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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 H,0.

Cytotoxicity assay and cytokine production assay

RAW264.7 cells (1.5 x 10* 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-z (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), U0126
(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, 0.1% 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 #-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 TNFz 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. Ic, 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 TNFo 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 TNFux production levels in vitro. RAW264.7 cells were treated with
each silica particle or no particles (Non) for 12 h, and then, TNFax
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 = 5;
*%P < 0.01 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 TNFux production
in RAW264.7 cells treated with silica particles in the pres-
ence of an inhibitor of p38 (SB203580), ERK (U0126), or
JNK (SP600125) (Fig. 2d—f). nSP30- and nSP70-induced
TNFu production was almost completely suppressed by the
inhibitors, indicating that nanosilica particle-induced TNFu
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 TNFu production, we measured the TNFao
concentrations induced by nSP30 and nSP70 in the

RAW264.7 cells, pretreated with inhibitors of d p38, e ERK, or
f INK were exposed to silica particles, and 4 h after the treatment,
TNFz 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, ¢ test)

presence BHA, a broad-spectrum ROS scavenger, or DPL, 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 TNFa 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
(Yamashitaetal. 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 TNFx
production, nSP70-C induced low levels of TNFu 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
TNFa 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. TNFo 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, 7 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 TNFa production induced by nSP70 and nSP70-C. RAW264.7 cells
were treated with nSP70 or nSP70-C for 12 h, and then, TNFz
production in the culture supernatants was measured. Data represent
means £ SD (n = 5; **P < (.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

nSP70-C

05 1 2 4 05 1 2 4 (h)

pean SoE

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

uptake frequency.
Cytotoxicity of silica particles

MAPKs 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.
RAW264.7 cells were treated with nSP70 or nSP70-C for 24 h. Cell
viability was assessed. Data represent means = SD (n=35;
#*%P < 0,01 versus value for medium control, TP < 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 MAPKSs 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—e), 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 TNFa 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
TNFu 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 TNFe« in vivo, perhaps owing to
the timing of our measurement of TNFa 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 TNFea 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 TNFo 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/
P53 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 MAPKs 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 wvarious 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; Lundqyvist 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 TNFo 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 TNFo 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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The skin penetration and cellular localization of well-
dispersed amorphous nanosilica particles (nSPs) with a
diameter of 70 nm was analyzed in mice. Our results sug-
gest that after topical exposure for three days the particles
penetrate the skin barrier and are transported to the lymph
nodes. These findings underscore the need to examine
biological effects following dermal exposure to nSPs for
the development of safer use of nSPs.

Nanomaterials (NMs) are defined as substances that have at
least one dimension of less than 100nm in size. NMs exhibit
unique physicochemical properties that distinguish them from
submicron-sized materials. These unusual properties have facil-
itated the development of innovative applications for NMs,
which are already used in a wide variety of fields. For exam-
ple, amorphous nanosilica particles (nSPs) and titanium dioxide
nanoparticles (nTiO;) are colorless and reflect ultraviolet light
very effectively. Consequently, these substances are used in the
cosmetics industry as a foundation and sunscreen (Lansdown
and Taylor 1997; Napierska et al. 2010).

The reduced prticle size of NMs, however, poses new risks
induced by changes in their biological reactivity and kinetics,

which differ from those of bulk materials. For example, exposure
of cells or animals to NMs, such as carbon nanotubes or nTiO,,
can induce cytotoxicity and inflammation that is different from
that caused by exposure to submicron-sized materials (Nel et al.
2006; Xia et al. 2006). Furthermore, we have previously shown
that nSPs display a different intracellular localization compared
with submicron- or micro-sized silica particles, and induce a
greater cytotoxic response. (Nabeshi et al. 2010; Yamashita et al.
2011; Nabeshi et al. in press) In general, risk is determined by the
integrated value of a potential hazard with the amount of expo-
sure. Hence, materials that are not absorbed and that have no
effect on the application area pose no risk. Although there are a
number of reports that focus on the biological response resulting
from exposure to NMs, there is a paucity of information con-
cerning the absorbency or localization of these materials. Thus,
to accurately identify hazards associated with exposure to NMs,
we must first analyze the in vitro and in vive biodistribution of
nSPs, especially with regard to penetration of biological barri-
ers. Although we previously reported that topical application of
nSP70 caused systemic exposure, absorbability of nSP70 after
short term exposure has not yet been clarified.

In this study, we evaluated the intradermal absorption of well-
dispersed nSPs with a particle size of 70 nm (nSP70) following
topical exposure for three days. Specifically, nSP70 was applied
to the inner side of the ears of female BALB/c mice for three
days. The ears and regional lymph node were excised 24 h after
the last administration and then analyzed by transmission elec-
tron microscopy. Our results show that nSP70 not only enter
epidermal Langerhans cells, but also the cells in the dermis and
regional lymph node.

