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ABSTRACT

ed similarly to fullerenes, carbon nanotubes and asbestos, We surveyed the titanium level in typieal raw

If ttanium dioxide nanoparticles are incnt and non-biodegradable. they must be evaluat-

food materials, and then intravenously injecied titanium dioxide nanoparticles (primary particle diame-
ter: 15 nm: secondary particle size: 220 nm) in mice and determined their tissue distribution and elimina-
tion. As n result, an unexpectedly high titanium concentration was observed in several foods. It was also
detected 1n blood and tissues of healthy mice without administration of titanium dioxide nanoparticles.
Then. forced iy injection of the nanoparticles was performed in mice. The titanim level was significant-
ly increased in blood and tissues, but no increase was found i the brain after £y injection. Most tirani-
um was concentrated in the hiver after injection, but the liver level decreased over time (ca. 30% decrease
in | month). These data show that titanium must be eliminated from the body. and suggest that we should

reconsider an evaluation method for toxicity of titanium dioxide nanoparticles.
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INTRODUCTION

Many nunomaterials have been prepared and evalu-
ated for their functions and physical and chemical prop-
erties. In particular, biocompatible materials, ultrafine
microstructures, and molecularly recogmzed and signal-
ing materials have been broadly studied as leading-edge
and advanced materials: fullerenes and carbon nano-
tubes are typical examples, In addition, titanium dioxide
and zinc oxide nanoparticles are used not only in several
materials but also m humans in UV-care cosmetics, These
nanomaterials may be categorized as non-biodegradable.
and liposomes and nano- and micro-emulsions are found
in labile nanoparticles. Are these nanomaterials safe for
humans (Maynard ef a/., 2006; Behling. 2007: Scientific
Committee on Consumer Products, 2007; Scientific Com-
mittee on Emerging and Newly-ldentified Health Risks,
2007y

Titanium and titanium dioxide are believed o be high-
ly inert and safe, even when they are absorbed via the Gl
tract and skin. If they are inert and non-biodegradable, we
should evaluate the titanium dioxide nunoparticles simi-
larly to fullerenes, carbon nanotubes (Singh et al., 2006)
and asbestos, It was found from our preliminary sur-

vey and experiments, however, thar ntanium 1s naturally
contained n the body as well as in vegetables and soil,
indicating that we may ingest titanium compounds daily
despite no detailed information on the chemical structure
of such compounds. In addition, size is very important {or
nonbiodegradable nanoparticles. Titanium dioxide parn-
cles bigger than 100 nm have been used in several foods
and toothpastes (Lomer er @l 2005); thus our strategy 10
cstimate the safety of utanium oxide nanoparticles must
he modified.

In the present study. therefore, we surveyed the titani-
uimn level in typical raw food matenals, and then intrave-
nously injected titanium dioxide nanoparticles (primary
particle size, ca, 15 nm; secondary particle size, ca. 220
nm: see below in detail) into mice, and determined the
tissue distribution and ehimination Kinenes of titanium.

MATERIALS AND METHODS

Surveillance and determination method of
titanium concentration in typical foodstuffs
Typical cooking ingredients were selected. and their
titanium concentration was measured using an ICP-MS
(Agilent 7500ce, Agilent Technologies. Inc., Santa Clara,

Correspondence: Kenji Sugibavashi (E-mail: sugibla@josaiac.jp)
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CA. USA). Titanium concentration in blood and tissue
samples as well as mouse diets (Oriental Yeast Co., Itd.,
Tokyo, Japan) was also determined using 1CP-MS. In
addition, a bibliographical search was done for the titani-
um concentration in foods, soil and others.

