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. 0
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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
A exposed 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 pregnarlcy.

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 lo 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. 1
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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??, Youko Monobe®, Takayoshi Imazawas, Hisae Aoshima®,

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

Tomoaki Yoshikawa'?, Itaru Yanagihara®, Shigeru Saito'® and Yasuo Tsutsumi23*

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'>'3,

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, [IUGR)', IUGR, 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 TUGR
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. Slab,c,g.h,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. S1m), and the hydrodyn-
amic diameter corresponded almost precisely to the primary particle
size for each sample (Supplementary Figs S1m 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 ul, 0.8 mg per mouse) into pregnant mice on
two consecutive days, at GD16 and GD17, 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. S$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 GDI7 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. 2fh). 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. $6). 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?”*3, 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. $2).

As with nSP70, mice that were intravenously injected with
DY-676-labelled nSP70-C and nSP70-N showed fluorescence in the
placenta (Fig. l1a). 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. 2¢), 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 wvariable structural abnormalities, whereas those treated
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Figure 1| Biodistribution of nanoparticles in pregnant mice. a, In vivo fluorescence images. Pregnant mice at GD16 were treated with 0.8 mg
DY-676-labelled silica particles per mouse (nSP70, nSP300, mSP1000, nSP70-C or nSP70-N) or PBS (control), intravenously, through the tail vein. After

24 h, optical images of the whole body, maternal liver and placenta were acquired with a Xenogen IVIS 200 imaging system. b-s, TEM images of placentae
and fetuses at GD18. Pregnant mice were treated intravenously with 0.8 mg per mouse of nSP70, nano-TiQ,, nSP70-C or nSP70-N on two consecutive days
(GD16 and GD17). Arrows indicate nanoparticles. These particles were present in placental trophoblast cells (b hin,qg), fetal liver cells (d.ejkor) and

fetal brain cells (fglmps).

with nSP300 and mSP1000 did not show any significant abnormal-
ities when compared to control mice (Fig 3b,d). Spiral artery canals
failed to form (Fig. 3b,d) and blood flow was reduced in the fetal
vascular sinuses of nSP70-treated mice (Fig. 3c.e). To further eluci-
date the influence of nanoparticles on placental dysfunction, we are
examining the pathological histology of the placenta in nano-TiO,-
treated mice at present.

The areas including the placental major layers (the spongiotro-
phoblast and labyrinth) in nSP70-treated and control mice were
examined by periodic acid-Schiff (PAS) staining (Fig. 3f-i). The
total areas of placentae from each nSP70-treated mouse were not
significantly different from those of control mice (Fig. 4a). The
area of the spongiotrophoblast layer (Fig. 4b) and the ratio of the
spongiotrophoblast layer area to the total placental area (Fig. 4c)
in nSP70-treated mice were almost 50% smaller than those observed
in control mice. The percentage of nuclei positively stained by
terminal transferase-mediated dUTP nick end-labelling (TUNEL)
was significantly higher within the spongiotrophoblast layer of

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

nSP70-treated mice than within that of control mice, indicating
that nSP70 induced apoptotic cell death of spongiotrophoblasts
(Fig. 3j.k; Fig. 4d). The surrounding lengths of the villi in the labyr-
inth layer of nSP70-treated mice were significantly decreased com-
pared to those of control mice (Fig. 3Lm; Fig. 4f), whereas the
ratio of the labyrinth layer area to the total placental area in
nSP70-treated mice was not significantly different from that of
control mice (Fig. 4e). These results suggest that nSP70-induced
pregnancy complications were probably caused by placental cellular
damage, which might affect maternal-fetal exchange.

Normal placental development requires the coordinated
expression of vascular endothelial growth factor (VEGF) and its
receptor, fms-like tyrosine kinase-1 (Flt-1)*. Soluble Flt-1 (sFlt-1)
is expressed by placental cells including spongiotrophoblasts,
and is a potent anti-angiogenic molecule that regulates the gener-
ation of placental vasculature during pregnancy by sequestering cir-
culating VEGF and regulating the action of VEGF*". The plasma level
of sFlt-1 in nSP70- and nano-TiO,-treated mice was significantly
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Figure 2 | Pregnancy complications in nSP70- or nano-TiO,-treated mice. Pregnant mice were treated intravenously with 0.8 mg per mouse of nSP70,
nSP300, mSP1000, nano-TiO,, fullerene Cgy, nSP70-C, nSP70-N or PBS (control) on two consecutive days (GD16 and GD17). a, Changes in maternal body
weight. Maternal body weights were evaluated daily (n=11-24). Statistically significant difference from control mice, *P < 0.05 and **P < 0.01 by ANOVA.
b-h, Pregnancy complications. Uteri from mice were excised at GD18 (b). Uterine weights (¢) and fetal resorption rates (d) were evaluated (n=11-24).
Fetuses (e) and placentae (f) were excised from uteri. Fetal weights (g) and placental weights (h) were evaluated (n=37-212). All data represent means +

s.em (*P< 0,05, **P < 0.01 versus value for control mice by ANOVA).

lower than in control mice and those receiving nSP300, mSP1000,
fullerene, nSP70-C and nSP70-N (Supplementary Fig. S7a-d), indi-
cating that nSP70 induced not only structural abnormalities, but also
functional abnormalities, in the mouse placenta.

