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Fig. 4. Unmodified mSP1000—induced IL-1f production is mediated by activation of NALP3 inflammasome. PMA-primed THP-1 cells transiently transfected with CFP—ASC were
treated with unmodified mSP1000. The cells were then observed by confocal microscopy. Treated with unmodified mSP1000 alone (top); untreated but transfected with CFP—ASC
(middle); or treated with unmodified mSP1000 and transfected with CFP—ASC (bottom). Arrows indicate clusters of CFP—ASC (blue).

4. Discussion

Our goal was to elucidate the mechanisms of the inflammatory
effects induced by SPs and to provide basic information for the
creation of safe and effective SPs. To achieve these purposes, we
focused on the IL-1p production induced by SPs, because IL-18
production is currently considered to play an important role in the
initial inflammatory responses that lead to asbestosis and silicosis
[19]. Our results provided evidence that unmodified mSP1000, but
not smaller SPs, induces significant IL-1f production by THP-1 cells.
Although the detailed mechanisms of this particle-size dependency
in IL-1B production were unclear, we speculate that there are
differences in the intracellular behavior of SPs and in the signaling
pathways, and cytokine production patterns induced by SPs.
Consistent with our hypothesis, our unpublished data showed that
mSP1000s and the smaller SPs induce different inflammatory
cytokine and chemokine production profiles (data not shown).
Furthermore, many reports have shown that nanosized SPs induce
inflammation in vivo. Therefore, we consider that it is also neces-
sary to investigate the cytokine and chemokine production profiles
induced by SPs of various sizes.

We then examined the effects of surface modification on
mSP1000-induced IL-1f production, because it has become evident
that surface properties are important factors in the biological
effects of particles [14,15]. Interestingly, although unmodified and
surface-modified mSP1000s were taken up equally, surface-

modified mSP1000s induce little or no IL-18 production (Fig. 1B).
The in vivo inflammatory effect was similarly reduced by surface
modification of mSP1000s (Fig. 1C). We consider these results
important to the creation of safe SPs.

Next, we examined the mechanisms of IL-1f production
induced by mSP1000s to elucidate why surface modification
reduced IL-18 production. First, we revealed that mSP1000-
induced IL-1B production depends on the activation of NLRP3
inflammasome by using CFP—ASC fusion protein (Fig. 4). Some
reports showed that other inflammasomes such as NLRP1 could
activate caspase-1 in an ASC-dependent way [35]. Therefore we will
need to confirm a specific role for NLRP3 in IL-1B production
induced by mSP1000s by using siRNA of NLRP3 in future. A recent
study showed that NLRP3 inflammasome mediated IL-1f produc-
tion is associated with fever syndromes characterized by sponta-
neous inflammation [21]. In fact, the IL-1B receptor antagonist
anakinra has been successfully used to treat patients suffering from
inflammatory diseases, indicating that these patients have under-
lying increased IL-1 production [36,37]. However, the mechanisms
of NLRP3 activation remain unclear, and therefore the definitive
target to be overcome for the creation of safe materials is still
unknown. Recently, different groups separately reported that
cathepsin B leakage after endosomal rupture, as well as cytoplasmic
ROS, plays a crucial role in the activation of NLRP3 inflammasome
[13,20]. Consistent with these notions, we demonstrated here that
mSP1000-induced IL-1f production is mediated by cathepsin B and
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Fig. 5. mSP1000-induced IL-1B production is mediated by endosomal rupture. (A) Confocal microscopy of endosomal morphology. PMA-primed THP-1 cells were incubated with
Alexa Fluor 594—conjugated dextran (red) and each type of mSP1000 for 6 h. The cells were then observed by confocal microscopy. Arrows show cells with spread of dextran into
the cytoplasm, indicating endosomal rupture. (B, C) Involvement of cathepsin B in mSP1000-induced IL-1p production. PMA-primed THP-1 cells were treated with each type of

mSP1000 or with ATP for 6 h in the absence (black bars) or presence (white bars) of (B

) CA-074-Me (2 pM) or (C) bafilomycin A; (250 nM). Data represent means + SD (n=5;

*P < 0.05, **P < 0.01 versus value for inhibitor [—] control within each treatment pair, t-test).

ROS (Figs. 5 and 6). However, it was unclear whether ROS and
cathepsin B activate NLRP3 inflammasome separately or in a coor-
dinated manner, and it was also unclear how endosomal rupture
occurred. Use of a ROS inhibitor and surface-modified mSP1000s
efficiently suppressed endosomal rupture (Fig. 6D). From these
observations, we speculate that, with mSP1000 treatment, ROS
trigger endosomal rupture and subsequent cathepsin B leakage into
the cytosol, leading to the activation of NLRP3 inflammasome
(Fig. 7). Our hypothesis is consistent with some reports suggesting
that ROS trigger destabilization of the lysosomal membrane by
membrane lipid oxidation [38].

In contrast, some reports have suggested that, in the case of
crystalline silica, the reactive particle surface interacts with phag-
olysosomal membranes, leading to the release of endosomal
enzymes into the cytosol after phagocytosis [39—41]. These
contradictory findings suggest that various materials induce bio-
logical effects by different mechanisms in response to differences in
particle characteristics. However, it remains unclear why the
surface modification of mSP1000 reduced ROS production. It is
possible that inappropriate surface modification induces an

inflammatory effect stronger that of unmodified SP. We consider
that further studies of the relationship between surface charac-
teristics and bio-effect are necessary for the development of safe
and effective materials. In this report, we found that DPI, an
inhibitor of NADPH oxidase, significantly suppressed mSP1000-
induced IL-1P production (Fig. 6C). NADPH oxidase is activated by
the assembly of membrane lipids at local sites on the cellular
surface and in the cytoplasm where the particles attach [42,43]. At
this point, the silanol group (Si—OH) induces binding of the parti-
cles to membranes [44,45]. Therefore, we speculate that surface
modification of mSP1000 masks the silanol group from the surface
of the mSP1000 and blocks subsequent NADPH oxidase activation.

