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In this study, the authors demonstrate that surface
modification of nSP70 with amine or carboxyl groups
alters the intracellular distribution of the nanoparticles
and has an effect on cell proliferation. The authors
believe that the identification of individual uptake
machinery will shed light on the safety of nanosilicas,
which are already commercially available in the form of
medicines, cosmetics, and foods. Furthermore, it is
hoped that analysis of the relationship between surface
physicochemical properties and cellular response/distri-
bution will help researchers in the development of safer
forms of NMs. A safety-prediction as well as safety-eva-
luation approach of NMs is an essential prerequisite for
maintaining the well-being of the general public.

Abbreviations
DAPI: 4 6-diamino-2-phenylindole; NMs: nanomaterials.

Acknowledgements

The study was also supported in part by the following Research Funding
Bodies: Health Labour Sciences Research Grants from the Ministry of Heaith,
Labor and Welfare of Japan; Health Sciences Research Grants for Research
on Publicly Essential Drugs and Medlical Devices from the Japan Health
Sciences Foundation; Global Environment Research Fund from the Minister
of the Environment; Knowledge Cluster Initiative; Food Safety Cormnmission;
The Nagai Foundation Tokyo; The Cosmetology Research Foundation; The
Srmoking Research Foundation.

Author details

"Department of Toxicology and Safety Science, Graduate School of
Pharmaceutical Sciences, Osaka University, 1-6 Yamadaoka, Suita, Osaka 565-
0871, Japan. ’Laboratory of Biopharmaceutical Research (Pharmaceutical
Proteomics), National Institute of Biomedical Innovation, 7-6-8 Saito-Asagi,
Ibaraki, Osaka 567-0085, Japan. “The Center for Advanced Medical
Engineering and Informatics, Osaka University, 1-6 Yamadaoka, Suita, Osaka
565-0871, Japan. “Department of Biomedical Innovation, Graduate School of
Pharmaceutical Sciences, Osaka University, 7-6-8, Saito-Asagi, Ibaraki, Osaka
567-0085, Japan.

Authors’ contributions

HN and T. Yoshikawa designed the study; HN, AA, T. Yoshida, S. Tochigi, TH
and TA performed experiments; HN and T. Yoshikawa collected and
analysed data; HN and T. Yoshikawa wrote the manuscript; KN, YA, HK, S.
Tsunoda, NI and YY gave technical support and conceptual advice. YT
supervised the all of projects. All authors discussed the results and
commented on the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 1 October 2010 Accepted: 18 January 2011
Published: 18 January 2011

References

1. BBC Research. Nanostructured Materials for the Biomedical, Pharmaceutical,
& Cosmetic Markets 2007. [http//veww becresearch.com/report/NANOT7D.
htmi].

2. Aiso S, Yamazaki K, Umeda Y, Asakura M, Takaya M, Toya T, Koda S,
Nagano K, Arito H, Fukushima S: Pulmonary Toxicity of Intratracheally
Instilled Multiwall Carbon Nanotubes in Male Fischer 344 Rats. Ind Health
2010, 48:783-795.

3. Chen J, Dong X, Zhao J, Tang G: In vivo acute toxicity of titanium dioxide
nanoparticles to mice after intraperitioneal injection. / Appl Toxicol 2009,
29:330-337.

O

Page 5 of 6

Geys J, Nemmar A, Verbeken £, Smolders E, Ratol M, Hoylaerts MF,

Nemery B, Hoet PH: Acute toxicity and prothrombotic effects of quantum
dots: impact of surface charge. Fnviron Health Perspect 2008,
116:1607-1613.

Heng 8C, Zhao X, Xiong S, Ng KW, Boey FY, Loo JS: Toxicity of zinc oxide
(ZnO) nanoparticles on human bronchial epithelial cells (BEAS-2B) is
accentuated by oxidative stress. Food Chem Toxicol 2010, 48:1762-1766.
Kochek P, Teskac K, Kreft ME, Kristl J: Toxicological Aspects of Long-Term
Treatment of Keratinocytes with ZnO and TiO(2) Nanoparticles. Small
2010, 6:1908-1917.

Liu S, Xu L, Zhang T, Ren G, Yang Z: Oxidative stress and apoptosis
induced by nanosized titanium dioxide in PC12 cells. Toxicology 2010,
267:172-177.

Moos PJ, Chung K, Woessner D, Honeggar M, Cutler NS, Veranth JM: ZnO
particulate matter requires cell contact for toxicity in human colon
cancer cells. Chem Res Toxicol 2010, 23:733-736.

Murray AR, Kisin E, Leonard S5, Young SH, Kommineni C, Kagan VE,
Castranova V, Shvedova AA: Oxidative stress and inflammatory response
in dermal toxicity of single-walled carbon nanotubes. Toxicology 2009,
257:161-171.

