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Fig. 4. TEM analysis of HaCaT cells treated with silica particles. a—e, Silica particles (arrows) were found in HaCaT cells treated for 24 h with 100 pg/ml of mSP1000 (a), nSP300
(b), and nSP70 (c, d, and e). In panels ¢ and d, arrow heads show the presence of nSP70 in the nucleus, and in panels e and f, arrows show the presence of nSP70 in the nucleolus.
Panels d and f are same as panels c and e at higher magnifications, respectively. N: nucleus; NU: nucleolus. Scale bars: 1 um (a and b), 2 um (c and e) and 500 nm (d and f).

concentrations (particles/ml) (Fig. 5b). This result suggested that
the biological effects of NMs were different by material.

On the basis of the nuclear entry of nSP70 in vivo and in vitro, we
next evaluated the mutagenicity of silica particles using S. typhi-
murium strains TA98 and TA100 (Ames test). None of the nSP that
we tested induced mutation in TA98 strain when used at the
indicated concentrations (Fig. 6a). By contrast, nSP of all sizes
induced mutagenicity in TA100 strain at the highest dose of treat-
ment (810 ug/ml) (Fig. 6b). At lower doses (30 and 90 pg/ml) of

treatment, only nSP70 induced mutation in TA100 strain (Fig. 6b).
Thus, the results obtained from the Ames test suggest that the
mutagenicity of the silica particles increased with the decreasing
particle size. Next, we used the comet assay to analyze DNA single
strand breaks in nSP-treated HaCaT cells. In cells treated with PBS
(negative control) for 3 h, the average tail length was 23.3 pm
(Fig. 6¢). In cells treated with 90 pg/ml of nSP70, nSP100, nSP300, or
mSP1000, the average tail lengths were 102.9 um (Fig. 6d), 88.8 pm
(datanot shown),30.5 pm (Fig. 6e), and 22.5 pm (Fig. 6f), respectively.
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The average tail lengths increased depending on the dose and size of
the silica particles (Fig. 6g). The tail lengths found in the nSP70- and
nSP100-treated cells were longer than those found in the positive
control cells (0.2 mm H0; treated cells). These findings suggest the
possibility that nSP with particle sizes below 100 nm could induce
mutation,

3.6. Analysis of in vivo biodistribution of silica particles in mice

We next analyzed biodistribution and biological effects in
systemic level using silica particles-injected mice, because it was
suggested that nSP moved to the blood stream from skin as described
above. To elucidate the in vivo distribution of silica particles, we
determined the distribution of silica particles following intravenous
injection, by optical imaging analysis (Fig. 7a—c). Intense fluores-
cence was observed near the liver in all silica particle-treated mice
immediately after treatment and this signal migrated to near the
intestinal tract with time. Imaging of dissected liver from nSP300- or
mSP1000-treated mice revealed that intense fluorescence was
observed only around the gall bladder. In contrast, nSP70-derived
fluorescence was observed throughout dissected liver. In addition,
our preliminary results revealed that all silica particle-derived
fluorescence was also observed in intestinal tract and feces (data not
shown), suggesting that silica particles might be excreted in the bile
after circulating systemically, in a manner independent of particle
size.

To clarify detailed localization of silica particles in liver of nSP-
injected mice, next we perform transmission electron microscopy
(TEM) analysis (Fig. 7d—g). While silica particles of all sizes were
found to be ingested into Kupffer cells, nSP70 and nSP300 were also
observed in parenchymal hepatocytes. In the nSP70-treated group,
particles were shown to be localized in the cytoplasm and nucleus
of various tissues such as lung, kidney, spleen and lymph node (data
not shown). Microscopic findings showed that with reduction in
particle size, silica particle uptake into Kupffer cells tended to be
decreased and in contrast, particle uptake into the cytoplasm of
parenchymal hepatocytes tended to be increased (Fig. 7h).
Surprisingly, sub-nuclear localization of particles was observed in
nSP70-treated groups (Fig. 7e). These results confirmed that the

distribution of nSPs with particle size less than 100 nm differ from
those of submicron-sized silica particles. These data strongly sug-
gested that we must distinguish nSPs from existing submicron-
sized silica particles, and address specialized risk assessment for
nSPs.

3.7. Analysis of cytotoxicity and genotoxicity in primary hepatocyte
induced by silica particles

Subsequently, we confirmed whether the biological effects
induced by nSP in liver in which silica particles accumulated. The
liver is one of the most important tissue in the body, because the
liver takes an important role in metabolism, discharge, detoxifica-
tion, maintenance of homeostasis of the body fluid. Especially,
hepatocyte plays a vital role as functions of the liver. Using primary
hepatocyte isolated from silica particles-injected mice intrave-
nously, cytotoxicity and DNA damage of hepatocyte were analy-
zed. As the result, cytotoxicity of hepatocyte from nSP300 and
mSP1000-injected mice little occurred. On the other hand, hepa-
tocyte from nSP70-injected mice indicated higher cytotoxicity than
nSP300 and mSP1000-injected mice (Fig. 8a). Furthermore, DNA
damage of hepatocyte was detected only in nSP70-injected mice as
well as in HaCaT cells (Fig. 8b). These results also indicate that
differences in biological effects such as cytotoxicity and genotox-
icity are caused by differences in biodistribution of silica particles.
And it suggests that accumulation of nSP into the liver and/or
nucleus may lead to genotoxicity.

Thus, we also highly recommend including carcinogenicity test
and reproductive and developmental toxicity test for ensuring
biosafety of NMs. Additionally, because nSP70 were accumulated in
the nucleus, we suggest evaluating the effect of an NM on protein
synthesis to further ensure its biosafety.

Nuclear pores are made of large protein complexes that cross
the nuclear envelope, the membrane bilayer that surrounds the
nucleus of the eukaryotic cell, and the pores are about 30 nm in
diameter {31,32]. Thus, it is unlikely that the nSP70, which has
a mean diameter of about 70 nm, entered the nucleus through the
nuclear pore. We hypothesize that the nSP70 might interact with
the nuclear transporting proteins via specific- or non-specific
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interactions, and the nSP70/protein complexes are then trans-
ported into the nucleus. To test this hypothesis, we are currently
pursuing a proteome-based approach to identify nSP70-interacting
proteins.

Recently, commercially available amorphous silica-based prod-
ucts were subjected to various toxicological tests including acute and
repeated dose toxicity, genotoxicity, carcinogenicity and reproduc-
tive toxicity [33]. According to this report, amorphous silica particles

are non-toxic. Although the primary particle sizes of the amorphous
silica used in these toxicological studies were between 1 and 100 nm,
the ECETOC 2006 report stated that they did not exist as primary
particles, but existed only as aggregates of particle sizes between
100 nmand 1 pm. The ECETOC 2006 report, however, did not exclude
the possibility that materials having particle sizes below 100 nm
might be developed and available for use in the future. In contrast to
the results described in the ECETOC report, results of our present
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study showed that well-dispersed nSP70 could indeed penetrate
the skin barrier and cause systemic exposure, thus suggesting
that the well-dispersed NMs have to be viewed as new entities
and tested accordingly for ensuring their biosafety. It is known that
the asbestos-related health hazard, symptoms of mesothelioma,
appears after prolonged exposure to asbestos particles (average of
40 years, shortest around 20 years) [34—37]. Because of this and also
inview of the growing demand for the NMs in various fields, there is
a clear and urgent need for in depth risk assessment of all NMs for
safety use. Keeping in line with this idea and because it is not known
whether exposure to NMs might cause initiation and/or progression
of various diseases {e.g., atopic dermatitis, infectious disease, etc.),
we have initiated more detailed and extensive safety analysis studies
including relationships between the physicochemical properties
(i.e., size, shape, and surface property) of an NM and its bio-
distribution, and analysis of the interaction of the NMs with aller-
gens, gastrointestinal flora, and resident floras as contributing
factors to human health in order to further ensure its biosafety.