On the other hand, SP-induced cell death is also a critical
obstacle, because macrophages play a central role in host defense
systems. In 2007, Willingham et al. proposed a novel cell death
pathway called pyronecrosis [46]. Induction of pyronecrosis is not
dependent on IL-1f signaling or caspase-1 activity, although it
requires the presence of the inflammasome component ASC and
cathepsin B [46—48]. Our data suggested that mSP1000-induced
cell death is independent of caspase-1 and IL-1B signaling but
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Fig. 6. Unmodified mSP1000~induced ROS production induces endosomal rupture and subsequent IL-1B production. (A) ROS production levels in PMA-primed THP-1 cells. Cells
were treated with each type of mSP1000 for 24 h and incubated with H,DCFDA (10 pM) for 45 min. Fluorescence was then measured at ODag5-530. ROS production intensity was
calculated by the formula ROS production intensity = fluorescence/number of live cells. ROS production intensity of untreated control cells was arbitrarily set to 100%. Data
represent means + SD (n=5; *P < 0.05 versus value for PBS control, 'P < 0.05, /P < 0.01 versus value for unmodified mSP1000, ANOQVA). (B, C) Involvement of ROS in mSP1000-
induced IL-1f production. PMA-primed THP-1 cells were treated with each type of mSP1000 or with ATP for 6 h in the absence (black bars) or presence (white bars) of (B) BHA
(150 uM) or (C) DPI (60 M), and IL-1p production levels were measured by ELISA. (D) Confocal microscopy of endosomal morphology. PMA-primed THP-1 cells were incubated
with Alexa Fluor 594—conjugated dextran (red) and unmodified mSP1000 for 6 h in the presence (bottom) or absence (middle) of BHA (150 uM). Cells were then observed by
confocal microscopy. Arrows indicate cells with spread of dextran into the cytoplasm. (E) Involvement of cathepsin B and caspase-1 in unmodified mSP1000—induced cytotoxicity.
PMA-primed THP-1 cells were treated with unmodified mSP1000 for 24 h in the absence (black bars) or presence (white bars) of CA-074-Me (2 uM), bafilomycin A, (250 nM), or
2YVAD-fmk (10 pM). Cell viability was measured by methylene blue assay. Data represent means = SD (n = 5; *P < 0.05, **P < 0.01 versus value for inhibitor [—] control within each
treatment pair, t-test).
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Fig. 7. Model of mSP1000-induced IL-1p maturation pathways. Unmodified
mSP1000—induced IL-1B maturation is mediated by phagocytosis, activation of NADPH
oxidase, ROS production, endosomal rupture, active cathepsin B leakage, assembly of
NALP3 inflammasome, and caspase-1 activation. Surface-modified mSP1000s do not
activate NADPH oxidase or ROS production, although they are taken up at the same
rate as unmodified mSP1000.

dependent on cathepsin B (Fig. 6E) with the ASC assembly (Fig. 4),
which means that unmodified mSP1000—induced cell death might
occur by pyronecrosis. Pyronecrosis is considered to elicit
substantial inflammation and to affect the local environment,
whereas apoptosis is widely accepted as non-inflammatory cell
death without effects around the dying cells [48]. Thus, pyronec-
rosis is likely to contribute substantially to the disease state in
patients with inflammatory diseases.

We revealed here that SP-induced ROS act as an important
upstream signal in the NLRP3 activation pathway. Moreover, we
showed that modification of mSP1000s with functional groups
suppressed their inflammatory effects. We have since obtained
similar results with nanosized particles (nSP70) (unpublished
data). These results support our hypothesis that appropriate surface
modification of SPs suppresses their inflammatory effect. However,
we speculate that blind modification could exacerbate the inflam-
matory effect, and we consider that an analysis of the mechanisms
of the phenomena reported here is necessary.

5. Conclusions

We reveal here that unmodified mSP1000—induced IL-1pB
production is mediated by the activation of NADPH oxidase, ROS
production, endosomal rupture, active cathepsin B leakage,
assembly of NLRP3 inflammasome, and caspase-1 activation.
Furthermore, by surface modification with functional groups, we
successfully suppressed unmodified mSP1000—induced ROS

production, an upstream signal in the NLRP3 activation pathway,
and the subsequent inflammatory responses or cell death. We
consider that further studies of the relationship between surface
characteristics and biological effects would lead to the develop-
ment of safe and effective SPs.
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Appendix

Figures with essential color discrimination. Figs. 2, 4—7 in this
article are difficult to interpret in black and white. The full color
images can be found in the on-line version, at doi:10.1016/j.
biomaterials.2010.05.036.
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Recent studies have indicated that amorphous silica particles (SPs) show cytotoxicity against various types
of cells, including macrophages. However, the mechanism of cell death has not been determined, and sys-
tematic investigations of the relationship between particle characteristics and cytotoxicity are still quite
limited. Here, we compared the cytotoxicity of SPs of various sizes (30—1000 nm) and surface properties
against differentiated THP-1 human macrophage-like cells. We found that 300 and 1000 nm SPs showed
cytotoxicity against THP-1 cells, whereas 30, 50, and 70nm SPs did not induce cell death. We demon-
strated that 1000 nm SP showed strong cytotoxicity that depended on reactive oxygen species but was
independent of caspases. Furthermore, we showed that surface modification of 1000 nm SPs dramatically
suppressed their cytotoxicity. Our results suggest that systematic evaluation of the association between
particle characteristics and biological effects is necessary for the creation of safe SPs.

