravenously with 0.4
or 0.8 mg nSP70 every other day for a total of four administrations. Testes were harvested 48 h and
1 week after the last injection and stained with hematoxylin-eosin for histologic analysis. Histologic find-
ings in the testes of nSP70-treated mice did not differ from those of control mice. Taken together, our
results suggest that nSP70 can penetrate the blood-testis barrier and the nuclear membranes of spermat-
ocytes without producing apparent testicular injury.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

With recent developments in nanotechnology, various kinds of
nanomaterials have been designed and produced throughout the
world. The small particle size and large surface area relative to vol-
ume enables nanomaterials to display a number of useful proper-
ties that are different from those of bulk materials, including
high levels of electrical conductivity, tensile strength, electronic
reactivity, and tissue permeability [ 1]. Because of these properties,
nanomaterials have been widely used in consumer and industrial
applications. In particular, amorphous nanosilica particles (nSP)
possess a variety of unique properties, such as ease of synthesis,
relatively low cost, and availability of sites for surface modifica-
tions [2,3], and nSP are increasingly being used for applications

* Corresponding authors. Address: Laboratory of Toxicology and Safety Science,
Graduate School of Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka,
Suita, Osaka 565-0871, Japan. Fax: +81 6 6879 8234,

E-mail addresses: yasuo@phs.osaka-u.ac.jp (Y. Yoshioka), ytsutsumi@phs.osaka-u.
ac.jp (Y. Tsutsumi).

0006-291X/$ - see front matter @ 2012 Elsevier Inc. All rights reserved.
doi:10.1016/j.bbrc.2012.02.153

including cosmetics, foods, and drugs. However, several reports
have shown that nSP might induce adverse effects such as pulmon-
ary inflammation [4] and hemolysis [5]. Because nanomaterials
have the potential to improve the quality of human life, it is essen-
tial to insure their safety and obtain the information necessary for
designing safe nanomaterials. For the development of safe nanom-
aterials, we have been investigating the biologic distribution and
biologic effects of nSP. We have already found that nSP can pass
through biologic barriers, such as skin, the blood-brain barrier
[6], and the blood-placental barrier [7] in mice. In addition, we
found that nSP induces oxidative stress and DNA damage [8], aller-
gic immune responses [9], and pregnancy complications [7] in
mice, although the administration dose of nSP was higher than
the dose of the human occupational exposure situation. Further-
more, we showed that surface modification of nSP with amine or
carboxyl groups altered the intracellular distribution of the nSP
and had an effect on cell proliferation [10], and suppressed toxic
biologic effects of nSP such as pregnancy complications [7], indi-
cating that surface modification prevented adverse effects of nSP
and would be an approach to create safer nanomaterials.
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Fig. 1. Transmission electron micrographs of silica particles biodistribution in the testis. BALB/c mice were intravenously administered 0.8 mg of nSP70, nSP300, or saline on
two consecutive days. Arrows indicate nSP70 present in Sertoli cells and spermatocytes (A), near sperm (B), and in the nucleus of a spermatocyte (C). No particles were
observed in testes of nSP300 (D) or control mice (E). Sc: spermatocyte, Se: Sertoli cell, Sp: sperm, Nb: nuclear body.

Rates of male infertility continue to increase, and male infertility
has been a difficult problem to solve [11]. Male infertility is for the
most part caused by dysfunction of the testes. The testes are sensi-
tive to many chemicals, such as endocrine disruptors [12], pesti-
cides [13,14], and anticancer agents [15]. Therefore, to insure the
reproductive safety of nSP, it is important to investigate their bio-
logic effects on the testis. The toxicity of nanomaterials [16,17]
and nanoparticle-rich diesel exhaust [18,19] to male reproductive
functions has been investigated. For example, Bai et al. showed that
multiwalled carbon nanotubes are distributed to the testis, where
they induce reversible damage [17]. However, few studies have
investigated the effect of nSP on the male reproductive system or
the distribution of nanomaterials in testis and male germ cells,
although information about the intra-testicular distribution would

greatly help to elucidate the effect of nanomaterials on male repro-
ductive systems.