4. Conclusions

This study revealed that, as compared with the bulk material of
particle sizes above nanoscale (above 100 nm), well-dispersed
amorphous nanosilica with a particle size of 70 nm shows different
bio-properties with respect to skin penetration and nuclear entry.
These bio-properties of nanosilica show the potential as a new
functional material, but, reflecting these differences, nSP70 exert
various adverse biological effects in regional and systemic level,
such as DNA fragmentation. We consider that more information
which provided by further studies of relation between physico-
chemical properties and biological responses, would lead to reali-
zation of an affluent society by the use of safe and useful NMs.
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Abstract
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Background: Clarifying the physicochemical properties of nanomaterials is crucial for hazard assessment and the
safe application of these substances. With this in mind, we analyzed the relationship between particle size and the
in vitro effect of amorphous nanosilica (nSP). Specifically, we evaluated the relationship between particle size of nSP
and the in vitro biological effects using human keratinocyte cells (HaCaT).

Results: Our results indicate that exposure to nSP of 70 nm diameter (nSP70) induced an elevated level of reactive
oxygen species (ROS), leading to DNA damage. A markedly reduced response was observed using submicron-sized
silica particles of 300 and 1000 nm diameter. In addition, cytochalasin D-treatment reduced nSP70-mediated ROS
generation and DNA damage, suggesting that endocytosis is involved in nSP70-mediated cellular effects.

| Conclusions: Thus, particle size affects amorphous silica-induced ROS generation and DNA damage of HaCaT cells.
| We believe clarification of the endocytosis pathway of nSP will provide useful information for hazard assessment as

| well as the design of safer forms of nSPs.

Background
With recent developments in nanotechnology, various
kinds of nanomaterials have been designed and pro-
duced throughout the world. Nanomaterials have been
widely used in consumer and industrial applications,
such as medicine, cosmetics and foods, because they
exhibit unique physicochemical properties and innova-
tive functions [1]. For example, materials such as amor-
phous silica nanoparticles (nSPs) and titanium dioxide
(TiO,) are colorless and reflect ultraviolet light more
efficiently than micro-sized particles. Consequently,
these substances are already used as functional ingredi-
ents in many cosmetics such as foundation creams and
sunscreens.

However, concerns over the potentially harmful effects
of nanomaterials have been raised precisely because they
possess novel properties that are different from those of
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'Graduate School of Pharmaceutical Sciences, Osaka University, 1-6
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microsized materials. Increasing numbers of studies show
that many types of nanomaterials, such as carbon nano-
tubes, fullerenes, quantum dots, zinc oxide and TiO,,
have a harmful effect on cells and rodents [2-14]. For
example, previous studies reported that various nanopar-
ticles induced toxicological effects mainly in lung, liver,
spleen and kidney tissues [3,10,15-19]. In vivo toxicity
studies in Sprague Dawley rats showed that inhaled silver
nanoparticles elicited chronic inflammation in the lungs
[20]. After intravenous injection with silica nanoparticles
in BALB/c mice, 70 nm particles induced liver injury at
30 mg/kg, while 300 nm or 1000 nm had no effect [21].
Recent evidence indicates that the small size and high
surface area of nanomaterials may cause unpredictable
genotoxic properties [22]. For example, induction of
DNA damage by gold-, silver-, cobalt-, TiO,-nanoparti-
cles has been reported. The results from various studies
suggest that these nanomaterials may cause DNA damage
by an indirect pathway through promoting oxidative
stress and inflammatory responses via dysfunction of

© 2011 Nabeshi et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited
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mitochondria or inflammasomes. Central to the study of
nanotoxicology is genotoxicity, the study of genetic aber-
rations following exposure to nanomaterials, because it is
known that an increased genetic instability is associated
with the development of cancer.

A sufficient understanding of the relationship
between the physicochemical characteristics of nano-
materials governing their cytotoxicity (i.e. genotoxi-
city) and the identification of factors that influence
their associated hazards are essential for the develop-
ment of safer nanomaterials [22-25]. Since the linkage
analysis is the sole methods for developing safe nano-
materials, many researchers have conducted extensive
efforts [26-30]. In this context, the aim of our study
was to investigate the relationship between particle
size and in vitro hazard of amorphous nanosilica
(nSP), especially focusing on DNA damage, using
human keratinocyte cells.

Page 2 of 10

Results and Discussion
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 (nSP70, nSP300, mSP1000) by
scanning electron microscopy (SEM) revealed that all
the particles used in this study were spherical and the
primary particle sizes were approximately uniform
(Figure 1A-C). The size distribution spectrum of each
set of silica particles in a neutral solvent showed a single
peak. Moreover, the average particle size corresponded
almost precisely to the anticipated size for each sample
(Figure 1D and 1E). These results suggest that the silica
particles used in this study remained as stable well-
dispersed particles in solution.

Cosmetic products containing nSP, such as those
used in skincare treatments, have been on the market
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Figure 1 Scanning electron microscopy (SEM) analysis and spectrum of size distribution of amorphous silica particles. (A-C) SEM
photomicrographs of silica particles used in this study: nSP70 (A), nSP300 (B) and mSP1000 (C). Scale bars: 0.1 mm (A) and 0.5 mm (B and C).
(D and E) Size distribution of nSP70 (black), nSP300 (gray) and mSP1000 (dashed line) in water (D) or PBS (E) were measured by a dynamic light
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for a considerable period of time. Adult human skin
has an average surface area of 1.95 m? weighs 3.18 kg
and comprises over 300 million cells. The skin is the
largest organ in the human body, which provides
protection against heat, cold, electromagnetic radiation
and chemical damage. Indeed, skin cells are likely to
have the highest frequency of exposure to nSPs. Hence,
a safety evaluation of nSPs using dermal cells is essen-
tial. Based on this consideration, using the HaCaT
human keratinocyte cell line as a model system, we
studied the effects of various sized silica particles on
cell function. Specifically, we used HaCaT cells to per-
form the LDH release assay to assess membrane
damage induced by silica particles. We found that
membrane damage was not observed in nSP300- and
mSP1000-treated HaCaT cells. By contrast, LDH
release increased after exposure of the cells to nSP70
in a dose-dependent manner (Figure 2). This observa-
tion suggested that membrane damage in keratinocytes
increased significantly when the particle size was less
than 100 nm. The decrease of particle size changes the
physicochemical properties of the silica particles, such
as surface area and the number of functional groups per
particle weight, which are both increased [31-34]. In addi-
tion, subsequent experiments were performed at a non-
toxic dose (less than 300 pg/ml) in order to exclude the
toxic effects of nSP70.