Preparation of titanium dioxide nanoparticles
dispersed in saline

Titanium dioxide nanoparticles (MT-130AW, particle
diameter of 15 nm, as explained below) were obtained
from Tavea (Osaka, Japan). Highly dispersed titanium
dioxide nanoparticles. HD-MT-150AW, were prepared by
the following patented method for dense skins of hydrat-
ed amorphous silica bound to a core. MT-150AW (100 g)
wis mixed and well dispersed in 900 g of water, and then
the pH of the mixture was adjusted to pH 9.0 by adding
NaOH solution and the mixture heated to 80°C. Next, 200
g/l (us 510,) liquid glass (sodium silicate) (215 ml) and
10% H.80, (180 ml) were added 1o the mixed solution
(ca, 1,000 g) and vigorously stirred for 2 hr (ller, 1959)
The final pH of the resultant mixture was adjusted to 8.0
to 8.5 Strring was continued for another 30 min and then
the pH of the solution was adjusted to 7.0 by addition
of NaOH solution, Finally, the reaction mixture was fil-
tered and 2,000 g of purified water was added to rinse
The solution was dried at 120°C for 12 hr and jet-milled
to obtan HD-MT-150AW.

Titanium dioxide nanoparticles dispersed in physio-
logical saline, DIS-HD-MT-150AW, were prepared by
sonication of HD-MT-130AW, A mixture of 6 g of HD-
MT-150AW and 54 g of physiological saline purchased
from Sigma-Aldrich (St. Louis. MO. USA) was sonicated

using a sterile ultrasonic grinding device (Ultrasonic Gen-
erator Model US-300, Nihonseiki Kaisha, Ltd., Tokyo,
Japan) for 3 min under cooling conditions to obtain DIS-
HD-MT-150AW,

Determination of physical and chemical
properties of titanium dioxide nanoparticles

T'he silica content in HD-MT-130AW was analyzed
using fluorescent X-ray spectroscopy (3270F, Rigaku
Corp,. Tokvo, Japan), and the crystal form of the nanopar-
ticles was determined using X-ray diffraction (X Pert Pro.
PANalvtical, Ea Almelo, Netherlands). The total number
of bacteria in DIS-HD-MT-150AW was determined by a
plate counting method

The primary particle-size distribution of HD-MT-150A
was analyzed using image processing software (Mac-
View Ver. 3. Mountech Co., Lid.. Tokyo, Japan). The sec-
ondary particle-size distribution of DIS-HD-MT-150AW
wis determined using a dynamic light scattering particle-
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size analyzer (Microtrac 9340-UPA, Nikkiso Co.. Lid..
Tokyo, Japan),

Intravenous administration of titanium dioxide
nanoparticles

Male ddY mice weighing about 30 g were used in all
animal experiments. These experiments were done under
the guidelines of Life Science Research Center, Josai
University. Saline suspension (50 ul) of titanium diox-
ide nanoparticles (DIS-HD-MT-130AW) (36,250 pg/ml,
1.813 pe/ammal) was intravenously mjected into the tail
vein of mice under anesthesia by i.c. injection of sodium
pentobarbitul. The blood. brain, lung, heart, liver, spleen
and kidney were excised 5 min, 72 hr and | month after
injection. Tissue and blood were dissolved using Soluene-
350 (Perkin-Elmer, Waltham, MA, UUSA) 1o determine the
titanium coneentration by ICP-MS, as explained above

Morphological evaluation of excised tissues

Slices of the liver were observed by electron micro-
scope (JEM2000EX, JEOL Ltd.. Tokyo, Japan) to eval-
uate the intra- and inter-cellular presentation of titanium
dioxide nanoparticles

RESULTS AND DISCUSSION

Survey of titanium concentration in typical food
materials

As described in the Introduction, titamium is natural-
ly contained in several vegetables and soil, although there
1s no detailed information on the chemical structure of
the compounds. The titanium level in severnl foodstuffs
was therefore determined and a brief survey was carried
out on several food materials; Table 1 summarizes these
surveys and the experimental results, An unexpectedly
high titanium concentration was observed in several food
materials. In particular, the ntanium concentration n soy-
beans (3.24 pg/g) and shrimp (2.52 pg/g) was high. Ttoh
ef al. (2005) reported that the ntanium concentration in
several soils was over 3.300 pg/e, which may be related
to the relatively high concentration in vegetables (i.e.. 20-
30 pg/g for Chinese cabbage),