1. Introduction

Amorphous (noncrystalline) silica particles (SPs) possess use-
ful properties, including straightforward synthesis, relatively
low cost, easy separation, high hydrophilicity, and facile sur-
face modification. In addition, SPs are usually considered to
have low toxicity, in contrast to crystalline silica, which can
cause silicosis and some forms of lung cancer (Mossman and
Churg 1998; Huaux 2007). Therefore, SPs have been used for
many applications, including cosmetics, foods, medical diagno-
sis, cancer therapy, and drug delivery (Hirsch et al. 2003; Bharali
etal. 2005; Roy etal. 2005; Bottini etal. 2007; Verraedt etal.
2009).

However, the increasing use of SPs has raised public concern
about their safety. In fact, recent studies have found that SPs
induce substantial lung inflammation and are cytotoxic against
various cells, including macrophages (Wiethoff et al. 2003; Cho
etal. 2007; Napierska etal. 2009). Thus, the safety and over-
all biological effects of SPs have been questioned (Akerman
etal. 2002; Kirchner etal. 2005; Dostert etal. 2008). In addi-
tion, it has recently become evident that particle characteristics,
including particle size and surface properties, are important fac-
tors in pathologic alterations and cellular responses (Albrecht
etal. 2004; He et al. 2008; Waters et al. 2009). Therefore, inves-
tigation of the mechanisms of SP-induced inflammation and
cytotoxicity and of the relationship between particle character-
istics and cytotoxicity is important for the development of safe
SPs.

Here we demonstrate that SPs exhibit cytotoxicity against
THP-1 human macrophage-like cells in a size-dependent man-
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Fig. 1: Correlation between SP particle size and cytotoxicity against
macrophage-like cells. PMA-primed THP-1 cells were treated with

100 g/mL unmodified SPs for 24 h, and cell viability was evaluated by
means of the standard methylene blue assay. The data represent the
mean = SD (n=5; **P<0.01 versus value for medium control)




ORIGINAL ARTICLES

DAPI (blue)

)
DAPI (blue)
(B)
_ 1201 Control BHA zVAD-fmk
[
S 100+
§ %k
© 80-
x
Z 604
o)
©
> 404
®
© 20
0
Inhibitor -+ -+ -+
SP1000 - - 4 o + +

Fig. 2: ROS and caspase dependence of mSP1000-induced cell death. (A) Confocal microscopy images of the ingestion of mSP1000. FITC-conjugated mSP1000 (green) were
added to the PMA-primed THP-1 cells at 100 ug/mL. Cells were incubated for 6 h at 37°C (left) or 4 “C (right). The nucleus was stained with DAPI (blue). (B) Effect of a
caspase inhibitor and an ROS scavenger on cytotoxicity of mSP1000. PMA-primed THP-1 cells were treated with 100 (g/mL SP1000s for 24 h in the presence or absence
of BHA (150 uM) or zVAD-fmk (60 uM). Cell viability was measured by means of the methylene blue assay. The data represent the mean + SD (n=4; **P<0.01 versus

value for inhibitor [-] control)

ner. Furthermore, we show that SPs with diameters of 1000 nm
induce the production of reactive oxygen species (ROS), which
triggers THP-1 cell death. We also demonstrate that surface
modification of SPs with various functional groups significantly
suppresses SP cytotoxicity.

2. Investigations, results and discussion

In this study, we examined whether the size and surface char-
acteristics of SPs are correlated with their cytotoxicity. We also
investigated the mechanism by which SPs induce the death of
macrophage-like THP-1 cells, with the goal of providing infor-
mation for the creation of novel safe SPs.

2.1. Amorphous silica particles induce cell death in a
size-dependent manner

We used five SPs with diameters between 30 and 1000 nm
(nSP30, nSP50, nSP70, nSP300, and mSP1000); the mean sec-
ondary particle diameters of the SPs measured by means of
a Zetasizer were 33, 44, 79, 326, and 945 nm, respectively

2

(data not shown). To compare the cytotoxicities of the SPs
with different diameters, we examined their cytotoxicity against
macrophages, which are the first line of defense against infec-
tion or injury from various inhaled agents. We incubated phorbol
12-myristate 13-acetate (PMA)-primed human macrophage-like
THP-1 cells with SPs and analyzed the levels of cell viability.
Twenty-four hours after the incubation, we found that nSP300
and mSP1000 induced marked cytotoxicity, whereas nSP30,
nSP50, and nSP70 showed no cytotoxicity (Fig. 1). These results
indicate that the particle size of the SPs was intimately involved
in their biological effects.

2.2. mSP1000-induced cytotoxicity depends on ROS but
not on caspases

Macrophages remove inhaled agents including foreign particles
by means of their phagocytic activity. To confirm that THP-1
cells took up mSP1000, we treated THP-1 cells with fluorescein-
S-isothiocyanate (FITC)-conjugated mSP1000 at 37 °C or 4 °C.
We visually confirmed that mSP1000 were ingested into THP-
1 cells at 37 °C, whereas only adsorption of mSP1000 on the
cellular surface was detected at 4 °C (Fig. 2A). These results
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Fig. 3: Corrclation between surface modification of mSP1000s and cytotoxicity against macrophage-like THP-1 cclls. (A) Particle size distributions of unmodified and
surface-moditicd mSP1000s. Particle size distributions were measured with a Zetasizer 3000HS after sonication at a particle concentration of 300 (g/mL in HyO.
(B) Cytotoxicity of surface-modificd mSP1000s. PMA-primed THP-1 cells were treated with the surface-modified mSP1000s at 100 pg/mL for 24 h. After the
stimulation, cell viability was measured by means of the standard methylenc blue assay. The data represent the mean + 8D (n=5; **P <0.0t, *P <0.05 versus value for

medium control)

indicate that mSP 1000 were recognized and taken up into THP-1
cells by energy-dependent phagocytosis.