30 - *
-O—-nSP70

- nSP300

N
[3,]
1

—O—mSP1000

- N
(3} o
1 1

LDH release (% of control)
o

-5 L] L] L]
10 50 250

Silica particles (pg/ml)

Figure 2 Effect of silica particles on membrane damage. Cellular
membrane damage in HaCaT cells after incubation with nSP70
(circles), nSP300 (squares) and mSP1000 (diamonds) for 24 h was
evaluated by the LDH release assay. The percentage cellular
membrane damage was calculated relative to the negative
(medium) controls. Data are presented as means + SD (n = 3).*P <
0.01 vs same dose of nSP300 and mSP1000.
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Some reports have indicated that intracellular generation
of reactive oxygen species (ROS) is induced by nSP
[35-37]. Furthermore, it has recently been reported that
crystalline silica induces intracellular ROS generation via
NADPH oxidase activation following uptake by endocyto-
sis [38,39]. Based on these reports, ROS generation and
DNA damage are an obvious means of assessing the
hazard posed by nSP. Firstly, total intracellular ROS gen-
eration was measured in silica particle-treated HaCaT
cells using 2’7’-dichlorodihydorofluorescein diacetate
(DCFH-DA). Silica particles of all sizes were found to
induce intracellular ROS generation in a dose-dependent
fashion (Figure 3A). However, ROS generation by nSP70
treatment was significantly greater compared with nSP300
and mSP1000 treatment at the same particle concentra-
tion. Additionally, we confirmed that hydroxyl radicals,
one of the most highly reactive ROS, were generated in
HaCaT cells treated with silica particles, in particular with
nSP70 (Figure 3B). Even in the 10 pg/ml-treated group,
hydroxyl radical-generation effects of nSP70-treatment
were 1.4 times higher than that of nSP300 and mSP1000-
treated groups. These results suggested that silica particle-
induced intracellular ROS generation was significantly
increased by decreasing the particle size to less than 100
nm. ROS are defined as either “primary” or “secondary”.
Primary ROS (e.g. superoxide, O,) can be generated
through metabolic processes or through the activation of
oxygen, which results in the formation of a reactive
nucleophilic molecule of oxygen i.e., superoxide anion.
These reactive species may interact with other molecules,
such as redox active transition metals (e.g. iron) or
enzymes, resulting in the production of “secondary” ROS
(e.g. "OH), which are primary mediators of DNA damage.
Consequently, we analyzed the formation of 7°8’-dihydro-
8-oxodeoxyguanosine (8-OH-dG) as an indicator of ROS-
induced DNA damage. When HaCaT cells were treated
with various concentrations of silica particles for 3 h, 8-
OH-dG levels in nSP300- and mSP1000-treated cells
remained constant regardless of silica particle dose and
were equal to the levels found in untreated cells (Figure
3C). By contrast, 8-OH-dG levels increased upon exposure
of the cells to nSP70 in a dose-dependent manner. After
treatment with nSP70 at 90 pg/ml the level of 8-OH-dG
increased significantly compared with non-treated cells.

8-OH-dG is known as a major index of oxidative
DNA damage related to mutagenesis, carcinogenesis and
the aging process [40,41]. These reports, together with
our results, suggest the possibility that nSP70 may be

-carcinogenic. Moreover, nSP-induced ROS may induce

genotoxicity via DNA strand breaks, oxidative DNA
damage and mutation. Indeed, DNA damage was
detected in nSP70-treated HaCaT cells. In addition,
nSP70-mediated DNA damage was inhibited by pre-
treatment with the ROS scavenger, N-acetylcystein
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Figure 3 Detection of oxidative stress induced by silica particle treatment in HaCaT cells. Detection of total ROS and hydroxy! radical
induced by silica particle treatment in HaCaT cells. HaCaT cells were incubated with various concentrations of nSP70 (circles), nSP300 (squares),
and mSP1000 (diamonds) for 3 h. (A) Total ROS induced by treatment with silica particles were expressed as relative fluorescence units in the
DCFH assay.*P < 0.01 vs same dose of nSP300 and mSP1000. (B) Hydroxyl radical was measured by hydroxyphenyl fluorescein (HPF) assay. Data
shown are means + SD (n = 3).*P < 001 vs same dose of nSP300 and mSP1000. (C) Detection of 8-OH-dG induced by silica particle treatment in
HaCaT cells. HaCaT cells were incubated with 10, 30 or 90 mg/ml nSP70, nSP300, or mSP1000, and As,Oj; (positive control) for 3 h. Data shown
are means + SD (n = 3). *P < 001, **P < 0.05. (D and E) Effects of ROS inhibitor on DNA strand breaks induced by silica particle treatment in
HaCaT cells. HaCaT cells were pretreated with 2 mM N-acetylcystein (NAC) for 30 min (NAC + nSP70) or nSP70 alone, prior to incubation with 90
mg/ml nSP70 for 3 h. As a positive control, HaCaT cells were treated with 0.2 mM H,0, for 3 h. (D) Column height shows the tail length. (E)
Column height shows the tail moment. Data shown are means + SD of at least 16 cells per sample. Results shown are representative of more
than three independent experiments. *P < 0.01.
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(NAC) (Figure 3D and 3E). From the results of the pre-
sent study, we suggest that ROS play an important role
in cellular responses such as nSP-induced DNA damage.
However, the reason why ROS generation varies with
particle size has not yet been clarified.

Fine or ultrafine particulate matter (PM), such as die-
sel exhaust particles or crystalline silica, often induces
ROS generation that contributes to the induction of
DNA damage or apoptosis. Although the mechanisms
underlying the PM-induced oxidative stress response
remains unclear, strong evidence supports PM phagocy-
tosis as a stimulus for increased oxidative stress via
NADPH oxidase activation [38,42,43]. In addition,
Walee Chamulitrat et al. reported that HaCaT cells con-
stitutively express Nox components Racl, p40phox, and
p67phox proteins [44]. In HaCaT skin keratinocyte cells,
stimuli such as epidermal growth factor, Ca**-ionophore
A23187, lysophosphatidic acid are capable of producing
ROS [45-47]. Thus, one potential candidate for the
nSP70-mediated DNA damage is ROS, which is pro-
duced by NADPH oxidase upon nSP70 phagocytosis. In
order to assess the relationship between the uptake
pathway and ROS generation, we measured the produc-
tion of ROS induced by nSP70 in the presence or
absence of a specific inhibitor of endocytosis. After
treatment with cytochalasin D, an inhibitor of actin
polymerization [48], ROS generation induced by nSP70
was measured by DCFH-DA assay. Results indicated
that ROS generation induced by nSP70 was inhibited by
pretreatment with cytochalasin D in a dose-dependent
manner (Figure 4). Furthermore, nSP70-induced DNA
damage was also significantly reduced by pretreatment
with cytochalasin D (Figure 5A and 5B). These findings
suggest that the silica particles entered the cells mainly
through actin-mediated endocytosis, such as the macro-
pinocytosis pathway, thereby inducing ROS generation
and DNA damage. It is well-known that NADPH oxi-
dase, which exists in the cytosol, cellular membrane and
subcellular compartment membranes, becomes activated
and generates ROS after ingestion of microorganisms
into the phagosome and/or endosome [49-51]. More-
over, it is reported that TiO, particles induce IL-18
production by NADPH oxidase-mediated ROS genera-
tion in the human macrophage cell line [52]. Likewise,
NADPH oxidase exists in the cytosol and membranes of
non-phagocyte cells, including HaCaT cells [44]. Addi-
tionally, it had been reported that inflammasomes are
activated by actin-mediated endocytosis of crystalline
silica, which lead to NADPH oxidase activation and
ROS generation [38,39,53]. Consequently, in order to
determine the role of NADPH oxidase in silica particle-
induced ROS generation, the effects of pretreatment
with the NADPH oxidase inhibitor, apocynin, a well-
known NOX inhibitor [49,54], were investigated. As
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Figure 4 Effects of endocytosis and NADPH oxidase inhibitor
on generation of ROS induced by silica particle treatment.
HaCaT cells were pretreated with cytochalasin D or apocynin for