The anticoagulation agent heparin is often administered to
prevent miscarriage and IUGR®. Mice treated with a combination
of nSP70 and heparin had slightly increased maternal body
weights and decreased fetal resorption rates compared to mice that
were not treated with heparin (Fig. 5a,c). Heparin treatment
prevented decreases in uterine and fetal weight in nSP70-treated
mice (Fig. 5b.d). Mice treated with a combination of nSP70
and heparin had similar levels of sFlt-1 to control mice
(Supplementary Fig. S7e). These results suggest that the mechanism
for nSP70-induced pregnancy complications might involve coagu-
lation. However, it has recently been shown that heparin acts in
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many ways other than as an anticoagulant® *2. The anti-comp-
lement activation effect of heparin has been suggested to be impor-
tant in mitigating pregnancy complications?. Complement
activation induces neutrophil activation and this may lead to placen-
tal dysfunction, miscarriage, fetal growth restriction or pre-eclamp-
sia**#, Here, we have shown that the number of granulocytes in
nSP70-treated mice is significantly higher than in control mice
(Supplementary Fig. S5), indicating that nSP70 might have
induced complement activation, which may have subsequently
activated neutrophils and systemic inflammation.

Some reports have shown that heparin may also act as a placental
growth factor, because heparin is known to inhibit placental apoptosis,
stimulate placental proliferation and enhance the effect of several
growth factors®*'*2, Moreover, oxidative stress in the placenta is
known to cause placental dysfunction and to induce pregnancy
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Figure 3 | Pathological examination of placenta. a, Schematic showing the differences between human and mouse placentae. b-m, Histological examination.
Pregnant mice were treated intravenously with 0.8 mg per mouse of nSP70 or PBS (control) on two consecutive days (GD16 and GD17). At GD18, sections
of placentae from PBS- (befg) or nSP70-treated mice (d.eh,i) were stained with H&E (b-e) or PAS (f-i). The solid box in b indicates the presence of spiral
arteries and canals. Panels ¢, e, g and i are enlarged images of the areas within the dashed boxes in b, d, f and h, respectively. In g and i, dashed lines
delineate the decidua (de), spongiotrophoblast layer (sp) and labyrinth layer (la). Spongiotrophoblast layers of PBS- (j) or nSP70-treated mice (k) were
stained with TUNEL. Labyrinth layers of PBS- (1) or nSP70-treated mice (m) were stained with H&E.

complications™. Nanomaterials have been reported to cause oxidative
stress, which in turn induces cell apoptosis and inflammation®#647,
Therefore, the pregnancy complications observed here might have
been caused by oxidative stress induced by nSP70.

We have observed that the induction of oxidative stress in cells
and the activation of the coagulation pathway in mice treated with
nSP70-C and nSP70-N were lower than those observed in cells and
mice treated with nSP70 (unpublished data). Therefore, we speculate
that the lower activation of coagulation, complement and oxidative
stress in the placenta of mice treated with nSP70-C and nSP70-N
might have prevented pregnancy complications in those mice. It
has recently been shown that nanomaterials become coated with
serum proteins and induce different cellular responses by binding
to proteins*. In addition, different surface characteristics, such as
surface charge, are known to influence the binding affinities of
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proteins to nanomaterials*®. Therefore, the differences in protein
binding among nSP70, nSP70-C and nSP70-N might have given
rise to differences in the fetotoxicity of the nanomaterials.

It should be noted that there are differences between mouse and
human placentae, such as the greater role of yolk sac placentation in
the mouse and the anatomy in the labyrinth*® (Fig. 3a). The yolk
sac plays a significant role in material transport from mother to fetus
in mice, especially before the placental circulation is established®,
Therefore, the accumulation of nSP70 in the yolk sac should be
investigated to understand the accumulation mechanism of nano-
particles in fetuses. In the mouse placenta, three trophoblast layers
embrace the fetal vasculature in the labyrinth layer, whereas in the
human term placenta, a single syncytial layer with an underlying
trophoblast stem cell layer is present in the villi***°. As these ana-
tomical and structural differences might affect nanoparticle
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uptake and distribution, we cannot extrapolate our data about the
placental distribution of nanoparticles, or placental dysfunction
induced by nanoparticles, to humans. Additional studies that
examine the penetration efficiency of nanoparticles into the

human placenta (using ex vivo human placental tissue) are
needed, as are studies that focus on the relationship between preg-
nancy complications and the amount of nanoparticles in the
human placenta.
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Conclusion

