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Recently, nanomaterials have become an integral part of our daily lives. However, there is increasing

Accepted 31 August 2010
Available online 22 September 2010

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

Surface modification

identified haptoglobin, one of the acute phase proteins, as a candidate biomarker. The results of ELISA

gfl’“’""ds{ 1 showed that the level of haptoglobin was significantly elevated in plasma of mice exposed to silica
pl‘:r;;‘:m;:;ins nanoparticles with a diameter of 70 nm (nSP70) compared to normal mice and those exposed to silica
Silica p 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.

© 2010 Elsevier Ltd. All rights reserved.

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 properties 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
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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 (Rostockf
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 (G 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 bi kers for ials 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 pl of 20 pl/ml trypsin
solution (Promega, Madison, W1) diluted 5-fold in 50 mm NH4HCOs 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

All results 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
a maximum 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 day and 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
24 h, blood samples were collected. The level of haptoglobin in the plasma of treated mice
was determined by ELISA. Data are presented as mean + 5D (n = 5-6; * *P < 0.01 versus
value for saline treated group by ANOVA).
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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; C
*P < 0.05, **P < 0.01 versus value for saline treated group by ANOVA; N.D,, not 30
detected).
2 25F
6 h after treatment, whereas that of haptoglobin and SAA was "g
observed at 24 h. In contrast, the level of CRP and SAA in plasma of = 20k
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 ol
plasma of nSP300 treated mice was slightly higher than that of g 15
saline treated control mice at 6 h. Our results suggest that both SAA =]
and CRP may be useful biomarkers for predicting the risk from = 10k
exposure to silica nanoparticles as well as haptoglobin. Indeed, 5
these biomarkers could give even better response and sensitivity 2
when used in combination. 8 Sk
N.D.
3.4. The level of acute phase proteins through various routes saline nSP30 nSP70

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

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
(n=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
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synthesized only in trace amounts unlike its human counterpart
[28].In addition, both SAA and CRP are used as an index for adverse
prognosis of breast cancer [29]. Therefore, we believe that these
diagnostic systems using acute phase proteins for human health
would be useful for predicting the risk of exposure to nano-
materials as well as their likely toxicities. In addition, we showed
that the induction time for the maximum level of haptoglobin, SAA
and CRP are different after treatment with the silica nanoparticles
(Figs. 2 and 3). Therefore, the predictive quality of these biomarkers
is improved when they are used in combination.

Epidemiological studies have suggested that increased levels of
ambient particle including particle with nanometer size are asso-
ciated with adverse effects in the respiratory and cardiovascular
systems [30]. Some reports have shown that humans exposed to
ambient particle have increased blood levels of CRP [31]. In addi-
tion, epidemiological studies have shown associations between
increased concentrations of SAA and CRP in plasma, and increased
risk of cardiovascular diseases [32] and cancer [33]. Therefore we
consider that acute phase proteins would be biomarkers for pre-
dicting the risk of inflammatory disease, cardiovascular diseases
and cancer after exposure by nanomaterials.

In recent years there has been increasing use of nanomaterials in
cosmetics, due to their light-diffusing properties and absorbencies,
as well as in foodstuffs, such as additives in powdered foods. In
particular, silica particles have been extensively used in many
consumer products. For example, in the US, the use of amorphous
silica is limited to less than 2.0% by weight of common salt. Other
limits are defined for finished foods (<1%) and dried egg products
(<5%). We cannot avoid exposure to nanomaterials, either from the
unintentional release of waste products into the environment or by
exposure to medicines, cosmetics and foodstuffs. Thus, it is
important to carry out a safety analysis of nanomaterials after
exposure via various routes, In this study, we showed that the level
of acute phase proteins in the plasma of mice treated with nSP30
intranasally was elevated, although nSP70 did not induce elevation
of each acute phase protein (Fig. 4). Therefore we consider that
nSP30 would induce any toxic biological effects after intranasally
treatment. Now we are trying to examine the pharmacokinetics
and biological effects of nSP30 after intranasally treatment.

We then examined the effects of surface modification of silica
nanoparticles on the production of acute phase proteins, because it
has become evident that surface properties are important factors in
the biological effects of particles. We showed that nSP70 with
amino or carboxyl group surface modifications did not induce the
production of each acute phase proteins (Fig. 5). Previously, we
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].
These results also suggest that acute phase proteins could be
a promising candidate biomarker for predicting the strength of
toxicity induced by silica nanoparticles, although it is need to
examine the toxic biological effects of silica nanoparticles with
functional groups. Over recent years, nanomaterials have been
introduced into our everyday lives. For example, silica particles,
titanium dioxide and fullerenes of various crystallographic struc-
tures and surface functional groups are used in a range of different
consumer products. Therefore, we are now trying to evaluate the
response of acute phase proteins to exposure from various
nanomaterials.