Park EJ, Kim H, Kim Y, Yi J, Choi K, Park K: Carbon fullerenes (C60s) can
induce inflammatory responses in the lung of mice. Toxicol App!
Pharmacol 2010, 244:226-233,

Poland CA, Duffin R, Kinloch 1, Maynard A, Wallace WA, Seaton A, Stone V,
Brown S, Macnee W, Donaldson K: Carbon nanotubes introduced into the
abdominal cavity of mice show asbestos-like pathogenicity in a pilot
study. Nat Nanotechnol 2008, 3:423-428.

Shin JA, Lee EJ, Seo SM, Kim HS, Kang JL, Park EM: Nanosized titanium
dioxide enhanced inflammatory responses in the septic brain of mouse.
Neuroscience 2010, 165:445-454.

Takagi A, Hirose A, Nishimura T, Fukumori N, Ogata A, Ohashi N, Kitajima S,
Kanno J: Induction of mesothelioma in p53+/- mouse by intraperitoneal
application of multi-wall carbon nanotube. J Toxicol Sci 2008, 33:105-116.
Yamashita K, Yoshioka Y, Higashisaka K, Morishita ¥, Yoshida T, Fujimura M,
Kayamuro H, Nabeshi H, Yamashita T, Nagano K, er al: Carbon nanotubes
elicit DNA damage and inflammatory response relative to their size and
shape. Inflammation 2010, 33:276-280.

Nabeshi H, Yoshikawa T, Matsuyama K, Nakazato Y, Arimori A, lscbe M,
Tochigi S, Kondoh S, Hirai T, Akase T, et al: Size-dependent cytotoxic
effects of amorphous silica nanoparticles on Langerhans cells. Pharmazie
2010, 65:199-201.

Milena RV, Luisa DC, Han Z: Efficient Energy Transfer between Silicon
Nanoparticles and a Ru-Polypyridine Complex. The Journal of Physical
Chemistry C 2009, 113:2235-3340.

Nafee N, Schneider M, Schaefer UF, Lehr CM: Relevance of the colloidal
stability of chitosan/PLGA nanoparticles on their cytotoxicity profile. int J
Pharm 2009, 381:130-139.

Hauck TS, Ghazani AA, Chan WC: Assessing the effect of surface chemistry
on gold nanorod uptake, toxicity, and gene expression in mammalian
cells. Small 2008, 4:153-159.

Mayer A, Vadon M, Rinner B, Novak A, Wintersteiger R, Frohlich E: The role
of nanoparticle size in hemocompatibility. Toxicology 2009, 258:139-147.
Xu F, Yuan Y, Shan X, Liu C, Tao X, Sheng Y, Zhou H: Long-circulation of
hemoglobin-loaded polymeric nanoparticles as oxygen carriers with
modulated surface charges. /ni J Pharm 2009, 377:199-206.

Pathak A, Kumar P, Chuttani K, Jain S, Mishra AK Vyas SP, Gupta KC: Gene
expression, biodistribution, and pharmacoscintigraphic evaluation of
chondroitin sulfate-PEl nanoconstructs mediated tumor gene therapy.
ACS Nano 2009, 3:1493-1505.

Zhang LW, Monteiro-Riviere NA: Mechanisms of quantum dot
nanoparticle cellular uptake. Toxicol Sci 2009, 110:138-155.

Wang L, Bowman L, Lu Y, Rojanasakul Y, Mercer RR, Castranova Y, Ding M:
Essential role of p53 in silica-induced apoptosis. Am J Physiol Lung Cell
Mol Physiol 2005, 288:1.488-496.

Thibodeau MS, Giardina C, Knecht DA, Helble J, Hubbard AK: Silica-induced
apoptosis in mouse alveolar macrophages is initiated by lysosomal
enzyme activity. Toxicol Sci 2004, 80:34-48,

Fubini B, Hubbard A: Reactive oxygen species (ROS) and reactive
nitrogen species (RNS) generation by silica in inflammation and fibrosis.
Free Radic Biol Med 2003, 34:1507-1516.



Nabeshi et al. Nanoscale Research Letters 2011, 6:93
http://www.nanoscalereslett.com/content/6/1/93

28.

w
w

Chen M, von Mikecz A: Formation of nucleoplasmic protein aggregates
impairs nuclear function in response to SiO2 nanoparticles. £xp Cell Res
2005, 305:51-62.

Nel AE, Madler L, Velegol D, Xia T, Hoek EM, Somasundaran P, Klaessig F,
Castranova V, Thompson M: Understanding biophysicochemical
interactions at the nano-bio interface. Nat Mater 2009, 8:543-557.
Aggarwal P, Hall JB, McLeland CB, Dobrovolskaia MA, McNeil SE:
Nanoparticle interaction with plasma proteins as it relates to particle
biodistribution, biocompatibility and therapeutic efficacy. Adv Drug Deliv
Rev 2009, 61:428-437.