Of the materials studied here, nSP70 and nano-TiO, induced fetal
resorption and restricted the growth of fetuses in pregnant mice,
whereas fullerene Cg, did not induce these complications. nSP70
and nano-TiO, were observed in the placenta, fetal liver and fetal
brain, and nSP70 induced complications only at the highest concen-
tration (0.8 mg per mouse) administered. The detrimental effects
seen in nSP70-treated mice were linked to structural and functional
changes in the placenta. Modification of the surface of nSP70 with
carboxyl or amine groups abrogated the negative effects, suggesting
the importance of surface charge. Although the nSP70 and nano-
TiO, were mainly designed for experimental and industrial use,
and not for cosmetics or food, we suggest that the potential fetotoxi-
city of these and other nanomaterials should be investigated
more carefully.

Methods

Particles. nSP70, nSP300, mSP1000, nSP70-C and nSP70-N, as well as nSP70,
nSP300 and mSP1000 labelled with DY-676 (excitation and emission wavelengths of
674 and 699 nm, respectively), were purchased from Micromod Partikeltechnologie.
Rutile-type TiD, particles with a diameter of 35 nm (designated nano-TiO,, Tayca
Corporation) were also used. Polyvinylpyrrolidone (PVP)-wrapped fullerene C,
was provided by Vitamin C60 BioResearch Corporation. The nanoparticles were
used after 5 min of sonication (280 W output (Ultrasonic Cleaner, AS One) and

1 min of vortexing.

Mice. Pregnant BALB/c mice (8-10 weeks) were purchased from Japan SLC. The
experimental protocols conformed to the ethical guidelines of Osaka University and
the National Institute of Biomedical Innovation, Japan.

In vivo imaging. In vivo fluorescence imaging was performed with an IVIS 200
small-animal imaging system (Xenogen). At GD16, pregnant BALB /c mice were
injected with 100 pl (0.8 mg per mouse) DY-676-labelled nSP70, nSP300, mSP1000,
nSP70-C, nSP70-N or PBS (control), intravenously through the tail vein. At 24 h
post-injection, the mice were anaesthetized, and images were obtained with a cy5.5
filter set (excitation/emission, 615-665 nm/695-770 nm). Imaging parameters
were selected and implemented with Living Image 2.5 software (Xenogen).

TEM analysis. Pregnant BALB/c mice were treated with 100 pl (0.8 mg per mouse)
of nSP70, nSP300, mSP1000, nSP70-C, nSP70-N or nano-Ti0),, intravenously
through the tail vein, on two consecutive days (GD16 and GD17). At GDI18, mice
were killed after being anaesthetized, and the placenta, fetal liver and fetal brain were
fixed in 2.5% glutaraldehyde for 2 h. Small pieces of tissue collected from these
samples were washed with phosphate buffer, postfixed in sodium cacodylate-
buffered 1.5% osmium tetroxide for 60 min at 4 °C, dehydrated using a series of
ethanol concentrations, and embedded in Epon resin. The samples were examined
under a Hitachi electron microscope (H-7650; Hitachi).

Fetotoxicity. Pregnant BALB/c mice were treated with 100 pl of nSP70 (0.2 mg,
0.4 mg or 0.8 mg per mouse), nSP300 (0.8 mg per mouse), mSP1000 (0.8 mg per
mouse), nSP70-C (0.8 mg per mouse), nSP70-N (0.8 mg per mouse), nano-TiO,
(0.8 mg per mouse), fullerene C,, (0.8 mg per mouse) or PBS (control),
intravenously through the tail vein, on two consecutive days (GD16 and GD17). All
mice were killed after being anaesthetized at GD18. Blood samples were collected in
tubes containing 5 IU ml™" heparin sodium, and plasma was harvested. The rate of
fetal resorption was calculated (number of resorptions,/total number of formed
fetuses and resorptions). The fetuses and placentae of each mouse were excised and
weighed, and the weight of the uterus calculated as the sum of the placental and fetal
weights. To study the effects of heparin in nSP70-treated mice, pregnant BALB /c
mice were treated with 100 pl (0.8 mg per mouse) nSP70 or PBS (control)
intravenously through the tail vein on two consecutive days (GD16 and GDI17). The
same mice were treated with heparin (Sigma-Aldrich, 10 U) intraperitoneally on two
consecutive days (GD16 and GD17), twice a day, 3 h before nSP70 treatment and 3 h
after nSP70 treatment.