In general, acute phase proteins are known to be released from
the liver mainly as a result of inflammatory cytokines such as
interleukin (IL)-6 [19]. However, we confirmed that the levels of IL-
6 were not elevated in the plasma of mice treated with silica
particles at 24 h after treatment (data not shown). Therefore it is
unclear why nanomaterials induce the production of acute phase

proteins. We already showed that although silica particles with
micrometer size tend to be taken up by Kupffer cells, silica nano-
particles with small particle sizes distribute around hepatic
parenchymal cells (unpublished data). It is conceivable that instead
of inflammatory cytokines, small silica particles act directly on the
liver to induce the release of acute phase proteins. We are currently
analyzing the detailed mechanism by which silica particles induce
acute phase proteins in order to identify additional protein
biomarkers.

5. Conclusions

We show here that acute phase proteins such as haptoglobin,
CRP and SAA can act as useful biomarkers for analyzing the risk of
exposure to nanomaterials and their associated toxicity. We believe
that such information would be vital for the future development of
predictive tests for estimation of the potential toxicity of new
nanomaterials based on their physiochemical characteristics.
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ARTICLE ITNFO ABSTRACT

Currently, nanomaterials (NMs) with particle sizes below 100 nm have been successfully employed in
various industrial applications in medicine, cosmetics and foods. On the other hand, NMs can also be
problematic in terms of eliciting a toxicological effect by their small size. However, biological and/or
cellular responses to NMs are often inconsistent and even contradictory. In addition, relationships among
NMs physicochemical properties, absorbency, localization and biological responses are not yet well
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1. Introduction

A nanomaterial (NM) is defined as a substance that has at least
one dimension of less than 100 nm in size. NMs can assume many
different forms, such as tubes, rods, wires, spheres or particles. NMs
have been widely used in consumer and industrial applications,
such as medicine, cosmetics and foods, because they exhibit unique
physicochemical properties and innovative functions [1]. However,
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NMs can also be problematic in terms of eliciting a toxicological
effect by their small size. For example, exposure of cells or animals
to carbon nanotubes, titanium dioxide nanoparticles or silver
nanoparticles can induce cytotoxicity and inflammation [2—14]. We
have previously shown that nSPs display a different intracellular
localization compared with submicron- and micro-sized silica
particles, and induce a greater cytotoxic response [15]. Whereas
other studies reported that carbon nanotubes and titanium dioxide
nanoparticles do not induce harmful effects [16—18]. Thus, despite
intensive research efforts, reports of biological and/or cellular
responses to NMs are often inconsistent and even contradictory. In
addition, relationships among NMs physicochemical properties,
absorbency, localization and biological responses are not yet well
understood. In order to ensure the safety of NMs and open new
frontiers in biological fields by the use of NMs, it is necessary to
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collect the information of the detailed properties of NMs from the
point of view of biosafety and then, build comprehensive prediction
system of NMs safety.

Accordingly, in this study, we evaluated the absorption properties
and intracellular distribution of NMs, using typical NMs, amorphous
nanosilica particles (nSP) and quantum dots (QD). nSP are one of the
most widely applied NMs, and are used in cosmetics and food
additives. nSPs and QD also have great potential for use as diagnostic
imaging agents, gene delivery carriers and cancer therapies [ 19-23];
in addition, these NMs show overwhelmingly superior dispersibility
as compared with carbon nanotubes, fullerene and nano-sized
titanium dioxide (TiOz). Thus, these NMs are ideally suited for
determining how particle size influences the biodistribution and
biological effects of NMs.

2. Materials and methods
2.1. Silica particles

Suspensions of fluorescent (red-F)-labeled amorphous silica particles (Micro-
mod Partikeltechnologie GmbH) (25 mg/ml and 50 mg/ml) were used in this study;
particle size diameters were 70, 300 and 1000 nm (designated as nSP70, nSP300 and
mSP1000, respectively). Silica particles were used following 5 min sonication and
1 min vortex.

2.2, Quautum dots

Quantum dots (QD) with emission maxima at 565 nm were obtained from
Invitrogen (Hayward, CA). They were sold as Qtracker® Non-targeted Quantum Dots
(PEG). QD were used after 5 min sonication and 1 min vortex.