30 min prior to incubation with 270 mg/ml nSP70 for 3 h. ROS
induced by silica particle treatment were expressed as relative
fluorescence units, which means that ROS intensity of each silica
particle alone and non-treatment is 100 and O respectively, in the
DCFH assay. Data shown are means + SD (n = 3). *P < 0.01, **P < 0.05.

expected, nSP70-induced ROS generation was inhibited
in the presence of apocynin (Figure 4). In contrast,
DNA damage induced by nSP70 was not inhibited by
pretreatment with apocynin (Figure 5C and 5D). Taken
together, these results suggest that nSP70-mediated
DNA damage was induced by ROS generated by an
unknown mechanism, and not via NADPH oxidase.
Nox1 activation may initiate large bursts of ROS that
can mediate the killing of pathogens, such as H. pylori
[55]. Thus, NOX1 activation has been implicated in the
cutaneous innate immunity to bacterial infections of the
skin. A more detailed evaluation of the mechanism that
underlies nSP70-mediated NOX activation is essential.
Nonetheless, based on our results and the work of
others, we speculate that nSP70s are treated almost like
pathogens by HaCaT cells.

A number of mechanisms underlie the ability of nano-
particles to cause DNA damage. As mentioned above, a
key mechanism that is often described is the ability of
particles to cause the production of ROS [32,56]. One
possible mechanism of particle-mediated DNA damage
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Figure 5 Effects of endocytosis and NADPH oxidase inhibitor on DNA damage by silica particle treatment. Effects of endocytosis inhibitor
(A and B) or NADPH oxidase inhibitor (C and D) on DNA strand breaks induced by silica particle treatment in HaCaT cells. (A and B) HaCaT cells
were pretreated with 10 mM cytochalasin D (Cyto D) for 30 min (Cyto D + nSP70) or nSP70 alone, prior to incubation with 90 mg/ml nSP70 for
3 h. (C and D) HaCaT cells were pretreated with 40 mM apocynin (Apo) for 30 min (Apo + nSP70) or nSP70 alone, prior to incubation with 90
mg/ml nSP70 for 3 h. As a positive control, HaCaT cells were treated with 0.2 mM H,0, for 3 h. (A and C) Column height shows the tail length.
(B and D) Column height shows the tail moment. Data shown are means + SD of at least 16 cells per sample. Results shown are representative
of more than three independent experiments. *P < 0.01.
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is the ability of particles to stimulate target cells to pro-
duce oxidants/genotoxic compounds e.g., by affecting
mitochondrial electron transport, activation of NADPH
oxidase, or inducing cytochrome P450 enzymes. Our
results show that nSP70-mediated DNA damage of
HaCaT cells occurred via a mechanism that did not
involve NADPH oxidase. Alternatively, transition metal
ions (such as cadmium, chromium, cobalt, copper, iron,
nickel, titanium and zinc) released from certain nano-
particles have the potential to cause the conversion of
cellular oxygen metabolic products such as H,O, and
superoxide anions to hydroxyl radicals, which is one of
the primary DNA damaging species. Well-known exam-
ples of the consequences of metal ion-contamination in
relation to nanotoxicity have been described for carbon
nanotubes. Indeed, iron contaminants in CNT have
been shown to result in a substantial loss of glutathione
and increased lipid peroxidation in alveolar macro-
phages, indicators of oxidative stress [57]. However, our
data suggests that the nSPs used in this study, nSP70,
nSP300 and mSP1000, were not contaminated with
metal ions {data not shown). Thus, it is highly unlikely
that metal ion contamination is involved in nSP70-
induced DNA damage. Another hypothesis is that the
size of nSPs is related to its oxidative stress. As particle
size decreases, the particle unit of mass and overall sur-
face area increases. This larger surface area enhances
catalytic activity. Indeed, it has been widely reported
that increased surface area of these particles increases
reactivity because surface atoms have a tendency to pos-
sess high energy bonds. In order to gain stabilization,
these surface bonds will readily react with other mole-
cules [58]. The specific surface area was calculated by
means of the following equation; s = 6/dp (where s, spe-
cific surface area (mzlg); p, density (g/cc); d, diameter
(pm)). The specific surface area of nSP70, nSP300 and
mSP1000 calculated using this equation was 43, 10 and
3 m?/g, respectively. When specific area is considered,
rather than particle concentration, the membrane
damage activity of nSP70 and nSP300-treated cells
shows almost the same level of LDH release per unit
surface area (data not shown). In terms of ROS genera-
tion and DNA oxidation, nSP70 is more potent than
nSP300. These results suggest that nSP70, which
possesses a larger specific surface area compared to the
counterpart micron-sized silica particles, has a much
greater chance of interaction with biomolecules.
Consequently, nSP70 causes direct cellular damage and
promotion of oxidative stress. In addition to these
hypotheses, nanoparticles may gain direct access to
DNA via nuclear transport. However, this mechanism
seems very unlikely given that the nuclear pore complex
is known to be 8-30 nm in diameter, depending on cell
type [59]. Nonetheless, some studies have reported that
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nanoparticles can penetrate the nuclear membrane, such
as silica nanoparticles {40-70 nm) [60]. Detailed analysis
of the mechanism of DNA damage induced by nanopar-
ticles is currently underway. This information will be a
critical determinant in the design of safer nSPs and
will provide valuable information for hazard assessment
of nSPs.

Here, we report the effects induced by well-dispersed
amorphous silica particles (nSPs) on human keratinocyte
(HaCaT) cells. In addition to our own work, other stu-
dies have shown that well-dispersed nSPs induce cyto-
toxicity, including LDH release, in a dose-dependent
and size-dependent manner using a macrophage cell
line [61,62]. On the other hands, Lin et al. reported that
nSPs mediated cytotoxicity/DNA damage against A549
cells were not correlated with particle size [36]. Further,
Barnes et al. reported that nSP induce no genotoxicity
in fibroblast 3T3-L1 cells [63]. From the viewpoint of
nSP-mediated toxicity, there is no consistency in these
four reports including our findings. As mentioned
above, there are a number of examples in the literature
of conflicting results regarding nSPs. It has becoming
increasingly evident that the physicochemical properties
of nanomaterials, such as the size, shape, surface charge,
fabricating method, etc, play a central role in governing
their cellular uptake and subsequent physiologic conse-
quences. Furthermore, experimental conditions, such as
cell type and incubation time, are critical for the nano-
toxicologic studies. Hence, given the inconsistencies it is
difficult to draw the same conclusions. However, our
results using well-dispersed nSPs indicated that nSPs
were more cytotoxic and genotoxic against the human
keratinocyte cell line HaCaT.