We next examined the mechanism of mSP1000-induced cyto-
toxicity. To determine whether there was an association between
caspases and mSP1000-induced cell death, we treated cells with
mSP10001in the presence or absence of zZVAD-fmk, a broad cas-
pase inhibitor (it inhibits caspase-1, -3, -4, and -7). We found
that zVAD-fmk did not affect the mSP1000-induced cytotoxi-
city, which indicates that the cytotoxicity was independent of
caspases (Fig. 2B). Recently, four kinds of cell death pathways
were reported: apoptosis, necrosis, pyroptosis, and pyronecro-
sis (Ting etal. 2008). Apoptosis and pyroptosis are dependent
on the activity of caspases, whereas necrosis and pyronecro-
sis are independent of caspases. Therefore, our results suggest
that mSP1000-induced cell death might have been necrosis or
pyronecrosis. Both pathways elicit substantial inflammation,
whereas apoptosis is a non-inflammatory cell death that does
not affect the area around the dying cells (Ting etal. 2008).
Therefore, we suspected that SP-induced cell death might be
associated with inflammatory responses induced by mSP1000.
However, the stimulation of macrophages with materials such
as silica is known to induce ROS production (Msiska etal.
2009). Excessive production of ROS itself causes irreversible
cellular injuries and contributes to the pathogenesis of several
inflammatory diseases (Cross etal. 1994; Terman et al. 2006).
To determine whether ROS were involved in mSP1000-induced
cell death, we stimulated THP-1 cells with mSP1000 in the
presence of a broad ROS scavenger, butylated hydroxyanisole
(BHA), and found that the scavenger significantly inhibited the
cytotoxicity of mSP1000 (Fig. 2B). These results indicate that
ROS played an important role in the mSP1000-induced cell
death and that the cytotoxicity induced by mSP1000 depends
on ROS production but is independent of caspases, which sug-
gests that mSP1000-induced cell death is inflammatory necrosis
OF PYronecrosis.

Pharmazie 65 (2010)

2.3. mSP1000-induced cell death is suppressed by surface
modification with functional groups

To assess the correlation between surface modification and SP
cytotoxicity, we used mSP1000 modified with various surface
functional groups (-COOH, -NH;, -SO;H, and -CHQ), The
mean secondary particle diameters of unmodified mSP1000
was 945nm, and the corresponding values for the modi-
fied particles were 1022, 958, 1023, and 969 nm, respectively
(Fig. 3A). We compared the cytotoxicity of the modified
and unmodified particles against THP-1 cells and found that
mSP1000-induced cytotoxicity was suppressed by the surface
modification (Fig. 3B). Interestingly, we confirmed that all the
surface-modified mSP1000 were taken up equally into the cells
(data not shown). We expect that surface modification can be
used as a novel method to create safe SPs.

In summary, we confirmed that the cytotoxicity of SPs depended
on particle size and surface properties. We confirmed that
mSP1000-induced cell death was dependent on ROS production
but independent of caspases. We believe that this information
will be useful for the creation of novel safe SP-based materials.

3. Experimental
3.1. Materials and reagents

We used SPs with diameters between 30 and 1000nm (nSP30, nSP50,
nSP70, nSP300, and mSP1000), and mSP1000s with various surface func-
tional groups (-COOH, -NH,, -SO3H, and -CHO). The SPs (Sicaster) were
purchased from Micromod Partikeltechnologie (Rostock/Warnemiinde,
Germany). PMA and BHA were purchased from Sigma (St. Louis, MO).
£VAD-fmk was purchased from Merck Calbiochem (Darmstadt, Germany).

3.2. Cell treatment

THP-1 cells (human acute monocytic leukemia cell line) were obtained from
the American Type Culture Collection (Manassas, VA) and were cultured in
RPMI-1640 (Wako Pure Chemical Industries, Osaka, Japan) supplemented
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with 0% fetal bovine serum, 2 mM L-glutamine, and antibiotics at 37 °C.
Treatment of THP-1 cells with PMA reportedly induces differentiation to a
macrophage phenotype (Hoff ctal. 1992; Rutault et al. 2001).

3.3. Size distribution of silica particles

The size distributions of the SP were measured with a Zetasizer 3000HS
(Malvern, Worccsicrshire, UK) after sonication at a particle concentration
of 300 pg/mL in H20.

3.4. Cytotoxicity of various silica particles

THP-1 cells (1.5 x 10 celis/well) were seeded in 96-well plates, diffcren-
tiated to macrophages by incubation with 0.5 (M PMA for 24 h, and then
washed once with incubation medium. After the PMA priming, cells were
treated with 100 (g/mL SPs for 24 h. The cytotoxicity of the SPs against
THP-1 cells was asscsscd by means of the standard methylene blue assay.
In brief, after the SP treatment, cells were fixed with 100 wL of 2.5% glu-
taraldehyde for 15 min and stained with 100 pL of 0.05% methylene bluc
for 15min. Then, the cclls were lysed with 200 pL of 0.33N HCI. The
ODgss—415 was measured using a multiwell spectrophotometer (Molecular
Devices, Inc., Tokyo, Japan).

For the inhibitory assays, PMA-primed THP-1 cclls were pre-incubated
with BHA (150 pM) or zVAD-fmk (60 pM) for 30 min and then treated
with 100 pg/mL SPs for 24 h in the presence or abscnce of cach inhibitor.