2.3. Animals

BALB/c mice (female, 6—8 weeks) were purchased from Japan SLC, Inc. Mice
were housed in a ventilated animal room maintained at 20 + 2 °C with a 12-h light/
12-h dark cycle. Mice had free access to water and alfalfa-free forage (FR-2, Funa-
bashi farm). The experimental protocols conformed to the ethical guidelines of the
National Institute of Biomedical Innovation.

24. Cell culture

HaCaT human keratinocyte cell line was kindly provided by Dr. Inui, Osaka
University. HaCaT cells were cultured in Dulbecco’s modified Eagle’s medium (D-MEM)
supplemented with 10% heat-inactivated fetal bovine serum and 0.2 mm -glutamine.
The cells were grown in a humidified incubator at 37 *C (95% room air, 5% CO3).

2.5. Physicochemical examinations of silica particles and QD

Silica particles and QD were diluted to 0.25 mgfml (nSP70), 0.5 mg/ml (nSP300
and mSP1000) or 0.5 pum (QD) with PBS, respectively and the average particle size
and zeta potential were measured using the Zetasizer Nano-ZS (Malvern Instru-
ments Ltd). The mean size and the size distribution of silica particles were measured
by dynamic light scattering method. The zeta potential was measured by laser
Doppler electrophoresis. pH of each particles suspension were measured by ISFET-
pH meter (SHINDENGEN, Japan). The size and shape of silica particles and QD were
observed using transmission electron microscopy (TEM). Prior to TEM analysis,
nSP70 were stained with 2% uranium acetate and QD were enhanced by silver using
a standard AURION R-GENT SE-EM regent and protocol.

2.6. Dermal administration of silica particles and transmission electron microscopy
(TEM) analysis of skin, lymph node and liver

nSP70 (250 pglear/day) and QD (1.2 pmolfear/day) suspension supplemented
with 10% isopropyl myristate were applied to the inner side of both ears of BALB/c
mice for 28 days. In both samples, the total number of particles applied over 28 days
was 2.8 » 10" particles. After 24 h of last administration, skin, lymph node and brain
from each mouse were excised and fixed in 2.5% glutaraldehyde for 2 h. Then, small
pieces of tissue sample were washed with phosphate buffer three times and post-
fixed in sodium cacodylate-buffered 1.5% osmium tetroxide for 60 min at 4 “C, block
stained in 0.5% uranyl acetate, dehydrated by dipping each of them through a series
of ethanol solutions containing increasing concentration of ethanol, and embedded
in Epon resin (TAAB). Ultrathin sections were stained with uranyl acetate and lead
citrate (silica particles-treated samples) or AURION R-GENT SE-EM regent (QD-
treated samples). The stained samples were subsequently observed under a Hitachi
electron microscope (H-7650).

2.7. Detection of apoptotic cells in the nSP70-applied mice skin (terminal
deoxynucleotidyl transferase-mediated X-dUTP nick-end labeling (TUNEL) staining)

The TUNEL staining was performed on paraffin-embedded skin sections of
28-day application of nSP70. The skin was fixed in 10% neutral buffered formalin and
then embedded in paraffin. Paraffin-embedded skin was sliced and placed on glass
slides. DNA strand breaks, which are associated with the apoptotic response, were
detected with an in situ Cell Death Detection Kit, TMR red (Roche) according to
protocol of this kit. Deparaffinization and rehydration of the skin sections were
carried out according to standard protocols. Then, the skin sections were incubated
with proteinase K for 30 min. After rinse of the skin sections twice with PBS, 50 pl of
TUNEL reaction mixture were added on the skin sections and incubated for 60 min at
37 *Cin the dark. The skin sections were rinsed 3 times with PBS and mounted with
the mounting agent, ProLong Gold Antifade Reagent with DAPI (Invitrogen). The skin
sections were analyzed under a fluorescence microscope (BIOREVO, KEYENCE) with
excitation wavelength in the range of 520—560 nm and detection in the range of
570-620 nm. For counting the numbers of TUNEL-positive cells, approximately
1000 cells were randomly selected from 3 different areas in each section and
examined under a fluorescence microscope at magnification of =200,

2.8. Transmission electron microscopy (TEM) analysis of human keratinocyte cells

HaCaT cells were cultured in the presence of various sized silica particles
(100 pg/ml) for 24 h on chamber slides, and then fixed in 2.5% glutaraldehyde fol-
lowed by 1.5% osumium tetraoxide. The fixed cells were dehydrated and embedded
in EPON resin. Ultrathin sections were stained with lead citrate and observed under
an electron microscope.