Conclusions

In this study, we show that nSP induce certain cellular
responses, such as ROS generation and DNA damage.
By contrast, their bulk-sized counterparts display a
much reduced response. These different responses
might be partly due to different mechanisms, such as
intracellular uptake and ROS generation. We speculated
that receptor-mediated uptake was involved in these
phenomena and set out to identify the physicochemical
properties that affect receptor endocytosis. We believe a
detailed analysis of nSP-internalization will be invaluable
for both hazard assessment and the design of safe nSPs.

Materials and methods

Silica particles

Suspensions of fluorescent (red-F)-labeled amorphous
silica particles (Micromod 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,
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respectively). Silica particle suspensions were stored in
the dark at room temperature. The suspensions were
sonicated for 5 min and then vortexed for 1 min imme-
diately prior to use.

Cell Culture

The HaCaT human keratinocyte cell line was kindly
provided by Dr. Inui [64], Osaka University. HaCaT
cells were cultured in Dulbecco’s modified Eagle’s med-
ium (D-MEM) supplemented with 10% heat-inactivated
fetal bovine serum and 0.2 mM L-glutamine. The cells
were grown in a humidified incubator at 37°C (95%
room air, 5% CO,).

Physicochemical examinations of silica particles

Silica particle suspensions were diluted to 0.25 mg/ml
(nSP70), 0.5 mg/ml (nSP300 and mSP1000) with water
or PBS, respectively and the average particle sizes were
then measured using the Zetasizer Nano-ZS (Malvern
Instruments Ltd). The mean size and the size distribu-
tion of silica particles were measured by a dynamic light
scattering method. The size and shape of silica particles
were determined using scanning electron microscopy
(SEM). Each silica particle suspension was dropped on
the sample stage and dried. The dried silica particles
were then observed by SEM.

LDH release assay

Lactate dehydrogenase (LDH) is released from HaCaT
cells exposed to nSP70, nSP300 or mSP1000. The LDH
activity of the supernatant of the culture medium was
determined using a commercial LDH cytotoxicity test
(WAKO, Japan) according to the manufacturer’s instruc-
tions. In brief, 5 x 10 cells were seeded into each well
of a 96-well plate. After 24 h incubation, cells were trea-
ted with nSP70, nSP300, mSP1000 or 0.2% Tween 20
(positive control). After a further 24 h incubation per-
iod, 50 pl of medium overlying cells was used for LDH
analysis. Absorption of light at 560 nm was measured
using a spectrophotometer.

Detection of Reactive Oxygen Species (ROS)

The generation of total intracellular ROS was measured
by monitoring the increasing fluorescence of 2'7’-
dichlorofluorescein (DCF). The cell-permeant 2'7’-
dichlorodihydorofluorescein diacetate (DCFH-DA;
Sigma, St. Louis, MO) enters the cell where intracellular
esterases cleave off the diacetate group. The resulting
DCFH is retained in the cytoplasm and oxidized to DCF
by ROS. Hydroxyl radical was measured by monitoring
the increasing fluorescence of hydroxyphenyl fluorescein
(HPF; SEKISUI MEDICAL Co., Ltd., Japan). 3 x 10*
HaCaT cells were seeded into each well of a 96-well
plate. After 24 h incubation, cells were treated with
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nSP70, nSP100, nSP300, mSP1000 or 2 mM H,O, (posi-
tive control). Cells were then washed once with phenol
red-free medium, and incubated in 100 ul working solu-
tion of DCFH-DA or HPF (10 pM) at 37°C for 30 min.
Using the fluorescence reader (ARVO MX; Perkin
Elmer, Waltham, MA), the fluorescence of DCF or HPF
was monitored at the excitation and emission wave-
lengths of 485 nm and 530 nm or 490 nm and 515 nm,
respectively.

8-Hydroxy-2-deoxyguanosine (8-OH-dG) measurement
HaCaT cells were seeded on a 100 mm dish. After 24 h,
cells were treated with various concentrations of nSP70,
nSP300, mSP1000, 0.2 mM H,O, (positive control) or
PBS (negative control). After 3 h, cellular DNA was iso-
lated using DNeasy tissue kit (QIAGEN, Germany). Ten
pg of DNA was converted to single stranded DNA by
incubation with 180 U Exonuclease III (Takara Biotech.,
Japan) at 37°C for 1 h. The DNA was heated at 95°C for
5 min, rapidly chilled on ice, and digested to nucleosides
by incubation with 0.6 U nuclease P1 (Takara) at 37°C
for 1 h followed by treatment with 0.6 U E. coli alkaline
phosphatase (Takara) for a further 1 h. The reaction
mixture was centrifuged (6000 x g for 1 min) and the
supernatant used for the 8-OHdG assay. The amount of
8-OHdG was measured according to the protocol of the
competitive ELISA kit (8-OHdG check; Japan Institute
for the Control of Aging, Japan).

Effects of inhibitor of ROS, endocytosis or NADPH oxidase
on DNA strand breaks induced by silica particles

3 x 10* HaCaT cells were pretreated with 2 mM N-
acetylcystein (NAC, ROS scavenger), 10 mM cytochala-
sin D (endocytosis inhibitor) or 40 mM apocynin
(NADPH oxidase inhibitor) for 30 min prior to incuba-
tion with 90 mg/ml of nSP70 for 3 h. As a positive con-
trol, HaCaT cells were treated with 0.2 mM H,0, for 3
h. DNA strand breaks were detected by alkaline comet
assay according to the Comet Assay Kit (Trevigen,
Gaithersburg, MD). The samples were processed accord-
ing to the protocol provided in the kit. Twenty-five cells
on each slide, randomly selected by fluorescence micro-
scopy, were then analyzed using the Comet Analyzer
(Youworks Corporation, Japan).

Effects of inhibitor of endocytosis, NADPH oxidase or
endosomal acidification on generation of ROS induced by
silica particles

HaCaT cells were pretreated with various concentration
of cytochalasin D (Merck Ltd., Germany) for 30 min
prior to incubation with 270 mg/ml nSP70 for 3 h. ROS
induced by treatment with silica particles were
expressed as relative fluorescence units in the DCFH-
DA assay as described above.
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Statistical analysis

Statistical comparisons between groups were performed
by one-way ANOVA and a Bonferroni post hoc test.
The level of significance was set at P < 0.05.
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synthesis®’. Improved rate capabilities
and the potential for integrated three-
dimensional batteries to provide enough
energy to microdevices, even when space is
limited, have been pointed out in the earlier
investigations*®. Bicontinuous electrode
structures that combine electrolytically
active and conductive phases, too, have been
investigated®'°. However, the particular
combination developed in the paper by
Braun and co-workers leads to significantly
better rate capabilities owing to the highly
conductive metal backbone. Thus they
represent an exemplary combination of the
high power densities of supercapacitors
with the high energy densities of batteries.
Furthermore, the approach of combining an
active electrode material with a conductive
scaffold may allow the use of high-capacity
electrode materials that had been previously
ignored because of low conductivities.
There are other opportunities for
improving performance. In the present
design, the nickel scaffold contributes to
the mass of the electrode but not to its

capacity. Conducting scaffolds with lower
mass densities would improve the capacity
of the electrode per unit mass. Similarly,
less open-pore space would improve

the capacity per unit volume, as long as
sufficient room for electrolyte penetration
is still maintained. It is also possible to
exploit the pore volume by threading

the second battery electrode through it,
forming a completely interpenetrating
battery structure. Although this is
challenging from a processing perspective,
the synthetic feasibility of this concept

has already been demonstrated’, and

such an approach may eventually be
adapted to fabricate all solid-state, high-
performance batteries.