Histological examination. After fixing placentae in 10% formalin neutral buffer
solution overnight, tissues were washed in PBS, dehydrated in a graded series of
ethanol and xylene solutions, and embedded in paraffin. Sections (2 pm) were cut
with a microtome. Sections were deparaffinized, rehydrated in a graded series of
ethanols, and stained with H&E or PAS. Stained sections were dehydrated in a series
of ethanols and mounted using permount. Representative histological images were
recorded with a charge-coupled device (CCD) digital camera fixed to a microscope.
The areas of the placenta, spongiotrophoblast layer and labyrinth layer were assessed
by examining light microscopy images (Olympus) of the PAS-stained sections and
were quantitatively analysed with Image | Imaging System Software Version 1.3
(National Institutes of Health). The circumferential total length of villi was assessed
by examining light microscopy images of the H&E-stained sections and
quantitatively analysed with Image | Imaging System Software Version 1.3. The
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presence of apoptotic cells in placental sections was analysed by TUNEL assay
(Millipore). The tissue was counterstained with methyl green. Photographs of
TUNEL (brown) and methyl green (light blue) staining were captured at three
randomly selected fields in the spongiotrophoblast layer. TUNEL-positive nuclei
(apoptotic nuclei) and methyl green-stained nuclei (total nuclei) were counted in the
spongiotrophoblast layer. The apoptotic index in each section was calculated as the
percentage of spongiotrophoblast nuclei stained TUNEL-positive divided by the
total number of methyl green-stained nuclei found within the

spongiotrophablast layer.

Statistical analysis. All results are presented as means + standard error of the mean
(s.e.m.). Statistical significance in the differences was evaluated by Student’s f-tests or
Tukey’s method after analysis of variance (ANOVA).
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Exposure to nano-sized particles is increasing because they are used in a wide variety of industrial prod-
ucts, cosmetics, and pharmaceuticals. Some animal studies indicate that such nanomaterials may have
some toxicity, but their synergistic actions on the adverse effects of drugs are not well understood. In this
study, we investigated whether 70-nm silica particles (nSP70), which are widely used in cosmetics and
drug delivery, affect the toxicity of a drug for inflammatory bowel disease (5-aminosalicylic acid), an antibi-
otic drug (tetracycline), an antidepressant drug (trazodone), and an antipyretic drug (acetaminophen) in
mice. Co-administration of nSP70 with trazodone did not increase a biochemical marker of liver injury. In
contrast, co-administration increased the hepatotoxicity of the other drugs. Co-administration of nNSP70 and
tetracycline was lethal. These findings indicate that evaluation of synergistic adverse effects is important

for the application of nano-sized materials.

1. Introduction

Nano-sized particles, which have a diameter of less than 100 nm,
are widely used in medicine, food, and machinery. With their
smaller size, the physical and chemical properties of their con-
stituents change, so that they may be toxic, for example to the
lungs or liver, even though macro-particles of the same materials
are not (Byrne and Baugh 2008; Nishimori et al. 2009b). Some
nano-sized particles show long-term accumulation or a wide dis-
tribution in the body (Byrne and Baugh 2008; Nishimori et al.
2009b; Xie et al. 2009; Yang et al. 2008).

Recent reports indicate that some nano-sized particles can gen-
erate reactive oxygen species (ROS) on their surfaces, leading
to cellular injury (Jin et al., 2008; Sharma et al. 2007; Ye et al.
2010). There are also many drugs that cause adverse effects
through the generation of ROS (Ali et al. 2002; Kovacic 2005;
Xu et al. 2008). Thus, nano-sized particles might enhance the
side-effects of some pharmaceutical drugs. Indeed, we have
shown that 70-nm silica particles (nSP70) cause liver injury
but that macro-sized silica particles with a diameter of 300
and 1000 nm do not (Nishimori et al. 2009b). Also, when co-
administered to mice, nSP70 but not the macro-sized silica par-
ticles enhance the toxicity of cisplatin and paraquat (Nishimori
et al. 2009a). Surprisingly, co-administration of cisplatin and
nSP70 was lethal, suggesting that each chemical may have dif-
ferent synergistic effects in the presence of nano-sized materials.
In the current study, to clarify the influence of nano-sized mate-
rials on the adverse effects of chemicals, we assessed the toxicity
in mice of 5-aminosalicylic acid (an agent for treating inflamma-
tory bowel disease), tetracycline (a broad-spectrum antibiotic),
trazodone (an antidepressant), and acetaminophen (a common
antipyretic analogue) in the presence or absence of nSP70.
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2. Investigations and results

Several reports indicate that 5-aminosalicylic acid, whichis used
to treat inflammatory bowel disease, causes liver injury and inter-
stitial nephritis (Deltenre et al. 1999; Margetts et al. 2001).
Administration of 5-aminosalicylic acid caused an increase
in ALT, AST and BUN levels (Fig. 1). Also, nSP70 dose-
dependently elevated ALT and AST levels. Co-treatment with
S-aminosalicylic acid and nSP70 resulted in higher levels of
ALT and AST than nSP70 alone. In contrast, changes in BUN
levels in response to 5-aminosalicylic acid were not affected by
nSP70.