2.9. Evaluation of the proliferation of silica particle- or QD-treated cells
(*H-thymidine incorporation assay)

Proliferation of silica particle- or QD-treated HaCaT cells was measured by
3H-thymidine incorporation assay. 1 x 10* cells were cultured with varying concen-
trations of silica particles or QDs for 18 h at 37 °C and 3H-'d'nyrmicline (1 uCijwell) was
then added into each well. After a further 6 h, cells were harvested and lysed on glass
fiber filter plates using a Cell harvester (PerkinElmer). The filter plates were then
dried and counted by standard liquid scintillation counting techniques in a Top-
Counter (PerkinElmer).

2.10. Mutagenicity assay (Ames test)

The mutagenicity assay was performed to evaluate the intrinsic mutagenic
potency of the silica particles. For this purpose, the Salmonella typhimurium
(S. typhimurium) mutagenicity test was performed according to the method of Ames
[24—26]. Two strains of 5. typhimurium bacteria were used, namely, TA98 and TA100.
Experiments were conducted according to guideline of Health, Labour and Welfare
Ministry. The test was carried out using 100 pl of well-dispersed solutions (10, 90,
and 810 pg/ml) of silica particles. 2-Aminofluorene (2-AF) dissolved in DMSO was
used as a positive control for the mutagenicity assay.

2.11. Determination of DNA damage (comet assay)

Damage of endogenous DNA in HaCaT cells after treatment with a given silica
particles were analyzed by alkaline comet assay according to the Comet Assay Kit
(Trevigen). All steps were conducted under dim yellow light to prevent additional
DNA damage. Briefly, 3 x 10* HaCaT cells were seeded into each well of a 6-well plate
and incubated for 24 h. After 24 h, cells were treated with 30 or 90 pug/ml nSP70,
nSP300, mSP1000 or 0.2 mm H30z (positive control) or PBS (negative control) for 3 h.
Cells from each group were resuspended at a density of 1 x 10° cells/ml in ice cold
CMF-PBS and combined with molten LM Agarose (Trevigen) at a ratio of 1:10 (v/v).
The cell-agarose mixture was immediately pipetted onto a frosted microscope slide
(CometSlide; Trevigen). Each slide was then placed flat at 4 °C in the dark for 60 min,
immersed in prechilled lysis solution (Trevigen), and left at 4 “C for 40 min to
remove cellular proteins, leaving the DNA molecules exposed. The slides were then
immersed in an alkaline solution (pH > 13, 0.3 m NaOH and 1 mwm EDTA) for 40 min to
denature the DNA and hydrolyze the sites that were damaged. The samples were
electrophoresed for 10 min and stained with SYBR green | (Trevigen) according
to the manufacturers instructions. Twenty-five cells on each slide, randomly selec-
ted by fluorescence microscopy, were then analyzed using the Comet Analyzer
(Youworks Corporation).

2.12. In vivo imaging

Biodistribution of fluorescent-labeled silica particles was analyzed in live mice
and excised tissues using the IVIS 200 imaging system (Xenogen corp.). Three female
Hos: HR-1 mice were treated with 100 mg/kg DY-676 (excitation (ex) and emission
(em) wavelengths 674 and 699 nm, respectively)-labeled silica particles of each
particle size (70, 200 and 1000 nm) by intravenous injection. After anesthesia with
isoflurane, live mouse fluorescence optical imaging was performed using the cy5.5
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filter set (ex/em 615-665/695-770). Tissues were then excised from the mice and
fluorescent images of the tissues were obtained. Imaging parameters were selected
and implemented using the instrument, Living Image 2.5 software. Bright field
photographs were obtained for each imaging time. The merged bright field photo-
graphs and fluorescent images were generated using Living Image 2.5 software,

2.13. Transmission electron microscopy (TEM) analysis of liver

BALB/c mice were treated with 0.6 mgfmouse (about 30 mg/kg, 70 nm) or
2 mgfmouse (about 100 mg/kg, 300 and 1000 nm) silica particles of each particle
size and PBS (control) by intravenous injection. After 24 h, the tissues and organs
such as brain, heart, lung, liver, kidney, spleen and lymph node, were excised and
fixed in 2.5% glutaraldehyde for 2 h. Small pieces of tissue sample were then washed
with phosphate buffer three times and postfixed in sodium cacodylate-buffered 1.5%
osmium tetroxide for 60 min at 4 °C, block stained in 0.5% uranyl acetate, dehydrated
through a series of ethanol concentrations, and embedded in Epon resin (TAAB).
Ultrathin sections were stained with uranyl acetate and lead citrate. The samples
were examined under a Hitachi electron microscope (H-7650).