Our findings suggest the particles can be dispersed throughout
the body via the lymphatic transport system. Thus, exposure to
nSPs in cosmetics poses an unknown risk that is not restricted
to the application area. Hence, studies investigating the bio-
logical effects of dermal exposure to nSPs should include the
whole body and not only the skin. Further studies are required
to perform an appropriate risk analysis of nSPs e.g. quantita-
tive determination of skin permeability and mechanisms for
penetrating the skin barrier of nSP70. It is also important to
investigate how nSPs behave after entering the body (e.g. accu-
mulation potential, metabolism and excretion). Thus, we plan to
collect ADME (absorption, distribution, metabolism and excre-
tion) information as soon as possible. We believe that our study
will provide useful information for developing safer NMs in the
future.

Experimental
1. Silica particles
Suspensions of fluorescent (red-F)-labeled amorphous silica particles
(Micromod Partikeltechnologie GmbH, Rostock, Germany) (25 mg/ml)

pic (TEM) analysis. TEM

alysis of skin and lymph node samples from mice after

Fig.: Transdermal absorption test of nSP70 using the

three-days of dermal exposure to nSP70. A-C, nSP70 (arrows) were present in the Langerhans cells (A), dermis (B) and cervical lymph node (C). N: nucleus. Scale bars:
500 nm (A-C)
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were used in this study. Their particle diameter was 70nm (nSP70). The
suspensions of silica particles were sonicated for 5 min and then vortexed
for 1 min immediately before use. Mean particle size was determined as
described previously (Nabeshi et al. 2011), which confirmed that nSP70
remained as stable well-dispersed particles in water, rather than forming

aggregates.

2. Dermal administration of silica particles and transmission
electron microscopy analysis of skin and lymph node

nSP70 (250 mg/ear/day) were applied to the inner side of both ears of
BALB/c mice for 3 days. Lymph nodes from each mouse were excised 24 h
after the last administration of nSP70 and then fixed in 2.5% glutaraldehyde
for 2h. Small pieces of tissue sample were washed with phosphate buffer
(three washes) and post-fixed in sodium cacodylate-buffered 1.5% osmium
tetroxide for 60 min at 4 °C. The sample was block staining in 0.5% uranyl
acetate and dehydrated by dipping through a series of solutions contain-
ing increasing concentrations of ethanol. Finally, the sample was embedded
in Epon resin (TAAB). Ultrathin sections were stained with uranyl acetate
and lead citrate. The stained ples were subsequently observed using a
Hitachi electron microscope (H-7650; Hitachi, Tokyo, Japan).
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Fig.: Detection of ROS induced by silica particle treatment in XS52 cells. XS52 cells
were incubated with various concentrations of nSP70 (circles), nSP300
(squares), and mSP1000 (diamonds) for 3 h. The total ROS induced by
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Generation of total intracellular reactive oxygen species
(ROS) was measured in XS52 cells, a Langerhans cell-
like line, treated with different sized amorphous silica
particles. The results suggested that exposure to amor-
phous nanosilica particles (nSPs) with a particle size of
70nm induced a higher level of ROS generation than did
exposure to micron-sized amorphous silica particles. This
finding means that it is essential to examine the biological
effects of ROS generated after exposure to nSPs, which
will provide useful information for hazard identification as
well as the design of safer nanomaterials.

Recently, the development of nanomaterials (NMs) with particle
sizes below 100 nm has received extensive interest. For exam-
ple, titanium dioxide nanoparticles and amorphous nanosilica
particles (nSPs) are colorless and reflect ultraviolet light more
efficiency than micro-sized particles and have been already used
in various applications such as cosmetics, medicines and foods
(Fadeel et al. 2010). Thus, exposure to NMs is unavoidable for
us in today’s environment. In this respect, there is increasing
concern regarding the potential health risks caused by exposure
to NMs. In most cases, however, the evaluation of NMs has
been insufficient for ensuring their safety. Hence, it is neces-
sary to accumulate safety information, such as hazard data and
exposure assessment to NMs, for risk evaluation to create safer
forms of NMs.

Here, we have studied the relationship between the in vivo/in
vitro distributions of NMs, together with their biological effects
and physicality. In our previous study, we found that nSPs with
particle size of 70 nm (nSP70) penetrated the stratum corneum of
mice skin and were taken up by living cells such as keratinocytes
and Langerhans cells after 28 days of exposure (Nabeshi et al.
2010). In another study, we showed that smaller sized amor-
phous silica particles induced greater cytotoxicity against XS52
cells, a Langerhans cell-like line (Nabeshi et al. 2009). Here,
we have accumulated information to clarify amorphous silica
particles-mediated cytotoxicity against XS52 cells in term of

740

the DCFH assay. Data are presented as means + SD (n=4).%P <0.05 versus the
same dose of nSP300 or mSP1000

the levels of total intracellular reactive oxygen species (ROS)
generated.