Next, we investigated effect of nSP70 on tetracycline, a broad-
spectrum antibiotic. As shown in Fig. 2A and 2B, administration
of tetracycline did not elevate biochemical markers for liver
injury. In contrast, co-administration with nSP70 resulted in the
synergistic induction of liver injury. However, nSP70 alone did
not cause kidney injury. Importantly, co-administration of 30
and 50 mg/kg nSP70 with tetracycline resulted in the death of 1
of 4 and 2 of 4 mice, respectively.

Finally, we investigated effect of nSP70 on toxicity of the antide-
pressant trazodone and the antipyretic analgesic acetaminophen.
We found that nSP70 did not have a synergistic effect on the
toxicity of trazodone (Fig. 3). In contrast, co-administration
of acetaminophen with nSP70 caused synergistic liver injury
(Fig. 4).

3. Discussion

In this study, we showed that nSP70 synergistically enhances
the toxicity of 5-aminosalicylic acid, tetracycline, and
acetaminophen but not trazodone. To avoid direct interac-
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Fig. 1: Effect of nSP70 on 5-aminosalicylic acid (5-ASA)-induced toxicity Mice were injected intraperitoneally with 5-ASA at O (open column) or 500 mg/kg (gray column) and
intravenously with nSP70 at the indicated doses. After 24 h, the serum was collected. Shown are the levels of ALT (A), AST (B), and BUN (C). Data are means + SEM

(n=4)

tions between nSP70 and chemicals in their administration
and absorption, nSP70 and chemicals were administered intra-
venously and intraperitoneally, respectively. Administration of
nSP70 alone has been shown to cause liver injury but not kid-
ney injury (Nishimori et al. 2009b). Also, in this study, nSP70
did not enhance kidney injury induced by 5-aminosalicylic acid
or tetracycline, two drugs known to be nephrotoxic (Grisham
et al. 1992; Kunin 1971). The renal toxicity of cisplatin, another
nephrotoxic chemical, was unaffected by nSP70 (Nishimori
et al. 2009a). Like 5-aminosalicylic acid, tetracycline, and
acetaminophen (Chun et al. 2009; Herzog and Leuschner 1995;
Kunin 1971), nSP70 is hepatotoxic (Nishimori et al. 2009b),
and we showed here that its co-administration synergistically
enhanced liver injury. These findings indicate that nSP70 may
enhance the toxicity of certain chemicals. Therefore, it will be
important to assess the tissue-specific risk of nano-sized mate-
rials.

The nSP70 particles had a lethal effect when combined with
tetracycline. The 50% lethal dose of tetracycline is 318 mg/kg
by intraperitoneal injection in mice. A previous report showed
that 100 mg/kg nSP70 is lethal in 100% of mice (Nishimori et al.

2

2009b). A single injection of tetracycline (100 mg/kg) or nSP70
(30 or 50 mg/kg) alone was not lethal in this study but a combi-
nation of the two was. Co-administration of cisplatin and nSP70
showed a similar synergistic lethal effect. This could be due
to an interaction between nSP70 and serum albumin. Tetracy-
cline in the bloodstream can bind to albumin (Popov et al. 1972;
Powis 1974). Likewise, serum albumin adsorbs onto nano-sized
silica particles (Dutta et al. 2007). When injected intravenously,
100-nm anionized albumin-modified liposomes are taken up by
hepatic endothelial cells and Kupffer cells (Kamps et al. 1997),
which normally clear chemically modified albumin (Jansen et al.
1991). Thus, tetracycline-bound serum albumin may adsorb
onto nSP70, causing it to be taken up by the hepatic endothelial
cells and Kupffer cells in the liver where it may accumulate and
cause lethal liver damage.

Indirect interactions between chemicals and nano-sized parti-
cles mediated by serum albumin may be useful for estimating
the toxicity of nano-sized materials. In this study, co-treatment
of mice with nSP70 (50 mg/kg) and tetracycline decreased
BUN levels compared to tetracycline alone or nSP70 (30
mg/kg) and tetracycline. A similar decrease in BUN levels
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Fig. 2: Effect of nSP70 on tetracycline (Tet)-induced toxicity Mice were injected intraperitoneally with Tet at 0 (open column) or 100 mg/kg (gray column) and intravenously
with nSP70 at the indicated doses. After 24 h, the serum was collected. Shown are the levels of ALT (A), AST (B), and BUN (C). One of 4 mice died when co-treated with
nSP70 (30 mg/kg) and Tet (100 mg/kg), and 2 of 4 mice died when co-treated with nSP70 (50 mg/kg) and Tet (100 mg/kg). Data are means or means = SEM (n=2-4)

was also reported in mice co-treated with nSP70 and cis-
platin (Nishimori et al. 20092). However, the mechanism by
which these decrease the BUN level remains to be deter-
mined.