Another challenge for these electrode
designs is heat management, which will be
important given the large currents per unit
mass they must support. Nonetheless, the
work by Braun and co-workers' represents
an elegant and important step forward in the
development of new electrochemical storage
devices. It clearly shows that considerations

of electrode architecture and electrode
composition must go hand-in-hand to push
performance limits forward. a
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NANOTOXICOLOGY

Nanoparticles versus the placenta

Pregnant mice treated 70-nm silica nanoparticles or 35-nm titanium dioxide nanoparticles suffer damage to the
placenta and fetus, whereas larger nanoparticles do not have an adverse impact.

Jeffrey A. Keelan

s the likelihood of humans being
Aexposed to nanomaterials increases,
there are growing concerns about
the effects of nanoparticles on pregnant
women'? and the possibility that they
can cross the placenta and cause toxicity
in the fetus®-. Now, writing in Nature
Nanotechnology, Kohei Yamashita,
Yasuo Yoshioka, Yasuo Tsutsumi and
colleagues confirm that some nanoparticles
can cross the placenta and accumulate in
fetuses in pregnant mice’. Moreover, they
also show that nanoparticles can restrict the
growth of the fetus through damage to the
placenta, although these effects could be
prevented by changing their surface charge.
The mouse (or murine) placenta is like
the human placenta in that the maternal
and fetal blood supplies are separated
by the endothelium and one or more
layers of specialized placental cells called
trophoblasts (Fig. 1)”. However, there are
also significant differences: the number of
cellular layers and the diffusion distance
between the two circulations both differ,
and the diffusion barrier in the murine

placenta is significantly greater than in the
human placenta. Pregnant mice also have

a large inverted yolk sac that performs
important functions throughout pregnancy,
whereas the yolk sac is less important in
humans except during early pregnancy.
Consequently, although the mouse model
is very useful for research, care must be
taken when extrapolating the results to
human pregnancy.

Yamashita and co-workers — who are
based at Osaka University, the National
Institute of Biomedical Innovation and
other institutes in Japan — exposed
pregnant mice to silica nanoparticles
with three different diameters (70, 300
and 900 nm) on day 16 of pregnancy
(~80% term). Silica nanoparticles are
known to be able to enter cells, cause
programmed cell death (apoptosis) and
initiate a systemic immune response.

As expected, most of the nanoparticles
accumulated in the maternal liver. The
70-nm nanoparticles were also found in
the placenta and were detectable in the
fetal liver and brain, proving that they
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had breached the placental barrier and
entered the fetal circulation. However, the
300- and 900-nm nanoparticles did not
accumulate in the placenta or reach the
fetus. The motivation for such experiments
is to explore the potential toxicity of
nanoparticles from all sources to pregnant
women, and also to investigate the safety of
nanoparticles introduced into the body for
medical applications during pregnancy.
The results of the Japanese group are
consistent with findings from ex vivo
perfusion studies using human placentas,
which suggested that size is an important
determinant of placental uptake, with
particles larger than ~80 nm being partially
or totally excluded®. In the latest study, just
two days of exposure to high doses of the
70-nm nanoparticles was enough to lead to
significant placental damage (notably major
abnormalities in placental structure and
blood flow, plus reduced amniotic-sac size),
fetal growth restriction and, in some cases,
death of the fetus. The placental damage was
accompanied by reduced levels of placental
growth factors in the maternal circulation,
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Figure 1| Nanoparticles (shown in red) injected into the maternal blood supply (top) must pass through
three layers of trophoblast cells to enter the fetal blood. Toxicity can occur at various stages of this process
(indicated by the skull and cross bones). Yamashita and co-workers found that 70-nm nanoparticles
caused damage to the placenta and disrupted fetal growth’. It is not yet clear if the disruption to fetal
growth was caused by direct exposure to the nanoparticles, or by the damage to the placenta (hence the
question mark beside the bottom skull and cross bones). Large nanoparticles and those coated with amine

and carboxyl groups were not toxic.

which is evidence of both functional and
structural impairment.

So how did the silica nanoparticles
penetrate the placental barrier, and why were
the 70-nm nanoparticles toxic when the
300- and 900-nm nanoparticles were not?

It should be appreciated that the placenta

is not actually a complete and effective
barrier. Small molecules can readily diffuse
through the placental tissues, whereas larger
molecules can be taken up by endocytosis
(in which objects are engulfed by the cell
membrane); the yolk sac is particularly
active in this regard. Perfusion studies

on humans suggest that an endocytotic
mechanism is probably responsible for
allowing nanoparticle entry into the outer
trophoblast layer of the placenta’. Although
the murine yolk sac could contribute to this
phenomenon, the fact that the nanoparticles
were observed inside placental tissues
suggests that placental transport is also
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significant, and the findings are likely to be
pertinent to human pregnancy.

There is some evidence that silica
nanoparticles enter the nucleus of cells and
trigger apoptosis through their interaction
with DNA. This may well be the mechanism
responsible for the placental damage
observed by Yamashita and co-workers. It is
likely that there was also cell death in fetal
organs (particularly the brain), although this
was not explicitly investigated.

Similar effects were also caused by
35-nm titanium dioxide nanoparticles,
which are also known to induce apoptosis
after entering cells. If this is the mode of
toxicity, it is notable that the Japanese team
found that the deleterious effects of the
nanoparticles could be reversed by coating
the surface with carboxyl or amino groups.
Other groups have recently shown that
such modified nanoparticles are much less
toxic than ‘naked’ nanoparticles owing to

their inability to penetrate the nucleus (and
therefore cause apoptosis), despite their
ability to enter the cellular cytoplasm™.
Unfortunately, cellular entry and apoptosis
of the modified nanoparticles were not
investigated in the present study.

These findings highlight the potential
fetotoxicity of nanoparticle exposure in
pregnancy, in particular the susceptibility of
the placenta to circulating nanotoxins. They
show that extreme caution is required when
considering exposure of pregnant women
to nanomaterials. However, the study also
raises a number of important questions that
have yet to be answered.

First, it is not known whether the size-
dependent effects observed (that is, the
placental transfer and fetoplacental toxicity)
reflect an inherent size-exclusion property
of the placenta itself, or a characteristic
of the specific nanomaterials investigated
in this study. If it is the former, then it
opens the door to the design and use of
therapeutic nanoparticles in pregnancy by
adjusting the size to achieve either placental
exclusion or placental uptake, depending on
what is required®. Second, the relationship
between fetal exposure to nanomaterials
and toxicity needs to be clarified, as it
is unknown whether the fetus can be
exposed to non-cytotoxic nanomaterials
without developmental defects and cellular
damage; dose-dependency is another
unresolved issue. Third, and finally, the
mechanisms responsible for determining
whether nanoparticles are transported from
within the trophoblast layer into the fetal
circulation are still unclear, as is the impact
of nanoparticle size and surface properties
on the degree of transport.