Here, we qualitatively evaluated the intra-testicular distribution
of nSP after intravenous administration in mice, including penetra-
tion of the blood-testis barrier and the distribution of nSP to germ
cells. We also investigated the histologic effects of nSP on the testis.

2. Materials and methods
2.1. Silica particles

Amorphous silica particles (nSP70, 70-nm diameter; nSP300,
300-nm diameter) were purchased from Micromod Partikeltech-
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nologie (Rostock-Warnemuende, Germany). The silica particles
were used after 5min of sonication (280 W output; Ultrasonic
Cleaner, AS One, Osaka, Japan) and 1 min of vortexing.

2.2. Physicochemical examination of silica particles

Silica particles were diluted with PBS to 0.25 mg/mL (nSP70) or
0.5 mg/mL (nSP300), and the average particle size and zeta poten-
tial were measured using the Zetasizer Nano-ZS (Malvern Instru-
ments Ltd., Worcestershire, UK). The mean size and the size
distribution of silica particles were measured with the dynamic
light scattering method. The zeta potential was measured by using
laser Doppler electrophoresis.

2.3. Animals

BALB/c mice (male, 9 weeks old) were purchased from Japan
SLC (Shizuoka, Japan). Mice were allowed to habituate to the ani-
mal room for 1 week prior to their use. The experimental protocols
conformed to the ethical guidelines of Osaka University and the
National Institute of Biomedical Innovation, Japan.

2.4. Transmission electron microscopy

BALB/c mice were injected intravenously through the tail vein
with 100 pL (0.8 mg) of nSP70 or nSP300 on two consecutive days.
The mice were anaesthetized and killed 24 h after the second injec-
tion, and the testes were fixed in 2.5% glutaraldehyde for 2 h. Small
pieces of tissue collected from these samples were washed with
phosphate buffer, postfixed in sodium cacodylate-buffered 1.5% os-
mium tetroxide for 60 min at 48 °C, dehydrated using a series of
ethanol concentrations, and embedded in Epon resin. The samples
were examined under a Hitachi electron microscope (H-7650; Hit-
achi, Tokyo, Japan).

2.5. Histology

Mice were given four doses of 100 pL (0.4 or 0.8 mg) nSP70 or
saline (control), given intravenously through the tail vein every
other day. Testes were collected 48 h or 1week after the last
administration. The testes were weighed and fixed in 10% neutral
buffered formalin solution, dehydrated in a graded series of etha-
nol and xylene solutions, and embedded in paraffin. Sections were
cut with a microtome, deparaffinized, rehydrated in a graded series
of ethanols, and stained with hematoxylin and eosin.

2.6. Plasma biochemical analysis

Liver function was evaluated by measuring the plasma levels of
alanine aminotransferase (ALT) and aspartate aminotransferase
(AST). Nephrotoxicity was evaluated by measuring the plasma le-
vel of blood urea nitrogen (BUN). These markers were assayed by
using a biochemical autoanalyzer, FUJI DRI-CHEM 7000 (Fujifilm,
Tokyo, Japan).

2.7. Statistical analysis
All results are presented as means + standard deviation (SD).

Differences were compared by using Bonferroni's method after
analysis of variance (ANOVA).

3. Results

Here we used nanosilica particles with diameters of 70 nm
(nSP70) and conventional microsilica particles with diameters of
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Fig. 2. Changes in liver and kidney damage markers in mouse plasma. Mice were
given 0.4 or 0.8 mg nSP70 or saline intravenously every other day for a total of 4
doses. ALT (A), AST (B), and BUN (C) levels in plasma were evaluated 48 h and
1 week after the last injection. All data were presented as means 5D (n=5;
"P < 0,05, **P < 0.01 versus value for control).