In conclusion, we found that nSP70 causes synergistic toxicity
when combined with some clinically used drugs, although the
synergistic effects differ between chemicals. One combination
was lethal, and the others resulted in tissue injury. These studies
suggest that evaluation of possible synergistic adverse effects
with pharmaceutical drugs may be important for assessing the
safety of nano-sized particles.

4. Experimental

4.1. Materials

The nSP70 nanoparticles were obtained from Micromod Partikeltechnologie
GmnH (Rostock, Germany). The mean diameter of the particles, as analyzed
by a Zetasizer (Sysmex Co., Kobe, Japan), was 55.7 nm, and the particles
were spherical and nonporous. The particles were stored at 25 mg/ml as an
aqueous suspension. The suspensions were thoroughly dispersed by soni-
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cation before use and diluted in water. An equal volume of solution was
injected for each treatment. Acetaminophen, tetracycline, and trazodone
were dissolved in saline solution, and 5-aminosalicylic acid was suspended
in 1% sodium salt of carboxy methyl cellulose. All reagents were of research
grade.

4.2. Animals

Eight-week-old BALB/c male mice were purchased from Shimizu Labora-
tory Supplies Co., Ltd. (Kyoto, Japan). Mice were maintained in controlled
environment (23 & 1.5°C; 12-h light/12-h dark cycle) with free access to
standard rodent chow and water. The mice were given 1 week to adapt
before experiments. All of the experimental protocols complied with the eth-
ical guidelines of the Graduate School of Pharmaceutical Sciences, Osaka
University.

4.3. Biochemical analysis

Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST),
and blood urea nitrogen (BUN) were measured using commercially avail-
able kits according to the manufacturer’s protocols (WAKO Pure Chemical,
Osaka, Japan).
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Fig. 3: Effect of nSP70 on trazodone (Tra)-induced toxicity Mice were injected intraperitoneally with Tra at 0 (open column) or 100 mg/kg (gray column) and intravenously with
nSP70 at 30 or 50 mg/kg. After 24 h, the serum was collected. Shown are the levels of ALT (A), AST (B), and BUN (C). Data are means & SEM (n=4)
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Fig. 4: Effect of nSP70 on acetaminophen (AA)-induced toxicity Mice were injected intraperitoneally with AA at 0 (open column) or 500 mg/kg (gray column) and intravenously
with nSP70 (30 mg/kg). After 24 h, the serum was collected. Shown are the levels of ALT (A) and AST (B). Data are means &= SEM (n=4)
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Nanomaterials are used frequently in microelectronics, cosmetics and sunscreen, and research for the
development of nanomaterial-based drug delivery systems is promising. We previously reported that the
intravenous administration of unmodified silica particles with a diameter of 70 nm (SP70) caused hepatic
injury. Here, we examined the acute hepatic toxicity of SP70 modified with amino group (SP70-N) or car-
boxyl group (SP70-C). When administered intravenously into mice, SP70-N and SP70-C dose-dependently
increased the serum level of alanine aminotransferase (ALT). However, the toxicity levels of surface charge-
modified silica particles were much less weaker than the level of unmodified particles. When SP70 was
repeatedly administered at 40 mg/kg twice a week for 4 weeks into mice, the hydroxyproline content of
the liver significantly increased. Azan staining of the liver section indicated the extensive fibrosis. To the
contrary, the repeated administration of SP70-N or SP70-C at 60 mg/kg twice a week for 4 weeks into mice
did not cause the hepatic fibrosis. These findings suggest that the surface charge of nanomaterials could

change their toxicity.

1. Introduction

Recently, the scientific, medical, and technical applications of
nanomaterials have greatly increased. Nanomaterials are fre-
quently used in microelectronics, cosmetics and sunscreen, and
their potential use in drug-delivery systems is being investigated
(Dobson 2006). Nanomaterials have unique physicochemical
qualities as compared to micromaterials in regard to size, sur-
face structure, solubility, and aggregation. Thus, the reduction
in particle size from the micro- to nanoscale is beneficial for
many industrial and scientific applications. However, nanoma-
terials have potential toxicity that is not found in micromaterials,
and it is, therefore, essential to understand the biological activ-
ity and potential toxicity of nanomaterials (Warheit et al.
2008).

The physical properties of nanomaterials are changed by the
modification of their surface charge, which extends their pos-
sible applications. For example, charge-modified dendrimers
are expected to have applications in drug-delivery systems.
The physical properties and the toxicity of carbon nanotubes
change based on the surface charge (Smith et al. 2009), as
do the pharmacokinetics of liposomes. Future research will
undoubtedly lead to expanded applications of surface-modified
nanomaterials, however, little has been reported on their
toxicity.