Answering these questions will help
clarify the relationship between nanoparticle
size, composition and fetoplacental toxicity,
and give valuable guidance on the safety of
nanomaterial exposure during pregnancy.
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Infants’ Health, University of Western Australia at
King Edward Memorial Hospital, Subiaco, Perth,
Western Australia 6009, Australia.

e-mail: jeff keelan@uwa.edu.au

References
1. Saunders, M. WIREs Nanomed. Nanobiotechnol.
1, 671-684 (2009).
2. Menezes, A, Malek, A. & Keelan, ]. A. Curr. Pharm. Biotechnol.
http://www.ncbi.nlm.nih.gov/pubmed/21342124 (2011).
. Tsuchiya, T. et al. FEBS Lett. 393, 139-145 (1996).
. Fujimoto, A. et al. Environ. Toxicol. 20, 431-440 (2005).
Takeda, K. et al. J. Health Sci. 55, 95-102 (2009).
. Semmler-Behnke, M. et al. Small 4, 2108-2111 (2008).
. Yamashita, K. ef al. Nature Nanotech. 6,321-328 (2011).
. Myllynen, P. K. et al. Reprod. Toxicol. 26, 130-137 (2008).
. Wick, P. et al. Environ. Health Perspect. 118, 432-436 (2010).
10. Nabeshi, H. et al. Nanoscale Res. Lett. 6, 93-98 (2011).

v %N A W

NATURE NANOTECHNOLOGY | VOL 6 | MAY 2011 | www.nature.com/naturenanotechnology

© 2011 Macmillan Publishers Limited. All rights reserved



nature
nanotechnology

ARTICLES

PUBLISHED ONLINE: 3 APRIL 2011 | DOI: 10.1038/NNANO.2011.41

Silica and titanium dioxide nanoparticles cause
pregnancy complications in mice

Kohei Yamashita'?!, Yasuo Yoshioka'?3™*, Kazuma Higashisaka'?, Kazuya Mimura?®, Yuki Morishita'?,
Masatoshi Nozaki?®, Tokuyuki Yoshida'?, Toshinobu Ogura'?, Hiromi Nabeshi?, Kazuya Nagano?
Yasuhiro Abe?, Haruhiko Kamada?3, Youko Monobe®, Takayoshi Imazawa®, Hisae Aoshimas,

Kiyoshi Shishido?, Yuichi Kawai®, Tadanori Mayumi®, Shin-ichi Tsunoda?3®, Norio Itoh’,

Tomoaki Yoshikawa'?, Itaru Yanagihara®, Shigeru Saito™ and Yasuo Tsutsumi'23*

The increasing use of nanomaterials has raised concerns about their potential risks to human health. Recent studies have
shown that nanoparticles can cross the placenta barrier in pregnant mice and cause neurotoxicity in their offspring, but a
more detailed understanding of the effects of nanoparticles on pregnant animals remains elusive. Here, we show that silica
and titanium dioxide nanoparticles with diameters of 70 nm and 35 nm, respectively, can cause pregnancy complications
when injected intravenously into pregnant mice. The silica and titanium dioxide nanoparticles were found in the placenta,
fetal liver and fetal brain. Mice treated with these nanoparticles had smaller uteri and smaller fetuses than untreated
controls. Fullerene molecules and larger (300 and 1,000 nm) silica particles did not induce these complications. These
detrimental effects are linked to structural and functional abnormalities in the placenta on the maternal side, and are

abolished when the surfaces of the silica nanoparticles are modified with carboxyl and amine groups.

dioxide nanoparticles (nano-TiO,) and carbon nanotubes

are already being applied in electronics’, foods?, cosmetics?
and drug delivery®. nSPs are used as additives in cosmetics and
foods because they are highly hydrophilic, easy to synthesize and
their surfaces can be modified easily>®. The increasing use of nano-
materials has raised concerns’~? because of recent reports showing
that carbon nanotubes can induce mesothelioma-like lesions in
mice, similar to those induced by asbestos'®!!. We have also
shown that nSPs can induce severe liver damage in mice and inflam-
matory responses in vitro!>13,

Fetuses are known to be more sensitive to environmental toxins
than adults'*'%, and it has been suggested that many chemical
toxins in air, water and foods can induce pregnancy complications
in humans'>'. An estimated 1 to 3% of women in the USA suffer
recurrent miscarriages'” and 7-15% of pregnancies are affected
by poor fetal growth (a condition known as intrauterine growth
restriction, [UGR)'®, ITUGR, which refers to a fetus with a weight
below the 10th percentile for its gestational age, can cause fetal
death and predisposes the child to a lifelong increased risk for
cardiovascular disorders and renal disease'®*. Examining the
potential risk of nanomaterials for causing miscarriage and IUGR
is therefore essential.

Although some studies have shown transplacental transport of
nanomaterials in pregnant animals and nanomaterial-induced

N anomaterials such as nanosilica particles (nSPs), titanium

neurotoxicity in their offspring®' %%, the effects of nanomaterials
on pregnant animals have not yet been studied. Here, we investi-
gated the biodistribution and fetotoxicity of various sizes of
surface-modified nSPs, fullerene C,, and nano-TiO, in pregnant
mice. Our results indicate that nSPs with diameters less than
100 nm and nano-TiO, with diameters of 35 nm induce resorption
of embryos and fetal growth restriction. Furthermore, we found that
modifying the surface of nSPs from -OH to -COOH or -NH, func-
tional groups can prevent these pregnancy complications. These
data include basic information regarding possible ways of creating
safer nanomaterials.

Biodistribution of nanoparticles

Silica particles are well suited for studying the influence of nanoma-
terial size on biodistribution and various biological effects because
they show much better dispersibility in aqueous solutions than
most other nanomaterials?’. We used silica particles with diameters
of 70 nm (nSP70), 300 nm (nSP300) and 1,000 nm (mSP1000) to
study the effect of size on biodistribution of the particles in pregnant
mice. Two other common nanomaterials, nano-TiO, and fullerene,
were also examined. All silica nanoparticles were confirmed by
transmission electron microscopy (TEM) to be smooth-surfaced
spheres (Supplementary Fig. Sla,b,c,gh,i)!?!%. The hydrodynamic
diameters of nSP70, nSP300, mSP1000, nano-TiO, and fullerene
were 65, 322, 1,140, 217 and 143 nm, respectively, with zeta
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potentials of -53, -62, -67, -23 and -13 mV, respectively (see
Supplementary Fig S2 for the physicochemical properties of all
the materials). The size distribution spectrum of each silica particle
showed a single peak (Supplementary Fig. SIm), and the hydrodyn-
amic diameter corresponded almost precisely to the primary particle
size for each sample (Supplementary Figs SIm and S2), indicating
that the silica particles used in this study were well-dispersed
in solution.