300 nm (nSP300). All of the silica particles were confirmed to be
smooth-surfaced spheres, as we had previously described [6].
The hydrodynamic diameters of nSP70 and nSP300 were 77.0
and 269.3 nm, respectively, with zeta potentials of -21.6 and
—31.3, respectively. The size distribution spectrum of each silica
particle showed a single peak, and the hydrodynamic diameter cor-
responded almost precisely to the primary particle size for each
sample, indicating that the silica used in this study were well-
dispersed in solution (data not shown).

We had already found that nSP70 can enter the blood circulation
after dermal administration [6]. To assess the biodistribution from
the blood circulation, we used TEM to analyze the intratesticular
distribution of each silica particle after intravenous injection. Dots
with sharp outlines and appropriate sizes (70nm for nSP70,
300 nm for nSP300) were identified as silica particles. The nSP70
were found in Sertoli cells, spermatocytes, and near sperm
(Fig. 1A, B) and in both the cytoplasm and nuclei of spermatocytes
(Fig. 1C). No particles were observed in testes of mice injected with
nSP300 or of control mice (Fig. 1D, E). Although TEM provides only
qualitative information, these results suggest that nSP70 were able
to penetrate the blood-testis barrier and into the nuclei of spermat-
ocytes, whereas nSP300 were not. The findings for nSP70, but not
nSP300, are consistent with our previous results showing that
nSP70is distributed to placenta through blood-placental barrier [7].



300

Next, to evaluate whether nSP70 produce histologic effects on
the testis, we administered four doses of 0.4 or 0.8 mg nSP70 intra-
venously every other day. The blood levels of ALT (Fig. 2A), ALT
(Fig. 2B), and BUN (Fig. 2C) remained within the physiologic range,
indicating that nSP70 did not induce liver and kidney damage at
the administered doses, although some significant changes were
observed in ALT and AST. Furthermore, the testes were weighed
and analyzed histologically 48 h and 1 week after the last injection.
Testis weights (Fig. 3A) and histologic findings (Fig. 3B) were not
different in the testes of nSP70-treated mice and control mice.
These results indicate that nSP70 can penetrate the blood-testis
barrier without producing apparent testicular injury.

4. Discussion

In this study, we showed that nSP70, but not nSP300, were able
to cross the blood-testis barrier. The limited histologic effects on
the testes indicated that nSP70 may be actively transported across
it without producing apparent testicular injury, although further
investigation of the function of the blood-testis barrier in nSP70-
treated mice is needed. By imaging fluorescently labeled nanopar-
ticles, Kim et al. showed that 50-nm magnetic nanoparticles can
also penetrate the mouse blood-testis barrier [20]. Therefore, the
penetration of the blood-testis barrier is not specific to nSP. On
the other hand, it is known that high-molecular-weight species
(>500 Da) do not penetrate the blood-testis barrier by passive dif-
fusion [21]. In fact, De Jong et al. showed with inductively coupled
plasma mass spectrometry that gold nanoparticles larger than
50 nm were not distributed in the testis after intravenous admin-
istration [22]. Although differences in the dose or duration of
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administration and in the detection method might account for
the different results, these findings suggest that the testicular dis-
tribution of nanomaterials might depend on the type of material. In
this study, we evaluated the testicular distribution of nSP qualita-
tively, but testicular distribution of nanomaterials has also been
evaluated quantitatively [17,23]. For example, Bai et al. measured
the radioactivity of ®*Cu-labeled multiwalled carbon nanotubes
in the testes of mice [17]. In future, the testicular distribution of
nSP should also be quantitatively analyzed to further assess the
reproductive safety of nSP.

We showed that nSP70 cause little overt testicular injury,
although production of reproductive hormones and sperm function
should also be examined. In contrast to our results with nSP70,
intravenous administration of multiwalled carbon nanotubes do
induce testis damage [17]. The total dose of nanomaterials that
we administered in the current report was about five times higher
than the total dose in the previous nanotube study. Therefore, we
presume that nSP70 are safer to the testis than are multiwalled
carbon nanotubes, although the duration of administration should
also be taken into consideration.