3.5, Laser scanning confocal microscopy enalysis

THP-1 cells (1.0 x 10° cells/welt) were seeded on Lab-Tek I Chambered
Coverglass (Nunc, Rochester, NY), differentiated to macrophages by incu-
bation with 0.5 uM PMA for 24 h, and trcated for 6h with 100 ng/mL
mSP1000s. Then the cells were washed and fixed with 4% paraformaldehyde
and mounted with Prolong Gold with 2-(4-amidinophcnyl)-1H-indole-6-
carboxamidine (DAPI, Invitrogen, Carlsbad, CA) for nuclear staining,
Fluorescence was obscrved with a laser scanning confocal microscope
(Leica Microsystems GmbH, Wetzlar, Germany).

3.6. Statistical analysis

All results are presented as mcans =+ standard deviation (SD). Differences
were compared using Student’s t-test or Scheffé’s method after analysis of
variance (ANQOVA),
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Abstract

Developments in nanotechnology have fostered the widespread use of a diverse array of nano-

materials such as nanosilicas and carbon nanotubes. Nanomaterials are already being used in electronics,
sunscreens, cosmetics, and medicines, because they have unique physicochemical properties, such as conduc-
tivity, strength, durability, and chemical reactivity. The advent of nanomaterials has also provided extra-
ordinary opportunities for biomedical applications. However, the increasing use of nanomaterials has raised
public concern about their potential risks to human health. In particular, recent reports have indicated that
carbon nanotubes induce severe inflammation and mesothelioma-like lesions in mice. In this regard, we have
attempted to elucidate the pharmacodynamics and safety of nanomaterials in order to develop novel, safe
nanomaterials and to establish scientifically based regulations. In this review, we introduce our data on the
safety of nanosilicas, particularly the relationships among their physical properties (predominant grain size,
configuration, and surface charge), pharmacodynamics, and safety. Our study will help to improve the

quality of human life by establishing standards for the safe use of nanomaterials.
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Recently, nanomaterials have become an integral part of our daily lives. However, there is increasing
concern about the potential risk to human health. Here, we attempted to identify biomarkers for pre-
dicting the exposure and toxicity of nanomaterials by using a proteomics based approach. We evaluated
the changes of protein expression in plasma after treatment with silica nanoparticles. Our analyses
identified haptoglobin, one of the acute phase proteins, as a candidate biomarker. The results of ELISA
showed that the level of haptoglobin was significantly elevated in plasma of mice exposed to silica
nanoparticles with a diameter of 70 nm (nSP70) compared to normal mice and those exposed to silica
particles with a diameter of 1000 nm. Furthermore, the other acute phase proteins, C-reactive protein
(CRP) and serum amyloid A (SAA) were also elevated in plasma of nSP70 treated mice. In addition, the
level of these acute phase proteins was elevated in the plasma of mice after intranasal treatment with
nSP30. Our results suggest that haptoglobin, CRP and SAA are highly sensitive biomarkers for assessing
the risk of exposure to silica nanoparticles. We believe this study will contribute to the development of
global risk assessment techniques for nanomaterials.
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1. Introduction

With the recent development of nanotechnology, nanomaterials
such as silica nanoparticles are beginning to be used on a global
scale. In comparison to conventional materials with submicron size,
nanomaterials display unique propertiés such as high levels of

¥ Editor's Note: This paper is one of a newly instituted series of scientific articles
that provide evidence-based scientific opinions on topical and important issues in
biomaterials science. They have some features of an invited editorial but are based
on scientific facts, and some features of a review paper, without attempting to be
comprehensive. These papers have been commissioned by the Editor-in-Chief and
reviewed for factual, scientific content by referees.

* Corresponding author. The Center for Advanced Medical Engineering and
Informatics, Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-0871, Japan. Tel.:
+81 6 6879 8230; fax: +81 6 6879 8234.

** Corresponding author. Department of Toxicology and Safety Science, Graduate
School of Pharmaceutical Sciences, Osaka University, 1-6, Yamadaoka, Suita, Osaka
565-0871, Japan. Tel.: +81 6 6879 8230; fax: +81 6 6879 8234.

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

! These authors contributed equally to the work.

0142-9612/$ — see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.biomaterials.2010.08.110

electrical conductivity, tensile strength and chemical reactivity [1].
Nanomaterials have already been used in various fields such as
electronic engineering, cosmetics and medicine [2,3]. Because
nanotechnology is emerging as a leading industrial sector, humans
will be increasingly exposed to a wide range of synthetic nano-
materials with diverse properties.

The increasing use of nanomaterials has raised public concerns
about the potential risks to human health [4—6]. For example, it is
reported that carbon nanotubes induce mesothelioma-like lesions
in mice in a similar way to crocidolite asbestos [7]. Other reports
showed that exposure to titanium dioxide particles induce
inflammatory responses and lung injury in mice [8,9]. In addition,
our group showed that silica nanoparticles with a diameter of
70 nm can penetrate mouse skin and enter the circulatory system
(unpublished data). Furthermore our group demonstrated that
silica nanoparticles induce severe liver damage after systemic
administration [10—12]. However, current knowledge of the
potential risk of nanomaterials is considered insufficient. Indeed,
concerns about the potential dangers of nanomaterials have led the
World Health Organization and the Organization for Economic
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Co-operation and Development to call for an urgent and detailed
evaluation of their safety. Therefore, it is extremely important to
progress these safety evaluations in order to facilitate the devel-
opment of nanomaterials that are harmless to humans, because
nanomaterials have the potential to improve the quality of human
life. In particular, it is hoped that a risk assessment system can be
developed to estimate or predict the safety and toxicity of
nanomaterials.