Deng ZJ, Mortimer G, Schiller T, Musumeci A, Martin D, Minchin RF:
Differential plasma protein binding to metal oxide nanoparticles.
Nanotechnology 2009, 20:455101

Goppert TM, Muller RH: Polysorbate-stabilized solid lipid nanoparticles as
colloidal carriers for intravenous targeting of drugs to the brain:
comparison of plasma protein adsorption patterns. J Drug Target 2005,
13:179-187.

Gref R, Minamitake Y, Peracchia MT, Trubetskoy V, Torchilin V, Langer R:
Biodegradable long-circulating polymeric nanospheres. Science 1994,
263:1600-1603.

Leu D, Manthey B, Kreuter J, Speiser P, Deluca PP: Distribution and
elimination of coated polymethyl [2-14Clmethacrylate nanoparticles
after intravenous injection in rats. J Pharm Sci 1984, 73:1433-1437.
Aderem A, Underhill DM: Mechanisms of phagocytosis in macrophages.
Annu Rev immunol 1999, 17:593-623.

Blander JM, Medzhitov R: On regulation of phagosome maturation and
antigen presentation. Nat Immunol 2006, 7:1029-1035,

Conner SD, Schmid SL: Regulated portals of entry into the cell. Nature
2003, 422:37-44.

doi:10.1186/1556-276X-6-93

Cite this article as: Nabeshi et al: Effect of surface properties of silica
nanoparticles on their cytotoxicity and cellular distribution in murine
macrophages. Nanoscale Research Letters 2011 6:93

Page 6 of 6

Submit your next manuscript to BioMed Central
and take full advantage of:

¢ Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

* Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

« Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( ) BioMed Central




Nabeshi et al. Particle and Fibre Toxicology 2011, 8:1
http://www.particleandfibretoxicology.com/content/8/1/1 M)

-w
RESEARCH Open Access

Amorphous nanosilica induce endocytosis-
dependent ROS generation and DNA damage
in human keratinocytes

Hiromi Nabeshi'?, Tomoaki Yoshikawa'?", Keigo Matsuyama'”, Yasutaro Nakazato'?, Saeko Tochigi',

Sayuri Kondoh'?, Toshiro Hirai'?, Takanori Akase'”, Kazuya Nagano?, Yasuhiro Abe?, Yasuo Yoshioka®”,

Haruhiko Kamada®?®, Norio Itoh', Shin-ichi Tsunoda'??, Yasuo Tsutsumi'*"

PARTICLE AND
FIBRE TOXICOLOGY

Abstract

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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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.
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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.
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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 hydroxyl radical
induced by silica particie 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} Hydroxy! 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,Os {positive control) for 3 h. Data shown
are means = SD (n = 3). *P < 0.01, **P < 005. (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.O; 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-188
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 < 001, **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
[65]. 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/mi 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/mi 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 (m?*/g); p, density (g/cc); d, diameter
(um)). 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,



Nabeshi et al. Particle and Fibre Toxicology 2011, 8:1
http://www.particleandfibretoxicology.com/content/8/1/1

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 107
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 pl 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,0, (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,O, 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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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 nSP70 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 enhance
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.
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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

283



ORIGINAL ARTICLES

8007 [ Vehicle 1800 7 ‘T’eh'c'e
7007 Tet 1600 et
% 600' _ 1400 -
3 500 E 1200 1
= 400 2 1000 1
o ;
200 1 <
100 - 400 1
200
° %0 0 50
nSP70 (mg/kg) nSPT0 (maka)
(A) (B)
O Vehicle
100+, OO Tet
80 1
6
S 601
£
= ]
Z 40
m
20 |
0 ,
50
nSP70 (mg/kg)
©)

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. 2009a). However, the mechanism by
which these decrease the BUN level remains to be deter-
mined.

In conclusion, we found that nSP70 cause 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 controlied
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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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 70nm (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,

278

while micro-size particles with a diameter of 300 or 1000 nm did
not (Nishimori et al. 2009a, 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 60 mg/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
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Fig. I: 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 serum was used
for the ALT assay. Data are means &= SEM (n=4). ¥p <0.05 as compared to
the vehicle-treated group.
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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.
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Fig. 2: Hematoxylin and eosin staining of the liver sections. Twenty-four h after administration, the liver was excised from the mice treated with vehicle (A), SP70 (B), SP70-N
(C) or SP70-C (D) and fixed with 4% paraformaldehyde. Tissue sections were stained with hematoxylin and eosin and observed under a microscope. The arrows indicate

areas of hepatic injury.
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Fig. 3: Effect of SP70-N and SP70-C on kidney. SP70, SP70-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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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
(50mg) was hydrolyzed in 6 mol/L HCl at 110°C for 24 h in a glass test
tube. After centrifugation at 3000 rpm for 10 min, 2 mL of the supernatant
was neutralized with § N KOH. Two grams of KCI 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 1h, 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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