Although nSP70 produced little testicular injury, the presence of
nSP70 in the nuclei of spermatocytes suggests that DNA in the
male germ line might be affected by nSP70. Abnormal DNA in
the male germ line has been associated with an increased inci-
dence of morbidity in the offspring [24], and paternal exposure
to environmental factors has been suggested to influence biologic
functions in offspring [25-27]. Therefore, the transgenerational ef-
fects of nSP as well as the direct effects on sperm should be evalu-
ated in future studies.

In conclusion, this study showed that nSP70 can penetrate the
blood-testis barrier without producing apparent testicular injury.
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Fig. 3. Weight and pathological examination of the testis after four doses of nSP70. BALB/c mice were intravenously administered 0.4 or 0.8 mg of nSP70 or saline every other
day for a total of four doses. Testes were weighed (A) and stained with hematoxylin-eosin (B) 48 h and 1 week after the last injection. Testis weight and histologic findings did
not differ between nSP70-treated mice and control mice. All data were presented as means +SD (n = 5),
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Abstract It has gradually become evident that nanoma-
terials, which are widely used in cosmetics, foods, and
medicinal products, could induce substantial inflammation.
However, the roles played by the physical characteristics of
nanomaterials in inflammatory responses have not been
elucidated. Here, we examined how particle size and sur-
face modification influenced the inflammatory effects of
nanosilica particles, and we investigated the mechanisms
by which the particles induced inflammation. We compared
the inflammatory effects of silica particles with diameters
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of 30-1,000 nm in vitro and in vivo. In macrophages in
vitro, 30- and 70-nm nanosilica particles (nSP30 and
nSP70) induced higher production of tumor necrosis factor-
o (TNFa) than did larger particles. In addition, intraperi-
toneal injection of nSP30 and nSP70 induced stronger
inflammatory responses involving cytokine production
than did larger particles in mice. nSP70-induced TNFu
production in macrophage depended on the production of
reactive oxygen species and the activation of mitogen-
activated protein kinases (MAPKs). Furthermore, nSP70-
induced inflammatory responses were dramatically
suppressed by surface modification of the particles with
carboxyl groups in vitro and in vivo; the mechanism of the
suppression involved reduction in MAPK activation. These
results provide basic information that will be useful for the
development of safe nanomaterials.

Keywords Inflammation - Macrophage - Nanoparticle -
Silica - Surface modification
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Introduction

Many nanomaterials with innovative functions have been
developed. For example, titanium dioxide nanoparticles,
carbon nanotubes, and nanosilica particles have already
been used commercially in electronics, medicine, cosmet-
ics, and foods. Amorphous (noncrystalline) nanosilica
particles with extraordinary properties can be synthesized
by straightforward methods and are relatively inexpensive,
and surface modification of the particles is easy to
accomplish. In addition, they are usually considered to
have low toxicity, in contrast to crystalline silica, which
can cause silicosis and some forms of lung cancer (Huaux
2007; Mossman and Churg 1998). Therefore, nanosilica
particles have been used for many applications, including
cosmetics, foods, medical diagnosis, and drug delivery
(Bharali et al. 2005; Bottini et al. 2007; Hirsch et al. 2003;
Roy et al. 2005; Verraedt et al. 2009).

However, the increasing use of nanomaterials has raised
public concern about their safety (Kagan et al. 2005; Nel
et al. 2006). Carbon nanotubes have been reported to
induce mesothelioma-like lesions in mice upon injection
(Poland et al. 2008; Takagi et al. 2008), in a similar manner
to crocidolite asbestos, and to suppress the immune system
and damage DNA (Mitchell et al. 2009; Yamashita et al.
2010). Furthermore, nanosilica particles have been repor-
ted to induce oxidative stress, genotoxicity, and inflam-
mation in vitro and in vivo (Chen et al. 2008; Liu and Sun
2010; Yang et al. 2010). Because inflammation has been
implicated as the key factor in the development of chronic
obstructive pulmonary disease, fibrosis, and carcinogenesis
(Dostert et al, 2008; Mantovani et al. 2008), the need to
investigate the inflammatory effects of nanosilica particles
and ensure their safety is urgent.