Molecular biomarkers, obtained from biological samples such as
blood, urine and tissue, constitute an objective indicator for
correlating against various physiological conditions or variation of
disease state [13,14]. By using biomarkers, we are able to predict not
only the present disease and clinical condition but the risk of
acquiring disease in the future. Nowadays, biomarkers that act as
predictors of cancer have already been developed and are
commonly used in clinical practice [14]. Furthermore, such an
approach is capable of predicting adverse effects of drugs and
medicines [15,16]. By contrast, studies of biomarkers for nano-
materials have barely advanced. These biomarkers would represent
the unity of local and systemic physiological responses induced as
a result of the exposure. Therefore, biomarkers for nanomaterials
will be invaluable for predicting their potential toxicity and
establishing strategies for the safe development of nanomaterials
production and use.

Here we attempted to develop potential biomarkers of nano-
materials using a proteomics analysis with the aim of developing
safe forms of nanomaterials.

2. Materials and methods
2.1. Materials

Silica particles were purchased from Micromod Partikeltechnologie (Rostock/
Warnemiinde, Germany). The silica particles with diameters of 30, 70, 300 and
1000 nm (nSP30, nSP70, nSP300 and mSP1000, respectively), and nSP70 with
surface functional groups such as carboxyl group and amino group (nSP70-C and
nSP70-N, respectively) were used in this study. The silica particles were sonicated
for 5 min and vortexed for 1 min prior to use.

2.2. Animals

Female BALB/c mice were purchased from Nippon SLC, Inc (Shizuoka, Japan) and
used at 6—8 weeks of age. All of the animal experimental procedures in this study
were performed in accordance with the National Institute of Biomedical Innovation
guidelines for the welfare of animals.

2.3. Blood sample collection

For administration of silica particles through an intravenous route, BALB/c mice
were treated with nSP70, nSP300, mSP1000, nSP70-C, nSP70-N or saline at 0.8 mg/
mouse. At various times (6 h, 24 h, 3 day and 7 day) after treatment of these silica
particles, blood samples were collected. For administration of silica particles
through an intranasal route, BALB/c mice were treated with nSP30, nSP70 or saline
intranasally at 0.5 mg/mouse. Blood samples were collected 24 h after the treatment
of these silica nanoparticles.

24. Analysis of biomarkers for nanomaterials using a proteomics approach

BALB/c mice were treated with 0.8 mg/mouse nSP70 or saline intravenously.
After 24 h, blood samples were collected and plasma was harvested by centrifuging
blood at 12000 rpm for 15 min. Proteo prep (Sigma—Aldrich; Saint Louis, MO) was
used to remove albumin and immunoglobulins from the plasma according to the
manufacturer’s instructions. Plasma samples were then analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie
Brilliant Blue staining. Plasma diluted into aliquots corresponding to 10 pg protein
were mixed with an equal volume of Laemmli sample buffer (BIO-RAD, Tokyo,
Japan) containing 5% 2-mercaptethanol and boiled for 5 min prior to electrophoresis.
Electrophoresis was performed at 15 mA for 10 min (stacking) followed by sepa-
ration (600 V, 40 mA, 100 W) for approximately 45 min, using Precision Plus Protein
Kaleidoscope molecular weight markers (BIO-RAD) as standards.

2.5. Identification of candidate proteins as biomarkers

Bands of interest were excised from the gel and then destained with 50%
acetonitrile (ACN)/25 mm NH4HCO; for 10 min, dehydrated with 100% ACN for
10 min, and then dried using a centrifugal concentrator. Next, 8 ul of 20 pl/ml trypsin
solution (Promega, Madison, WI) diluted 5-fold in 50 mm NH4HCO3 was added to
each gel piece and then incubated overnight at 37 °C. We used three solutions to
extract the resulting peptide mixtures from the gel pieces. First, 50 pl of 50% (v/v)
ACN in 0.1% aqueous trifluoroacetic acid (TFA) was added to the gel pieces, which
were then sonicated for 30 min. Next, we collected the solution and added 80% (v/v)
ACN in 0.1% TFA. Finally, 100% ACN was added for the last extraction. The peptide
solution were dried and resuspended in 10 pl of 0.1% formic acid. The resulting
peptide mixture was then analyzed by nano-flow liquid chromatography/tandem
mass spectrometry (LC/MS; maXis, Bruker Daltonik GmbH, Bremen, Germany).

2.6. Measurement of acute phase proteins

Plasma levels of haptoglobin, C-reactive protein (CRP) and serum amyloid A
(SAA) were measured by commercial enzyme-linked immunosorbent assay (ELISA)
kits (Life Diagnostics, Inc.; West Chester, PA), according to the manufacturer’s
instructions.

2.7. Statistical analyses

Allresults are expressed as means + SD. Differences were compared by using the
Bonferroni's method after analysis of variance (ANOVA).

3. Results
3.1. Identification of biomarkers of nanomaterials

We used silica particles as a model nanomaterial because it is
one of the most common nanomaterials to have been developed.
Silica particles are increasingly being used as additives in cosmetics
and foods [17,18]. It is predicted that the global market for silica
particles will soon grow to $2 billion and a ton of silica particles is
currently produced worldwide every year. Here, we used silica
particles with a diameter of 30, 70, 300 and 1000 nm (nSP30,
nSP70, nSP300 and mSP1000, respectively). The mean secondary
particle diameters of the silica particles measured by Zetasizer
were 33, 79, 326 and 945 nm, respectively (data not shown). The
silica particles were confirmed to be well dispersed smooth-
surfaced spheres by transmission electron microscopy (data not
shown).