2.14. Living cell counting and DNA damage determination in isolated primary
hepatocytes from silica particle-treated mice

Female BALB/c mice were treated with 2 mg/mouse (about 100 mg/kg) silica
particles of each particle size (70, 100, 300 and 1000 nm) and PBS (control) by
intravenous injection. After 5 h, parenchymal hepatocytes were isolated according to
the in situ two-step collagenase perfusion technique. Briefly, the liver was perfused
with 25 ml of 10 mm Hepes buffered calcium- and magnesium-free Hanks' balanced
salt solution (HBSS) containing 190 mgfl EGTA (DOJINDQ) for 5 min. The liver was
then perfused with 40 ml of HBSS containing 250 mg/l trypsin inhibitor, 500 mgfl
collagenase and 550 mg/l CaCl; for 10 min. The liver was then excised and the cells
dispersed in HBSS. The cells were then centrifuged at 50 = g at 4 °C for 1 min. The
resulting pellet was resuspended in 20 ml of L15 medium containing 5% FC5, 1 pm
dexamethasone and 1 pm insulin and centrifuged at 50 = g at 4 °C for 1 min. This step
was repeated 3 times. The resulting pellet was resuspended in medium and living
cells were counted using trypan blue staining. Endogenous DNA damage in isolated
primary parenchymal hepatocytes from mice treated with nSP70, nSP300, mSP1000
and PBS (control) was analyzed by alkaline comet assay as described above.

2.15. Statistical analysis

Statistical comparisons between groups were performed by one-way ANOVA
with Bonferroni test as a post hoc test. The level of significance was set at P < 0.05.

3. Results and discussion

3.1. Physicochemical properties of various sized silica particles and

QD

The first step for ensuring the biosafety of NMs are to evaluate
whether the NMs could penetrate the epithelial barriers, could
eventually become absorbed systemically, and more importantly,
whether they could be responsible for acute/chronic side effects. In
this context, here, we evaluated whether the nSP and QD could
penetrate into the skin of BALB/c mice following dermal exposure.
Prior to undertaking the skin penetration study, we first analyzed the
physicochemical properties of the commercially available silica
particles of 70, 300 and 1000 nm in diameter (nSP70, nSP300 and
mSP1000, respectively). Close examination of the silica particles of
different particle sizes by TEM revealed that all silica particles used in
this study were smooth-surfaced spherical particles and in size
category the primary particle sizes were approximately uniform
(Fig. 1a—f). According to technical datasheet, surface textures of all
silica particles were plain and nonporous. The specific surface area
was calculated by means of the following equation; s = 6/dp (wheres,
specific surface area (m?[g); p, density (g/cc); d, diameter (um)). The
specific surface area of nSP70, nSP300 and mSP1000 calculated using
this equationwas43,10and 3 mz,‘g, respectively. In addition, all silica
particles used in this study was not modified with any functio-
nal groups. These physicochemical properties were summarized in
Table 1. From the results of mean particle size in solution, it was
suggested that the silica particles used in this study remained as
stable well-dispersed particles in solution, and not as aggregates.

Thus, these particles are ideally suited as optimal sample to evaluate
if and whether their biodistribution and biological effect depend on
the particle size. As well as silica particles, the shape, size distribu-
tion and zeta potential of QD were evaluated. Surface of QD used in
this study were coated with polyethylene glycol (PEG). QD were
enhanced using silver for TEM analysis, because silver selectively
deposits on the QD [27]. From the results of TEM analysis, QD were
also spherical particles, and in terms of size category the primary
particle sizes (about 35 nm) were approximately uniform. The size
distribution spectrum of QD in a neutral solvent showed two peaks,
and the average particle size of peaks 1 and 2 was about 35 and
300 nm, respectively.