XS52 cells were treated with nSP70, and micro-sized amorphous
silica particles with diameters of 300 or 1000 nm (nSP300 or
mSP1000, respectively). As a result, all sizes of amorphous sil-
ica particles were found to induce intracellular ROS generation
in a dose-dependent fashion. On the other hand, ROS gener-
ation by nSP70 treatment was significantly greater than that
by nSP300 and mSP1000 treatment at the same particle con-
centration (Fig.). Thus, intracellular ROS generation in XS52
cells induced by amorphous silica particles was significantly
increased by decreasing the particle size to less than 100 nm.
Some reports have indicated that ROS generation is related to
a cellular stress response, such as DNA damage and apoptosis
induction (D’ Auteaux et al. 2007). The results of this study sug-
gest that ROS generation may be involved in amorphous silica
particles-mediated cytotoxicity in XS52 cells. In our previous
study, we found that ROS generated by amorphous nanosil-
ica particles induced DNA damage in human keratinocyte cells
(Nabeshi et al. 2011). Therefore, these results suggest that DNA
damage may be triggered by ROS induced by amorphous sil-
ica particles in XS52 cells. However, the detailed mechanism of
NMs-mediated ROS generation remains unclear. Therefore, it is
essential to analyze the mechanism underlying ROS generation
induced by amorphous nanosilica particles to ensure the safety
of NMs.

Recently, the mechanism of particulate matter-mediated ROS
generation is gradually becoming clear. For example, it has been
reported that inflammasomes are activated by actin-mediated
endocytosis of crystalline silica or asbestos, which leads to
NADPH oxidase activation and ROS generation (Dostert et al.
2008). Furthermore, many kinds of signaling pathways, such as
Akt/P13K or MAPK pathways, are also related to ROS gener-
ation. On the basis of this information, we need to investigate
whether these pathways are related to ROS generation induced
by amorphous nanosilica particles. Furthermore, we should
examine the relationship between physicality, exposure to amor-
phous silica particles and ROS generation. In the future, we
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believe this information will be useful for the safety assessment
and evaluation, as well as the design, of safer NMs.

1. Experimental
1.1. Silica particles

Suspensions of fluorescent (red-F)-labeled amorphous silica particles
(Micromod Partikeltechnologie GmbH, Rostock, Germany) were used in
this study; the particles had diameters of 70, 300, and 1000 nm (designated
nSP70, nSP300, and mSP1000, respectively). The suspensions of silica par-
ticles were sonicated for 5 min and then vortexed for 1 min immediately
prior to use.

1.2. Cell culture

Cells of the Langerhans cell-like line XS52 (a kind gift of Akira Takashima,
University of Toledo, Health Science Campus, Toledo) were expanded in
complete medium containing 2 ng/mi of murine GM-CSF and 10% culture
supernatants from skin-derived stromal NS47 cells (a kind gift of Akira
Takashima). The complete medium was RPMI-1640 medium supplemented
with 10% heat-inactivated fetal calf serum, 1% non-essential amino acids,
1% L-glutamine, 1 mM sodium pyruvate, 1% 2-mercaptoethanol, 10 mM
HEPES buffer, and 1% antibiotic-antimycotic mix stock solution.

1.3. Detection of reactive oxygen species (ROS)

Generation of total intracellular ROS was measured by monitoring the
increasing fluorescence of 2’7’-dichlorofluprecein (DCF) using 2°7’-
dichlorodihydorofluorecein diacetate (DCFH-DA,; Sigma, St, Louis, MO).
3 x 10* XS52 cells were seeded into each well of a 96-well plate. After
24 h incubation, the cells were treated with nSP70, nSP300, or mSP1000
for 3 h. The cells were then washed once with phenol red-free medium, and
incubated in 100 ul of DCFH-DA at 37 °C 5% CO; for 30 min. The fluo-
rescence of DCF was monitored at the excitation and emission wave-length
of 485 nm and 530 nm, respectively.

1.4. Statistical analysis

All data are reported as the mean =+ SD. The significance of variation among
different groups was determined by one-way ANOVA. Differences between

Pharmazie 67 (2012)

the experimental group and the control group were determined by Williams’
test. A value of P <0.05 was considered significant.
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Recently, nanomaterials (NM) have been used in a range of dif-
ferent fields. However, their safety for human health is not yet
sufficiently understood. Therefore, we attempted to establish a
NM safety assessment system by focusing on biomarkers that
may predict NM-induced adverse biological effects. We previ-
ously demonstrated that the acute-phase proteins haptoglobin
and serum amyloid A (SAA) have potential as useful biomark-
ers of silica nanoparticle (nSP) exposure. Here, we investigated
the potential of haptoglobin and SAA as biomarkers of sub-
nano platinum (snPt) exposure. Serum levels of haptoglobin
and SAA were measured in BALB/c mice by enzyme-linked
immunosorbent assay. Serum levels of haptoglobin and SAA
in snPt-treated mice were significantly higher than those of
saline-treated mice. This suggests that haptoglobin and SAA
have potential as biomarkers of snPt-induced adverse biological
effects. These data provide useful information for the develop-
ment of safe NM.