Initially, we attempted to identify protein biomarkers in mice by
analyzing changes in the level of each plasma protein following
treatment with silica nanoparticles using a proteomics approach.
BALB/c mice were intravenously treated with nSP70 (0.8 mg/
mouse) or saline and then plasma samples were collected 24 h later.
Because albumin and immunoglobulins are known to account for
the majority of plasma proteins, they were removed from the
samples prior to analysis so that variation in the level of other
proteins could be more closely monitored. The change of protein
levels in plasma after treatment with nSP70 was assessed by SDS-
PAGE analysis (Fig. 1). The intensity of a band of molecular mass
37 kDa was more intense in the plasma of nSP70 treated mice than
that of saline treated control mice (Fig. 1). The band was excised and
analyzed by LC/MS in order to identify the corresponding protein.
This analysis identified the induced band after treatment with
nSP70 as haptoglobin, one of the acute phase proteins.

3.2. The level of haptoglobin after treatment with silica particles

To assess the change of haptoglobin level in plasma after
administration of silica particles, BALB/c mice were intravenously
treated with nSP70, nSP300 or mSP1000 at 0.8 mg/mouse. We did
not use nSP30 in the experiment, because nSP30 induced the toxic
side effects after intravenous treatment at this dose. We confirmed
that nSP70, nSP300 or mSP1000 at this dose did not induce any
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Fig. 1. SDS-PAGE analysis of plasma proteins. BALB/c mice were intravenously treated
with nSP70 or saline at 0.8 mg/mouse. After 24 h, blood samples were collected. The
change of protein levels in plasma after treatment of nSP70 was assessed by SDS-PAGE.

significant elevation of tissue injury and dysfunction markers such
as alanine aminotransferase (ALT), aspartate aminotransferase
(AST) and blood urea nitrogen (BUN) (data not shown). After 24 h,
the level of haptoglobin in the plasma was analyzed by ELISA
(Fig. 2A). The levels of haptoglobin in the plasma of nSP70 treated
mice were significantly higher than those of saline treated control
mice. In contrast, the levels of haptoglobin in the plasma of
mSP1000 treated mice were almost the same as those of the saline
treated control group. The haptoglobin levels of nSP300 treated
mice were slightly higher than those of saline treated control mice.
These results indicate that the levels of haptoglobin in the plasma
of mice increase as the silica particle size decreases. Thus, hapto-
globin appears to be a valuable biomarker for exposure to silica
particles of nanometer size.

To assess the potential of haptoglobin as biomarker more
precisely, we examined the sensitivity and time dependency of
changes in haptoglobin level after treatment with silica particles.
BALB/c mice were treated with nSP70, nSP300 or mSP1000 intra-
venously at 0.8 mg/mouse. After 6 h, 24 h, 3 day and 7 day, we
examined the level of haptoglobin in the plasma by ELISA (Fig. 2B).
No elevation of haptoglobin in the plasma of mSP1000 treated mice
was observed. However, nSP70 and nSP300 treated mice showed
amaximum level of haptoglobin 24 h after treatment. Furthermore,
at 3 days after treatment, the level of haptoglobin in nSP70 treated
mice was significantly higher than saline treated control mice.
Next, BALB/c mice were treated with 0.2 and 0.05 mg/mouse nSP70
intravenously. After 24 h, we examined the level of haptoglobin in
the plasma by ELISA (Fig. 2C). Mice treated with 0.2 and 0.05 mg/
mouse nSP70 did not show any elevated level of haptoglobin. These
results indicate that the level of haptoglobin is elevated as the
particle size of silica particles decreases and that an increase of
haptoglobin is dependent on the concentration of silica particles.

3.3. Response of other acute phase proteins

Haptoglobin, CRP and SAA are typical acute phase proteins that
are induced during infection and inflammation [19]. To assess the
levels of CRP and SAA in plasma after administration of silica
particles, BALB/c mice were intravenously treated with nSP70,
nSP300 or mSP1000 at 0.8 mg/mouse. After 6 h, 24 h, 3 day and 7
day, we examined the level of CRP (Fig. 3A) and SAA (Fig. 3B) in the
plasma of the mice by ELISA. At 6 h and 24 h, both the level of CRP
and SAA in the plasma of mice treated with nSP70 was significantly
higher than those of the saline treated control mice. Furthermore,
the maximum level of CRP in nSP70 treated mice was observed at
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Fig. 2. The potential of haptoglobin as biomarker of nanomaterials. (A) The level of
haptoglobin after treatment with silica particles. BALB/c mice were intravenously treated
with nSP70, nSP300 or mSP1000 at 0.8 mg/mouse. After 24 h, the level of haptoglobin in
the plasma of each mouse was examined by ELISA. (B) The time dependency of hapto-
globin expression after treatment with silica particles. BALB/c mice were intravenously
treated with nSP70, nSP300 or mSP1000 at 0.8 mg/mouse. After 6 h, 24 h, 3 dayand 7 day,
blood samples were collected. The level of haptoglobin in the plasma of the mice was
determined by ELISA. (C) The sensitivity of haptoglobin after treatment of silica particles.
BALB/c mice were intravenously treated with nSP70 at 0.8, 0.2 or 0.05 mg/mouse. After
24h,blood samples were collected. The level of haptoglobin in the plasma of treated mice
was determined by ELISA. Data are presented as mean + SD (n = 5—6; **P < 0.01 versus
value for saline treated group by ANOVA).
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Fig. 3. Response of other acute phase proteins. BALB/c mice were intravenously treated
with nSP70, nSP300 or mSP1000 at 0.8 mg/mouse. After 6 h, 24 h, 3 day and 7 day,
blood samples were collected. The levels of (A) CRP and (B) SAA in the plasma of
treated mice were examined by ELISA. Data are presented as mean + SD (n = 5-6;
*P < 0.05, **P < 0.01 versus value for saline treated group by ANOVA; N.D., not
detected).