Silica nanoparticles have been applied to diagnostic measures
and drug delivery methods. Intraperitoneal administration of
silica nanoparticles results in the biodistribution of the nanopar-
ticles to diverse organs, such as the liver, kidney, spleen and
lung (Kim et al., 2006). We previously found that nano-size
silica particles with a diameter of 70nm caused liver injury,
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while micro-size particles with a diameter of 300 or 1000 nm did
not (Nishimori et al. 20092, b). In the present study, we exam-
ined the hepatic toxicity of surface charge-modified silica nano-
particles.

2. Investigations, results and discussion

The surface modification technology has been developed in the
field of nanotechnology (Schiestel et al. 2004), and many nano-
materials with new functions will be produced for cosmetics
and medicinal use. Thus, it should be important to investigate
the effect of surface charge of nanomaterials on living body.

We initially examined the acute toxicity of 70-nm diameter sil-
ica nanoparticles (SP70) modified with amino group (SP70-N)
or carboxyl group (SP70-C) at the maximal dose of 100 mg/kg.
Intravenous injection of 50 mg/kg of unmodified SP70 was lethal
inmice (Fig. 1A). The acute liver toxicity of SP70-N and SP70-C
increased in a dose-dependent manner (Fig. 1B, C). Intravenous
injection of SP70-C was lethal in all mice at 100 mg/kg and was
often lethal at 80 and 60 mg/kg. SP70-C was more toxic than
SP70-N. We examined the hepatic injury caused by 40 mg/kg
of unmodified SP70 and 60mg/kg of modified SP70 (SP70-
C and SP70-N). The hematoxylin-eosin staining of liver tissue
from mice injected with the silica nanoparticles is shown in
Fig. 2A-D. The liver injury caused by SP70 was more extensive
than that caused by SP70-C and SP70-N. Significant increase in
the levels of BUN, a biochemical marker of kidney injury, was
not observed in mice that received the nanoparticles (Fig. 3).
The less amount of unmodified SP70 induced significant liver
damage than the surface-modified silica particles. Thus, the

1
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Fig. 1: Acute liver toxicity of SP70-N and SP70-C. SP70 (A), SP70-N (B) and
SP70-C (C) were intravenously administered at the indicated doses. At 24h
after administration, blood was collected, and the resultant seram was used
for the ALT assay. Serum BUN (H) at 24 h was measured using a
commercially available kit. Data are means += SEM (n=4). *p<0.05 as
compared to the vehicle-treated group.

modification of the surface charge decreased the amount of acute
hepatic injury caused by silica nanoparticles.

‘We then examined the chronic liver injury caused by 60 mg/kg of
SP70-C or SP70-N as compared to 30 mg/kg of SP70. Nanopar-
ticles were intravenously injected into mice twice a week for
4 weeks. We assessed the presence of liver fibrosis, because it
is a symptom of chronic liver injury. We determined the hep-
atic hydroxyproline contents in the silica nanoparticle-treated
mice (Fig. 4A). SP70, but not SP70-N or SP70-C, significantly
increased the hepatic hydroxyproline content by 3.5-fold over
the control value. Moreover, collagen, which accumulates in the
fibrotic liver, was stained with Azan reagent, and blue-stained
regions were observed in SP70-treated, but not SP70-C- and
SP70-N-treated, liver sections (Fig. 4B-E). Thus, the chronic
administration of SP70-C and SP70-N did not cause hepatic
fibrosis in mice.

In this study we found that the surface modification of nanosil-
ica particles with amino group and carboxyl group attenuated
liver toxicity. We suspect that this decreased toxicity is due to a
decrease in the amount of silica nanoparticles that accumulate
in the liver. Oku et al. (1996) reported that the accumulation of
liposomes in the liver changed depending on the surface charge
of liposomes. Although we confirmed the presence of SP70-N,
SP70-C and SP70 in the electron micrograph (data not shown),
we were unable to compare the accumulative amounts in the
liver. Therefore, an analysis of the accumulative amount of the
silica nanoparticles in the liver is necessary in future studies.
The surface charge of nanoparticles might change the pharma-
cokinetics in vivo; for instance, the silica nanoparticles with a
positive surface charge have increased paracellular permeabil-
ity (Lin et al. 2007). Moreover, the phagocytosis of liposomes
by hepatic Kupffer cells was promoted by a positive surface
charge (Schiestel et al. 2004). We previously reported that the
inhibition of phagocytosis by Kupffer cells increased the toxic-
ity of nanosilica particles (Nishimori et al. 2009a). Therefore, it
is thought that the nanoparticles with a positive surface charge
have decreased hepatic toxicity due to increased phagocytosis
by liver Kupffer cells.

This report is the first to indicate that altering the surface charge
of nanomaterials changes their toxicity. Further studies based on
these data will provide useful information regarding the safety
of the nanomaterials.