Nanomaterials (NM) are substances that have at least one dimen-
sion less than 100 nm. Compared with conventional materials of
submicron size, NM possess innovative functions such as high
electrical conductivity, tensile strength, and tissue permeability
(Rutherglen and Burke 2009); they are now widely used in cos-
metics, food, and medicines (Kaur and Agrawal 2007; Cormode
et al. 2010). However, the increasing use of NM has resulted in
public concern about their potential risks to health. In fact, there
are various reports about adverse biological effects induced by
NM (Hougaard et al. 2010; Morishige et al. 2010; Yamashita
et al. 2011)_ENREF 8. It is therefore important to develop and
promote safe NM because they have the potential to improve
the quality of human life. We have tried to establish a NM
safety assessment system that uses biomarkers. Biomarkers are
expected to be useful not only in the detection of adverse biolog-
ical responses, but also in the prediction of unknown biological
effects induced by NM exposure (Casado et al. 2008). Biomark-
ers of NM will be invaluable for predicting potential toxicity
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The potential of haptoglobin and serum amyloid A (SAA) as biomarkers of
snPt. Female BALB/c mice were intravenously injected via the tail vein with
sub-nano platinum (snPt), silica nanoparticles (nSP70), or saline, and blood
samples were collected at 24 h after treatment. The serum levels of haptoglobin
(A) and SAA (B) in each mouse were examined with ELISA. To clear the level
of SAA in snPt-treated mice, the result of nSP70-treated mice was removed as
shown in (C). Data are presented as mean £ SE. (n=4-5; *P <0.05, **P<0.01
versus value for saline-treated group by ANOVA; N.D., not detected)
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and establishing strategies for the development, production, and
use of safe NM.

‘We previously demonstrated that haptoglobin and serum amy-
loid A (SAA) have potential as biomarkers for assessing
biological responses to silica nanoparticle (nSP) exposure
(Higashisaka et al. 2011). Sub-nano platinum (snPt) is already
used in cosmetics and foods as an antioxidant agent (Onizawa
et al. 2009), and it is expected to have therapeutic applications
(Porcel et al. 2010). However, there are some concerns regard-
ing adverse biological effects from snPt exposure (Park et al.
2010). Therefore, there is an urgent need to collect information
about the safety of snPt.

Here, we investigated whether haptoglobin and SAA could be
used as biomarkers of snPt. We used snPt with a diameter of
0.63 nm, and nSP with a diameter of 70 nm as a positive control.
BALB/c mice were administered snPt (10 or 20 mg/kg), nSP
(40 mg/kg), or saline via intravenous injection into the tail vein.
We decided the dose of snPt by using previous data indicating
that haptoglobin and SAA were significantly increased in mice
treated with 40 mg/kg nSP (Higashisakaetal. 2011). Serum sam-
ples were collected at 24 h after administration and serum levels
of haptoglobin and SAA were measured by enzyme-linked
immunosorbent assay (ELISA). Serum levels of haptoglobin and
SAA in snPt-treated mice were significantly higher than those of
saline-treated mice (Fig.). In addition, although the levels of hap-
toglobin were almost the same in snPt-treated and nSP-treated
mice, the levels of SAA were quite different (Fig.). Our resuits
suggest that haptoglobin and SAA are potential biomarkers of
snPt and that differences in biological effects are dependent on
the type of NM.

Exposure to snPt in daily life can occur through various dif-
ferent routes. For example, snPt contained in food is taken up
orally, whereas snPt within the manufacturing environment gen-
erally enters the body intranasally. Therefore, the evaluation of
biomarkers for oral or intranasal exposure to snPt is also needed.
We are now trying to evaluate why SAA showed different
expression in snPt-treated and nSP-treated mice. We expect that
this study will provide useful information for the development
of biomarkers of NM exposure. We believe that the establish-
ment of a NM safety assessment system based on biomarkers
will lead to the development of safe NM.

Experimental
1. Materials

snPt and nSP were purchased from Polytech & Net GmbH (Schwal-
bach, Germany) and Micromod Partikeltechnologie (Rostock/Warnemiinde,
Germany), respectively. They were sonicated for 5 min and then vortexed
for 1 min prior to use.