6 h after treatment, whereas that of haptoglobin and SAA was
observed at 24 h. In contrast, the level of CRP and SAA in plasma of
mSP1000 treated mice were almost the same as that of the saline
treated control mice at all time points. The level of CRP in the
plasma of nSP300 treated mice was slightly higher than that of
saline treated control mice at 6 h. Qur results suggest that both SAA
and CRP may be useful biomarkers for predicting the risk from
exposure to silica nanoparticles as well as haptoglobin. Indeed,
these biomarkers could give even better response and sensitivity
when used in combination.

3.4. The level of acute phase proteins through various routes

Exposure to nanomaterials in our daily lives can occur
through various different routes. For example, nanomaterials
contained in foods and drug medicines are taken up orally,
whereas nanomaterials spread in the environment generally
enter the body intranasally. Therefore, there is a need to evaluate
suitable biomarkers for the exposure of nanomaterials through
various routes. To assess the response of acute phase proteins to
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Fig. 4. Application of acute phase proteins to assess exposure of nanomaterials
through various routes. To assess the administration of silica nanoparticles through an
intranasal route, BALB/c mice were treated with nSP30, nSP70 or saline intranasally at
0.5 mg/mouse. Blood samples were collected 24 h after treatment. The level of (A)
haptoglobin, (B) CRP and (C) SAA in the plasma were examined by ELISA. Data are
presented as mean + SD (n = 5—6; *P < 0.05, **P < 0.01 versus value for saline treated
group by ANOVA; N.D., not detected).
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Fig. 5. Responses of acute phase proteins by the exposure to surface modified nSP70.
BALB/c mice were intravenously treated with nSP70 modified with amino or carboxyl
groups at 0.8 mg/mouse, After 24 h, the level of (A) haptoglobin, (B) CRP and (C) SAA in
the plasma of treated mice were examined by ELISA. Data are presented as mean + SD
(rn =5-6; *P < 0.05, **P < 0.01 versus value for saline treated group by ANOVA; N.D.,
not detected).

silica particles introduced via different routes, we examined the
level of haptoglobin, CRP and SAA in plasma after treatment of
silica particles intranasally (Fig. 4). In this experiment, we used
nSP30 and nSP70. For the administration of silica nanoparticles
through an intranasal route, BALB/c mice were treated with
nSP30, nSP70 or saline intranasally at 0.5 mg/mouse. After 24 h,
we examined the level of haptoglobin (Fig. 4A), CRP (Fig. 4B) and
SAA (Fig. 4C) in the plasma of the mice by ELISA. We showed
that the level of haptoglobin, CRP and SAA in the plasma of mice
treated with nSP30 intranasally was significantly higher than
those of the saline treated control mice, although intranasal
administration of nSP70 did not cause elevation in the plasma
level of each acute phase protein in the treated mice. These
results suggest that acute phase proteins could be useful
biomarkers for predicting the risk arising from exposure to silica
nanoparticles through various routes.

3.5. The level of acute phase proteins after treatment with surface
modified silica nanoparticles

It has recently become evident that particle characteristics,
including particle size and surface properties, are important factors
in pathologic alterations and cellular responses [8,20—22]. Previ-
ously, our group also showed that surface modification of silica
particles with functional groups such as amino or carboxyl
group suppressed toxic biological effects of silica particles such
as inflammatory responses [23]. To assess whether acute phase
proteins could be useful biomarkers to predict risk factors associated
with exposure to silica particles, we examined the level of hapto-
globin (Fig. 5A), CRP (Fig. 5B) and SAA (Fig. 5C) in the plasma of mice
after administration of nSP70 with amino or carboxyl group surface
modifications. BALB/c mice were treated with 0.8 mg/mouse of these
silica particles intravenously. After 24 h, we examined the level of
haptoglobin, CRP and SAA in the plasma of the treated mice by ELISA.
Our results showed that the level of these acute phase proteinsin the
plasma of nSP70 with amino or carboxyl group treated mice were
significantly low compared with nSP70 treated mice.

4. Discussion

Our goal was to identify the biomarkers of nanomaterials for
predicting their potential toxicity and to provide basic information
for the creation of safe nanomaterials. To achieve these purposes,
we tried to identify biomarkers in blood using a proteomics anal-
ysis. At first, we showed that the silica nanoparticles with small
particle sizes (diameter <100 nm) induced a higher level of acute
phase proteins such as haptoglobin, CRP and SAA than larger silica
particles (diameter >100 nm) after intravenously treatment (Figs. 2
and 3). Previously, our group has shown that silica nanoparticles
with relatively small particle size such as nSP70 induce a greater
level of toxicity, including liver injury, compared to those of larger
particle size [10,11]. Thus, there is a correlation between toxicity
induced by the silica nanoparticles and the level of each potential
plasma biomarker. Therefore, these acute phase proteins appear to
be good biomarkers for predicting the strength of toxicity induced
by silica nanoparticles.

The acute phase response is the nonspecific early response of an
organism to infection and inflammation|24]. It comprises a whole
array of systemic reactions and induction of a group of serum
proteins called the acute phase proteins [25]. Monitoring the
progression of infection and cancer by acute phase protein
measurements in blood samples is used extensively in human
patients. For example, haptoglobin is a biomarker of pancreatic
cancer [26]. CRP is used as an index for the development of atrial
fibrillation and maintenance [27], although mouse CRP is