Our group and others have recently reported that the
characteristics of particles, including size and surface
properties, are important factors in pathologic alterations
and cellular responses (Albrecht et al. 2004; He et al. 2008;
Morishige et al. 2010a, b; Waters et al. 2009; Yamashita
et al. 2011). For example, we showed that administration of
nanosilica particles into pregnant mice induces pregnancy
complications, whereas microsilica particles have no effect
(Yamashita et al. 2011). Furthermore, Decuzzi et al. (2010)
demonstrated that the biodistribution of silica particles
depends on particle size. However, only a few studies have
assessed the roles of the physical characteristics of
nanomaterials in relation to the inflammatory responses
they induce. Therefore, the relationship between nanopar-
ticle characteristics and biological effects, including
inflammatory effects, and the precise mechanisms of these
effects must be investigated. In addition, the results of such
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investigations should be used to develop a methodology for
decreasing the adverse biological effects of nanomaterials.

In this study, we evaluated the correlation between
inflammatory effects and the size and surface modification
of silica particles. Furthermore, we investigated the
mechanisms of the inflammatory responses induced by
nanosilica particles.

Materials and methods
Materials and reagents

Unmodified amorphous silica particles with diameters of 30,
70, 300, or 1,000 nm (designated nSP30, nSP70, nSP300, and
mSP1000, respectively) and nSP70 with surface carboxyl
groups (nSP70-C) were purchased from Micromod Partikel-
technologie (Rostock/Warnemiinde, Germany). Butylated
hydroxyanisole (BHA) and diphenyleneiodonium chloride
(DPI) were purchased from Sigma-Aldrich (St. Louis, MO).
Rabbit polyclonal anti-phospho-p38 antibody (sc-17852-R)
and mouse monoclonal anti-f-actin antibody (sc-47778; clone
C4) were purchased from Santa Cruz Biotechnology (Santa
Cruz, CA). Rabbit polyclonal anti-extracellular signal-regu-
lated kinase (ERK)1/2 antibody (#9102), rabbit polyclonal
anti-c-jun N-terminal kinase (JNK) antibody (#9252), rabbit
monoclonal anti-phospho-JNK antibody (#4671; clone 98F2),
and goat anti-rabbit peroxidase-conjugated antibody (#7074)
were purchased from Cell Signaling Technology (Danvers,
MA). Rabbit monoclonal anti-phospho-ERK1/2 antibody
(MAB1018; clone269434) was obtained from R&D Systems
(Minneapolis, MN). Rabbit polyclonal anti-p38 antibody
(ab47437) was purchased from Abcam (Tokyo, Japan). Goat
anti-mouse peroxidase-conjugated antibody was purchased
from SouthernBiotech (Birmingham, AL). p38 inhibitor
SB203580, ERK inhibitor UO0126, and JNK inhibitor
SP600125 were obtained from Merck (Darmstadt, Germany).

Cells and mice

RAW264.7 (mouse monocyte/macrophage cell line) cells
were obtained from the American Type Culture Collection
(Manassas, VA) and cultured at 37°C in Dulbecco’s
modified Eagle’s medium (Wako Pure Chemical Indus-
tries, Osaka, Japan) supplemented with 10% fetal bovine
serum and antibiotics. Female BALB/c mice were pur-
chased from Nippon SLC (Shizuoka, Japan) and used at
8 weeks of age. All the animal experimental procedures
were performed in accordance with Osaka University’s
guidelines for the welfare of animals.