2. Animals

Female BALB/c mice were purchased from Nippon SLC, Inc. (Shizuoka,
Japan) and used at 6 to 7 weeks of age. All of the animal experimental
procedures in this study were performed in accordance with the Osaka Uni-

versity and the National Institute of Biomedical Innovation guidelines for
the welfare of animals.

3. Blood-sample collection

BALB/c mice were administered snPt (10 or 20 mg/kg), nSP (40 mg/kg),
or saline via intravenous injection into the tail vein. Blood samples were
collected at 24 h after treatment, and serum was harvested by centrifugation
at 8000 g for 15 min.

4. M ement of acute-ph

Serum levels of haptoglobin and SAA were measured with commercial
ELISA kits (Life Diagnostics, Inc.; West Chester, PA) according to the
manufacturer’s instructions.

proteins

5. Statistical analyses

All results are expressed as means =+ SE. Differences were compared by
using the Bonferroni method after analysis of variance (ANOVA).
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Nanomaterials (NMs) exhibit unique physicochemical properties and innovative functions, and they are
increasingly being used in a wide variety of fields. Ensuring the safety of NMs is now an urgent task.
Recently, we reported that amorphous silica nanoparticles (nSPs), one of the most widely used NMs,
enhance antigen-specific cellular immune responses and may therefore aggravate immune diseases.

KCJ’WWdS-_‘ Thus, to ensure the design of safer nSPs, investigations into the effect of nSPs on antigen presentation
f“‘_alﬂﬂpﬂmﬂe in dendritic cells, which are central orchestrators of the adaptive immune response, are now needed.
f;:lgfune-modulating e Here, we show that nSPs with d_iarneters of 70 and 100 nm enhanced exogenous ar!tigen entry into the
Safety cytosol from endosomes and induced cross-presentation, whereas submicron-sized silica particles

(>100 nm) did not. Furthermore, we show that surface modification of nSPs suppressed cross-presenta-
tion. Although further studies are required to investigate whether surface-modified nSPs suppress
immune-modulating effects in vivo, the current results indicate that appropriate regulation of the char-

acteristics of nSPs, such as size and surface properties, will be critical for the design of safer nSPs.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Nanomaterials (NMs) are substances that have at least one
external dimension <100 nm. Due to their small size and large sur-
face-to-volume ratio, NMs show properties that are not found in
bulk samples of the same material (particle size >100 nm) such
as tissue permeability and biologic reactivity [1,2]. Thus, over the
last decade, the use of NMs has increased in products such as cos-
metics, foods, and medicines as a way of adding value to new or
existing products [3-5].

However, there is now worldwide concern over whether the
novel properties of NMs make them unsafe for humans. For
example, it has been reported that titanium dioxide nanoparticles

Abbreviations: DCs, dendritic cells; IL-2, interleukin 2; NMs, nanomaterials;
nSPs, amorphous silica nanoparticles; nTiOz, titanium dioxide nanoparticles; OVA,
ovalbumin; SPs, amorphous silica particles; 5R, scavenger receptor.
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(nTiO,) induce DNA damage and genetic instability in vivo [6]. Fur-
thermore, we have shown that nTiO; and amorphous silica nanopar-
ticles (nSPs) induce reproductive toxicity and consumptive
coagulopathy in mice [7,8]. Despite intensive research efforts, the
relationships between biological responses to and the physico-
chemical properties of NMs, such as their size and surface proper-
ties, are not yet well understood. To fully utilize the potential
benefits of NMs, it is crucial that we obtain more information for
the design of safer NMs.

Previously, we showed that nSPs—one of the most frequently
used NMs in cosmetics and foods [9]—with a diameter of 70 nm
(nSP70) penetrate the skin barrier and enter dendritic cells (DCs)
in the skin in mice [10,11]. Because DCs are central orchestrators
of immunity that provide necessary innate signals and adaptive
functions through the processing and presentation of antigens to
which T cells respond [12,13], it is possible that nSPs have
immune-modulating effects and are associated with the
development of immune diseases. We further showed that co-
administration of nSPs plus protein-antigen enhances antigen-
specific CD8" T cell response and aggravates immune diseases in
mice [14,15]. CD8" T cell response is only activated if
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antigen-presenting cells, mainly DCs, present antigens on their
major histocompatibility complex (MHC) class I molecules [16].
However, most exogenous antigens, which are introduced into
DCs by the endocytic pathway, are not presented on MHC class |
molecules [17]; most exogenous antigens are presented on MHC
class 11 molecules [18]. Because nSPs enhance the CD8" T cell
response against exogenous antigen, nSPs might affect antigen
processing and presentation in DCs. We hypothesize that nSPs
promote the presentation of exogenous antigen on MHC class I
molecules, through a pathway termed cross-presentation, which
subsequently induces an immune-modulating effect.

Here, we investigate the influence of nSPs on antigen presenta-
tion via cross-presentation in DCs.