We examined the relationship between particle size and
biodistribution in the placenta by whole-body imaging analysis
after intravenous injection (through the tail vein) of fluorescent
DY-676-labelled nSP70, nSP300 or mSP1000 into pregnant mice
at gestational day 16 (GD16). At 24 h post-injection, intense fluor-
escence was observed in the liver of all mice receiving the differently
sized nanoparticles (Fig. 1a), suggesting that the accumulation of
nanoparticles in the liver is independent of size. Fluorescence was
seen in the placenta of mice treated with nSP70, but not in mice
treated with nSP300 or mSP1000 (Fig. 1a). We confirmed that
~5% of fluorescent DY-676 dissociated from the silica particles
after in vitro incubation in phosphate buffered saline (PBS) for
24 h at 37 °C (Supplementary Fig. S1n), and no fluorescence was
detected in the placenta of mice treated with fluorescent DY-676
only (data not shown), indicating that the fluorescence observed
in the mice was caused by silica particle accumulation in the tissues.

TEM analysis revealed that nSP70 (nanosized spherical black
objects in Fig. 1b-g) were found in placental trophoblasts
(Fig. 1b,c), fetal liver (Fig. 1d,e) and fetal brain (Fig. 1f,g). No par-
ticles were seen in the placenta, fetal liver or fetal brain of mice
treated with nSP300 or mSP1000 (data not shown). These results
suggest that the biodistribution of silica particles varied according
to particle size, and that only the smaller nSP70 nanoparticles accu-
mulated in the placenta and fetus. Similarly, nano-TiO, were found
in placental trophoblasts (Fig. 1h,i), the fetal liver (Fig. 1j,k) and fetal
brain (Fig. 11,m) after intravenous injection into pregnant mice. We
did not evaluate the biodistribution of fullerene C,, because of the
difficulty in detecting fullerene using TEM.

Recently, several reports have shown that some nanomaterials
can penetrate mouse and ex vivo human placental tissue?>?%, and
it is generally known that high-molecular-weight species
(>1,000 Da) do not penetrate the placenta by passive diffusion.
Thus, we speculated that nSP70 either directly injured the blood-
placenta barrier or was actively transported through it, or both.
Furthermore, nSP70 in the fetal circulation would have access to
the fetal liver and brain, because the development of the blood-
brain barrier in the fetal brain is incomplete?.

Fetotoxicity of nanoparticles
To determine the fetotoxicity of nSP70, nSP300, mSP1000, nano-
TiO, and fullerene in pregnant mice, we intravenously injected
the particles (100 pl, 0.8 mg per mouse) into pregnant mice on
two consecutive days, at GD16 and GDI17, and measured the
maternal blood biochemistry. None of the silica particles induced
any significant changes in the levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT) and blood urea nitrogen
(BUN), and all parameters remained within the physiological
range, indicating that the particles did not induce maternal liver
and kidney damage at the administered doses (Supplementary
Fig. §3). Blood pressure and heart rates among all groups of mice
that received silica nanoparticles were similar and comparable to
control animals receiving PBS (Supplementary Fig. S4). However,
there was a significant increase in the number of granulocytes in
nSP70-treated pregnant mice compared with control mice receiving
PBS (Supplementary Fig. S5).

When compared to control mice, the maternal body weight of
nSP70- and nano-TiO,-treated mice decreased at GD17 and
GD18, whereas those treated with nSP300, mSP1000 and fullerenes
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did not show any changes (Fig. 2a). Mice that received nSP70 and
nano-TiO, had 20% and 30% lower uterine weights (Fig. 2b,c),
respectively, and significantly higher fetal resorption rates than
control mice and those that received nSP300, mSP1000 particles
or fullerene (Fig. 2d). nSP70- and nano-TiO,-treated mice also
had smaller fetuses (nearly 10% lower than control mice,
Fig. 2e,g) and smaller amnion sacs than mice that received
nSP300, mSP1000 or fullerene.

In contrast, the weights of placentae were the same among all
groups of mice (Fig. 2f,h). When mice were injected with lower con-
centrations of nSP70 (0.2 and 0.4 mg per mouse), none of the above
symptoms was observed; fetal resorption and growth restriction
were seen only at the highest dose used (0.8 mg per mouse;
Supplementary Fig. S6). These results indicate that only nSP70 at
the highest concentration and nano-TiO, induced fetal resorption
and restricted fetal growth; fullerene did not induce any pregnancy
complications. The doses used here are typical of preclinical studies
for drug delivery applications of silica particles, intravenously admi-
nistered at several hundred milligrams per mouse®. In contrast, the
most common route of nano-TiO, exposure to humans is through
the skin (for example, through the application of nano-TiO,-
containing cosmetics) and some reports have suggested that nano-
TiO, particles do not penetrate into living skin®'32, Therefore, we
believe that nano-TiO, may not induce any pregnancy compli-
cations following topical application. Furthermore, we have con-
firmed that the nano-TiO, used in this study did not induce
cellular toxicity and DNA damage in vitro (data not shown).

It is known that the surface properties of nanomaterials can
influence biodistribution, inflammatory responses and cellular tox-
icity?”*%. We examined the relationship between fetotoxicity and the
surface properties of nSP70. The nSP70 was surface-modified with
COOH or NH, functional groups (nSP70-C or nSP70-N, respect-
ively), and both were confirmed by TEM to be smooth-surfaced
spherical particles (Supplementary Fig. S1). The hydrodynamic
diameters of the nSP70-C and nSP70-N were 70 and 72 nm,
respectively, with zeta potentials of -76 and -29 mV, respectively,
indicating that surface modification changed the surface charge of
the particles (Supplementary Fig. S2).

As with nSP70, mice that were intravenously injected with
DY-676-labelled nSP70-C and nSP70-N showed fluorescence in the
placenta (Fig. 1a). TEM analysis revealed that nSP70-C and nSP70-N
were found in placental trophoblasts (Fig. 1n,q), fetal liver (Fig. lo,r)
and fetal brain (Fig. 1p,s), indicating that the particles accumulated in
the placenta and fetus. The maternal body weights of mice treated
with nSP70-C or nSP70-N were the same as those observed for
control mice (Fig. 2a). nSP70-C and nSP70-N did not affect the
uterine weight (Fig. 2c), fetal weight (Fig. 2e,g) or fetal resorption rate
(Fig. 2b,d). These results suggest that modifying the surface of nSP70
can prevent resorption and fetal growth restriction induced by nSP70.

Placental dysfunction in nSP70-treated mice

Normal placental development is required for embryonic growth,
and placental dysfunction has been associated with miscarriage
and fetal growth restriction***°. The mature murine placenta con-
sists of four layers: maternal decidua, trophoblast giant cell, spon-
giotrophoblast and labyrinth®** (Fig. 3a). Maternal spiral arteries
converge into canals between the trophoblast giant cells, and these
canals pass through the spongiotrophoblast and labyrinth
layers**. The exchange of respiratory gases, nutrients and waste
takes place in the labyrinth layer between the fetal blood vessels
and maternal blood sinuses®*3°.

To clarify the relationship between particle size, fetotoxicity and
placental dysfunction, we examined the pathological histology of the
placenta in nSP-treated mice using haematoxylin and eosin (H&E)
staining (Fig. 3b-e). The placenta of mice treated with nSP70
showed variable structural abnormalities, whereas those treated
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