3. Experimental
3.1. Materials

Silica particles with a diameter of 70 nm were obtained from Micromod Par-
tikeltechnologie GmbH (Rostock, Germany). Silica particles with a diameter
of 70 nm that were modified with the amino group or the carboxyl group were
obtained from Micromod Partikeltechnologie GmbH (Rostock, Germany).
The size distribution of the particles was analyzed using a Zetasizer (Sysmex
Co., Kobe, Japan), and the mean diameters were 61.5 and 70.5 nm, respec-
tively. The electric charge of the particles, also measured using the Zetasizer,
was found to be ~19.7 and -52.4 mV, respectively. The particles were spher-
ical and nonporous and were stored at 25 mg/mL in an aqueous suspension.
The suspensions were thoroughly dispersed by sonication before use and
then diluted in ultrapure water. All reagents used were of research grade.

3.2. Animals

Eight-week-old BALB/c male mice were purchased from Shimizu Labora-
tory Supplies Co., Ltd. (Kyoto, Japan) and were maintained in a controlled
environment (23 & 1.5°C; 12-h light/dark cycle) with access to standard
rodent chow and water ad libitum. The mice were left to adapt to the new
environment for 1 week before commencing with the experiment. Mice
that received a single treatment of silica nanoparticles were anesthetized
for sacrificing_ 24 h after intravenous injection. Mice in the frequent treat-
ment group received intravenous administration of silica nanoparticles twice
a week for 4 weeks. The experimental protocols conformed to the ethi-
cal guidelines of the Graduate School of Pharmaceutical Sciences, Osaka
University.

Pharmazie 66 (2011)
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Fig. 2: Hematoxylin and eosin staining of the liver sections. Twenty-four h after

(C) or SPT0-C (D) and fixed with 4% parafi Idehyde. Tissue
areas of hepatic injury.
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Fig. 3: Effect of SP70-N and SP70-C on kidney. SP70, 5P70-N and SP70-C were
intravenously administered at 40 mg/kg, 60 mg/kg, and 60 mg/kg,
respectively. At 24 h after administration, blood was collected, and the
resultant serum was used for the BUN assay with a commercially available
kit. Data are means + SEM (n=4).
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the liver was excised from the mice treated with vehicle (A), SP70 (B), SPT0-N
were stained with hematoxylin and cosin and observed under a microscope. The arrows indicate

3.3. Biochemical analysis

Serum alanine aminotransferase (ALT) and blood urea nitrogen (BUN) were
measured with commercially available kits according to the manufacturer’s
protocols (Wako Pure Chemical Industries, Osaka, Japan).

3.4. Histological analysis

The liver was excised and fixed with 4% paraformaldehyde. After sectioning,
thin tissue sections of tissues were stained with hematoxylin and eosin for
histological observation. Liver sections were stained with Azan-Mallory for
observation of liver fibrosis.

3.5. Measurement of hydroxyproline content

Hepatic hydroxyproline (HYP) content was measured using Kivirikko's
method (Kivirikko et al. 1967), with some modifications. Briefly, liver tissue
(50 mg) was hydrolyzed in 6 mol/L. HCI at 110°C for 24 h in a glass test
tube. After centrifugation at 3000 rpm for 10 min, 2 mL of the supematant
was neutralized with 8 N KOH. Two grams of KCl and 1 mL of 0.5 mol/L
borate buffer were then added to the resultant solution, followed by incu-
bation for 15 min at room temperature and a further incubation for 15 min
at 0'C. Freshly prepared chloramine-T solution was then added and the
solution was incubated at 0 C for 1 h, followed by the addition of 2mL
of 3.6 mol/L sodium thiosulfate. The samples were incubated at 120 °C for
30 min, and then 3 mL toluene was added with incubation for a further 20 min
at room temperature. After centrifugation at 2000 rpm for 5 min, 2 mL of the
supernatant was added to 0.8 mL of buffer containing Ehrlich’s reagent and
incubated for 30 min at room temperature. The samples were then transferred
to a plastic tube and the absorbance was measured at 560 nm. Hydroxypro-
line content was expressed as micrograms of hydroxyproline per gram of
liver.
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Fig. 4: Effect of SP70-N and SP70-C on chronic liver injury. SP70 was injected into
mice every 3 days for 4 weeks at 30 mg/kg. SPT0-C and SP70-N was injected
into mice every 3 days for 4 weeks at 60 mg/kg. Three days after the last
injection, the mice were sacrificed. Hydroxyproline levels (A) in the liver
were measured. The liver was excised from mice treated with vehicle (B),
SP70 (C), SP70-N (D) or SP70-C (E) and fixed with 4% paraformaldehyde.
Tissue sections were stained with Azan and observed under a microscope.
The arrows indicate areas of hepatic fibrosis. Data are means + SEM (n=4).
*p < (.05 as compared to the vehicle-treated group.

3.6. Statistical analysis

The data were analyzed for statistical significance using Dunnett’s test. P
values less than 0.05 were considered statistically significant.
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