2. Materials and methods
2.1. Silica particles

Unmodified amorphous silica particles (SPs) with diameters of
70, 100, 300, or 1000 nm (designated nSP70, nSP100, nSP300,
and mSP1000, respectively) and nSP70 modified with surface
carboxyl groups (nSP70-C) or amine groups (nSP70-N) were
purchased from Micromod Partikeltechnologie (Rostock/
Warnemiinde, Germany). Silica particle suspensions were stored
at room temperature. The suspensions were sonicated and then
vortexed for 1 min immediately prior to use. The physicochemical
properties of these SPs have been described previously [10,15,19].

2.2. Regents

Polyinosinic acid (Poly I), chloroquine, and lactacystin were
purchased from Sigma-Aldrich (5t. Louis, MO, USA).

2.3. Cell culture

DC2.4 cells, which were previously characterized as immature
DC cells from C57BL/6 (H-2 Kb) [20], were kindly provided by
Dr. Kenneth L. Rock (Department of Pathology, University of
Massachusetts Medical School, Worcester, MA, USA) and main-
tained in RPMI-1640 medium (Wako, Osaka, Japan) supplemented
with 10% FBS, 10 ml/L 100x nonessential amino acid solution
(Gibco, Invitrogen, Carlsbad, CA, USA), 50 uM 2-mercaptoethanol
(Gibco), and 1% antibiotic cocktail (Nacalai Tesque, Kyoto, Japan).
CD8-0VAL1.3 cells, a T-T hybridoma against the OVA;s7-264/MHC
class I molecule (H-2 Kb) complex [21], were kindly provided by
Dr. Clifford V. Harding (Case Western Reserve University,
Cleveland, OH, USA) and maintained in Dulbecco’s modified Eagle's
medium (D-MEM; Wako) supplemented with 10% FBS, 50 uM
2-mercaptoethanol, and antibiotics cocktail. Cell viability was
determined by using a WST-8 assay kit (Nacalai Tesque).

2.4. Cross-presentation assay

DC2.4 cells were seeded at a density of 5 x 10 cells/well in a
96-well flat-bottom culture plate (Nunc, Roskilde, Denmark) and
incubated overnight at 37 °C (95% room air, 5% CO;). Each well
was then washed with PBS and the cells pulsed with 2.9-15 pg/
mL of one of the silica particle suspensions and 100 pg/mL chicken
egg ovalbumin (OVA; Sigma-Aldrich), or 100 pg/mL OVA alone.
After 24 h, each well was washed with PBS and the cells fixed with
0.05% glutaraldehyde (Wako). The cells were then co-cultured with
1 x 10° cells/well of CD8-OVA1.3 cells for 24 h. The amount of
interleukin 2 (IL-2) released into an aliquot of culture medium
(200 uL) was measured by using a murine IL-2 ELISA kit

(eBioscience, San Diego, CA, USA) according to the manufacturer's
instructions.

To study the antigen presentation pathway, DC2.4 cells (5 x 10*
cells/well) were incubated with 100 pg/mL Poly I, 50 uM chloro-
quine, or 2.5 uM lactacystin for 1 h prior to the addition of OVA
and one of the nSPs. In these assays, because the inhibitors are
cytotoxic, we pulsed the cells with nSP70 (40 pg/mL) and OVA
(100 pg/mL) in the continued presence of inhibitor for only 6 h.
After incubation, the cells were washed and fixed, and 1 x 10°
cells/well of CD8-OVAT1.3 cells was added. After 24 h, the IL-2 levels
in the supernatants were measured as described above.

2.5. Statistical analysis

All data are presented as mean # SD. Differences were compared
by using Student’s t-test or Dunnett’s test after ANOVA. Differences
between the experimental groups and the control group were con-
sidered significant at P < 0.05.

3. Results and discussion
3.1. nSPs enhance cross-presentation

Here, we used nSPs with diameters of 70 and 100 nm (nSP70
and nSP100, respectively) and conventional SPs with diameters
of 300 and 1000 nm (nSP300 and mSP1000, respectively). We pre-
viously confirmed that the hydrodynamic diameters of these parti-
cles, as measured by means of a dynamic light scattering system,
were 76, 106, 264, and 1136 nm, respectively [15]. The size distri-
bution spectrum of each silica particle showed a single peak and
the hydrodynamic diameter corresponded almost exactly to the
primary particle size for each sample, indicating that the silica par-
ticles used in this study are well-dispersed in solution [10,15]. In
addition, transmission electron microscopy (TEM) images con-
firmed that the particles are well-dispersed smooth-surfaced
spheres, as described previously [10].