3.2. Analysis of transdermal penetration and biodistribution of
nanosilica and QD applied on the skin

We next used TEM to determine whether nSP with a particle
size below 100 nm would penetrate the skin after topical applica-
tion. As a result, the 28-day application of nSP70 to mice showed
that nSP70 entered not only the skin (Fig. 2a), the regional lymph
nodes (Fig. 2b) and the parenchymal hepatocytes present in liver
(Fig. 2c, d) but also the cerebral cortex (Fig. 2e) and the hippo-
campus (Fig. 2f). Surprisingly, penetration of nSP70 into the liver
was also detected, and some of the nSP70 that entered the paren-
chymal hepatocytes were found to be distributed throughout the
cytoplasm and inside the nucleus (Fig. 2c) and mitochondria
(Fig. 2d). Localization of nSP70 in the nucleus was also detected in
the skin and the lymph node (Fig. 2a, b). Next, the skin permeability
of QD was evaluated. We found that QD penetrated the stratum
corneum and entered the skin (Fig. 2g), lymph node (Fig. 2h), liver
(Fig. 2i, j), cerebral cortex (Fig. 2k) and hippocampus (Fig. 21). In
addition, some of the QD that entered the skin (Fig. 2g), lymph node
(Fig. 2h) and parenchymal hepatocytes (Fig. 2i) were detected
inside the nucleus, similar to nSP70. We considered that the well-
dispersed portion of QD showed skin permeability. It has been
reported that QD can enter the skin by transdermal exposure under
ultraviolet radiation [27]. However, for the first time we have
revealed that nSP and QD penetrate the skin and enter tissues such
as the lymph node, liver and brain under normal conditions.

3.3. Analysis of biological effects induced by nanosilica and QD

The next step for the biosafety should include analyzing their
biological effects against skin, brain, liver and lymph node. Conse-
quently, first, in order to assess the biological response in the skin as
a partof 28-day application of nSP70, we tried to detect the apoptotic
cells by using Terminal Deoxynucleotidyl Transferase-Mediated
X-dUTP Nick-End Labeling (TUNEL) staining. As a result, while a few
TUNEL-positive cells were detected in water-applied mice skin
(control) (Fig. 3a), a number of TUNEL-positive cells (expressed in
red) were detected in nSP70-applied mice skin (Fig. 3b). The ratio of
TUNEL-positive cells in the skin sections of mice transdermally-
applied with nSP70 tended to increase compared to mice trans-
dermally-applied with water (control). In one of two nSP70-applied
mice, the ratio of TUNEL-positive cells in the skin section was
dominantly increased (Fig. 3c). This result suggested that the trans-
dermal application of nSP70 induced the cellular damage in the skin.
On the basis of this result and transdermal absorption test results, we
are now evaluating higher cerebral function, hepatic drug metabo-
lism, and the immune system of mice after topical nSP exposure.
Moreover, it is necessary to evaluate the influence of well-dispersed
NMs on nuclear and mitochondrial functions, because we found that
nSP70 and QD enter into these specific organelles. These results also
suggest that systemic safety analysis (hazard analysis) of an NM is
highly important for ensuring its safety. Because nSP70 and QD can
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Fig. 1. Transmission electron microscopy (TEM) analysis of silica particles. a—f, TEM photomicrographs of silica particles used in this study: nSP70 (a and b), nSP300 (c and d) and
mSP1000 (e and f). Each type of sized silica particles existed as scattered and spheroidal. Scale bars: 1 pm (a and f), 100 nm (b), 500 nm (d) and 2 pm (c and e).

penetrate the skin barrier, which is the most rigid biological barrier,
we believe that analysis of oral and pulmonary exposure should also
be included in ensuring the biosafety of NMs.

Collectively, these observations clearly show that nSPs and QD
of less than 100 nm in diameter invade the body through the skin,

Table 1
Summary of the physicochemical properties of silica particles.

suggesting that human beings are at high risk of exposure to NMs
through the blood stream. Consequently, we analyzed the distri-
bution and biological effects of NMs with a focus on the region level
and the systemic level. Because nSPs have already been put into
practical use in cosmetics, firstly, we evaluated the intracellular

Primary particle Hydrodynamic Mean zeta pH Surface Porosity® Surface area Functional

size (nm)? diameter (nm) potential (mV) texture® (m?[g)® group®
nSP70 70 770+ 04 ~21.6 =45 7.4 Plain Nonporous 43 None
nSP300 300 2693 + 2.1 -313 £ 6.5 7.5 Plain Nonporous 10 None
mSP1000 1000 1187 £ 25.2 -37.7 £ 46 7.9 Plain Nonporous 3 None

Mean particle size and zeta potential in solution of silica particles are expressed as mean + S.D. (n = 3).

? Information from technical datasheet of products.

b The specific surface area was calculated by means of the following equation; s = 6/dp (where s, specific surface area (m?[g); p, density (g/cc); d, diameter (um)).



