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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 70 nm caused liver injury,
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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. 1 A). 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. 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 24 h
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
(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 supernatant
was neutralized with 8 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 2 mL
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. SP70-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<0.05 as compared to the vehicle-treated group.
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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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