To examine whether nSPs affect antigen processing and presen-
tation in DCs and enhance cross-presentation, we first assessed the
correlation between particle size and cross-presentation. DC2.4
cells were incubated with the SPs and OVA, and then co-cultured
with CD8-0VA1.3 cells. When CD8-OVA1.3 cells recognize
OVAjs7_264/H-2 Kb complexes and become stimulated, they begin
to produce IL-2. The amount of IL-2 in the supernatant correlates
with the frequency of OVA presentation on MHC class I molecules;
therefore, we assessed the cross-presentation of OVA by determin-
ing the amount of IL-2 released into an aliquot of culture medium.
IL-2 production in the nSP70- and nSP100-treated groups was
increased in a dose-dependent manner and was significantly high-
er than that in the OVA alone group (Fig. 1). In contrast, IL-2
production in the nSP300- and mSP1000-treated groups was the
same as that in the OVA alone group (Fig. 1). These results suggest
that nSPs influence antigen processing and induce cross-
presentation in DCs.

3.2. nSP70 induces cross-presentation via the cytosolic pathway and is
dependent on nSP70 uptake via scavenger receptors

There are two main intracellular pathways of cross-
presentation: the cytosolic pathway and the vacuolar pathway
[16,22,23]. In cross-presentation via the cytosolic pathway,
internalized antigens enter the cytosol via endosomes, which are
then degraded by proteasomes. Proteasome-generated peptides
then feed into the classical MHC class [-mediated antigen presen-
tation pathway in the same way as endogenous antigens. In
contrast, in the vacuolar pathway, antigens are degraded within
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Fig. 1. The effect of different-sized silica particles on OVA presentation on MHC
class I molecules in DC2.4 cells. DC2.4 cells were pulsed with OVA alone or OVA plus
one of the sizes of silica. After silica exposure, the DC2.4 cells were co-cultured with
CD8-0VA1.3 cells. The concentration of IL-2 in the supernatants was measured. The
data are presented as the mean # SD for three independent cultures (n = 3). N.D. not
detected. *"P < 0.01 versus OVA alone group by Dunnett’s test.

the endosomes through endosomal acidification, and both antigen
processing and loading onto MHC class I molecules occur within
endocytic compartments. To determine which pathway is involved
in nSP70-induced cross-presentation, we examined the effect of
the potent proteasome inhibitor lactacystin or the endosomal
acidification inhibitor chloroquine on nSP70-induced cross-
presentation. Chloroquine treatment did not inhibit nSP70-
induced IL-2 production (Fig. 2A), whereas lactacystin treatment
strongly inhibited nSP70-induced IL-2 production (Fig. 2B). These
results suggest that nSP70 induces cross-presentation via the
cytosolic pathway.

Next, we analyzed the effect of cellular uptake of nSP70 on the
induction of cross-presentation. Because some reports have shown
that scavenger receptors (SRs) are related to the uptake of
crystalline silica particles and nSPs [24,25], we examined nSP70-
induced cross-presentation after treatment with Poly I, which is
an SR inhibitor. nSP70-induced cross-presentation was completely
inhibited by treatment with Poly I (Fig. 2C); therefore, nSP70-
induced cross-presentation is dependent on SRs.
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3.3. Effect of nSP70 surface modification on cross-presentation

Recent articles have focused on the possible influence of surface
charge on the in vivo biodistribution, cellular uptake, and/or cyto-
toxicity of nanoparticles [7,26,27]. Taken together, these studies
have shown that the surface properties of nSPs could be important
for the development of safer nSPs. To investigate the effect of sur-
face modification of nSP70 on cross-presentation, we evaluated
cross-presentation in DC2.4 cells treated with OVA and nSP70
modified with either surface amine groups (nSP70-N) or carboxyl
groups (nSP70-C). As mentioned above, we confirmed through
TEM that nSP70-N and nSP70-C are smooth-surfaced, spherical
particles, and that surface modification changes the surface charge
of the particles [7]. IL-2 production in the OVA and nSP70-N- or
nSP70-C-treated groups was not enhanced compared with the
OVA only group; however, it was enhanced in the OVA and
nSP70-treated group (Fig. 3). These results indicate that nSPs mod-
ified with surface amine groups or carboxyl groups do not induce
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Fig. 3. Relationship between the surface physicochemical properties of nSP70 and
nSP70-induced cross-presentation. DC2.4 cells were pulsed with OVA alone or OVA
plus one of the nSP70s. After silica exposure, the DC2.4 cells were co-cultured with
CD8-0VA1.3 cells for 24 h. The concentration of IL-2 in the supernatants was
measured. The data are presented as the mean + SD for three independent cultures
(n=3). ™P<0.01 versus OVA alone group by Dunnett’s test.
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Fig. 2. Effects of various inhibitors on nSP70-induced cross-presentation. DC2.4 cells were pretreated with or without 50 tM chloroquine (A), 2.5 UM lactacystin (B), or
100 pg/mL Poly I (C). After 1-h incubation, DC2.4 cells were pulsed with OVA alone or OVA plus nSP70. After nSP70 exposure, DC2.4 cells were co-cultured with CD8-OVA1.3
cells. The concentration of IL-2 in the supernatants was measured. The data are presented as the mean + SD for three independent cultures (n = 3). **P < 0.01 versus OVA alone

group by Student’s t-test.
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cross-presentation. Therefore, appropriate regulation of the surface
properties of nSPs may produce safer nSPs that do not induce
cross-presentation and immune-modulation.

It is important to clarify why nSP70 induces cross-presentation -

yet nSP70-N and nSP70-C do not. It has been reported that the pro-
duction of reactive oxygen species (ROS) induces the rupturing of
endosomal/lysosomal membranes [28,29]. We previously reported
that nSPs with a diameter < 100 nm strongly induce endocytosis-
dependent ROS generation [30]. It is therefore possible that
nSP70 induces ROS generation dependent on SRs, which causes
phagosomal destabilization and subsequently more antigen enters
the cytosol. Furthermore, we observed that in the murine macro-
phage cell line Raw264.7, nSP70-N and nSP70-C induce little ROS
production compared with nSP70 (data not shown). Although
further analysis of the relationship between ROS production and
nSP-induced cross-presentation is needed, it is possible that only
unmodified nSPs induce ROS production and enhance cross-
presentation.

In the current study, we showed that nSPs with diameters
between 70 and 100 nm enhance cross-presentation. Furthermore,
we showed that surface modification of nSPs with amine or
carboxyl groups results in little cross-presentation. Although
further studies are required to investigate whether surface modifi-
cation of nSPs suppresses immune-modulating effects in vivo,
these results indicate that appropriate regulation of nSP size and
surface properties may be crucial for the design of safer nSPs.
Furthermore, accurate regulation of the ability of nSPs to induce
cross-presentation may lead to new applications for nSPs, such as
in cancer vaccines. We believe a detailed analysis of the mecha-
nisms of nSP-mediated cross-presentation will be invaluable for
both the design of safe nSPs and the development of new
applications for them.
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Hemopexin as biomarkers for analyzing the
biological responses associated with exposure to
silica nanoparticles
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Abstract

Practical uses of nanomaterials are rapidly spreading to a wide variety of fields. However, potential harmful effects
of nanomaterials are raising concerns about their safety. Therefore, it is important that a risk assessment system is
developed so that the safety of nanomaterials can be evaluated or predicted. Here, we attempted to identify novel
biomarkers of nanomaterial-induced health effects by a comprehensive screen of plasma proteins using
two-dimensional differential in gel electrophoresis (2D-DIGE) analysis. Initially, we used 2D-DIGE to analyze changes
in the level of plasma proteins in mice after intravenous injection via tail veins of 0.8 mg/mouse silica nanoparticles

with diameters of 70 nm (nSP70) or saline as controls. By quantitative image analysis, protein spots representing
>2.0-fold alteration in expression were found and identified by mass spectrometry. Among these proteins, we
focused on hernopexin as a potential biomarker. The levels of hemopexin in the plasma increased as the silica
particle size decreased. In addition, the production of hemopexin depended on the characteristics of the
nanomaterials. These results suggested that hemopexin could be an additional biomarker for analyzing the
biological responses associated with exposure to silica nanoparticles. We believe that this study will contribute to
the development of biomarkers to ensure the safety of silica nanoparticles.

Keywords: Silica nanoparticle, Plasma proteins, Hemolysis, Biomarker

Background

Nanomaterials with particle sizes below 100 nm display
unique properties compared to conventional materials
with a submicron size. Various types of nanomaterials
have been designed and produced for consumer and in-
dustrial applications such as medicine, cosmetics, and
food [1,2]. As the use of nanomaterials increases, there
is a growing need to ensure their safety because their
unique properties might be associated with undesirable
biological interactions [3,4]. However, current knowledge
of the potential risk of nanomaterials is considered
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insufficient. Therefore, to facilitate the development of
nanomaterials as a safe and usable product, it is import-
ant to develop guidelines for evaluation of their safety
and efficacy.

Silica nanoparticles have been widely used in many
consumer products such as cosmetics, food, and medi-
cine because of their useful properties, including
straightforward synthesis, relatively low cost, easy separ-
ation, and easy surface modification [5,6]. However, re-
cent studies have found that silica nanoparticles induce
substantial lung inflammation and are cytotoxic to vari-
ous cell types [7,8]. Furthermore, our group showed that
silica nanoparticles penetrate the skin and produce sys-
temic exposure after topical application [9]. These find-
ings underscore the need to examine biological effects
after systemic exposure to silica nanoparticles. Our
group also demonstrated that intravenous injection of
silica nanoparticles with a diameter of 70 nm into mice
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