Preparation and characterization of titanium
oxide nanoparticles

T'he preparation and physical properties (size) are very
impaortant for the safety and toxicity of titanium dioxide
nanoparticles. Titanium dioxide nanoparticles dispersed
in physiological saline, DIS-HD-MT-150AW, were pre-
pared using the following two steps: preparation of highly
dispersed titamum dioxide nanoparticles, HD-MT-150AW
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Safety evaluation of ttamum dioxide nanop:

Table 1. Tianium level in several foodstulls and others

Food/Soil Production urea Conc. (i Food/Sanl
beet Tapan 017 I letuce
Australio 0.26 Boston lettuce
Japan 0.26 Japanese parsley
1ISA 0.44 lapanese radish (leal) 37 33
Japan 0.14 Welsh onion * 20 + 13
Japan tomato 19 | 92
salmon Norway puprika 14 =16
shrimp India . sprout 18 =16
QTN I (.33 AIN 930G Josal Umiv 6249
ot 0.12 a comstarch nis
papriks stherlands 0.19 |} cornstarch 0.8
carrot LISA 0.59 cisemn 1.60
com LISA 0.60 cellulose 0.1
flour mainly USA 0.31 soft waler LUSA 0.05
soybeans Japan 3.24 witer Thatland 0ns
rice Japan 0.91 soft water France 0n.ns
orange LUSA (.65 mid-hard water France 005
lemon LISA 1.64 hurd water France 0035
grapefrunt South Africa 0.39 urban water Ihatlund 0.05
banamna Philippines 0.1 soft waler Yapan 0.05
Jupanese parsley * Japan o =19 soft water Jupan 0,05
Japanese parsley Japan 10 =13 water fapan I3 V] g
Chinese cabbage Japan 205+ |4 water Japan 24 R0 {ng/g)
Chinese cabbage Japan 20 +13 sl Japan JU8(0 220
bok-choy 150+ B8 soil Jupan 13R0 | 80
Chinese cabbage 22 19 s0il * Japan 5540 +230
Cabbage * 7411 soil # lapan S870 =260
Macrophyll 12.0 4 6.0
Itoh er al. (2005), * from Prof. Wadu (Josai Univ.)
from MT-150AW, and dispersion of HD-MT-150AW in Fig. 3 shows the grading curve of the particles in DIS-
suline by sonication to obtain DIS-HD-MT-150AW HD-MT-150AW. The secondary particle-size distribution

The surface of HD-MT-150AW was coated with sihi- was wide, with an average particle size of .22 pm (220
ci. The isoelectric point of titanium dioxide is about 5-
7. so titanium dioxide nanoparticles (MT-150AW) dis-
persed in physiological saline can be easily agglomerated >
In other words, the surface modification of MT-130AW to ol |
HD-MT-150AW by silica was effective to avoid agglom-
cration in neutral saline, because the isoelectric point of
silica is about 2-3 ~ 4wl
The silica content of HD-MT-150AW analyzed by flu-
orescent X-ray spectroscopy was 27.5 wt®, X-ray diffrac-
tion patterns of HD-MT-150AW showed that the crystal
form of titanium dioxide was rutile (data not shown). No |
bacteria were detected in DIS-HD-MT-150AW, as deter- 0

mined by the plate counting method.

Fregquency %

Fig. 2 shows transmission electron microscope images

of MT-150AW and HD-MT-150AW. Fig. | illustrates the
grading curve of HD-MT-150AW, showing that it had a
relatively narrow primary particle-size distribution and a

9 1L 11€ 158 & ja%

Pilfﬂa!’} particle-size (nm)

% L Fig. 1. Primary particle-size distribution of IHD-MT-150AW
mean particle diameter of 15 nm. malvzed by imig

processing software
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titanium in mice must come from ingested titanium mate-

Forced i.v. injection of the nanoparticles was then
performed in mice, The titanium level was significantly
increased in blood and tissue, but no increase was found
n the bramn after Lv. injection. No increase in the brain
level may ignore the severe toxicity reported by Long ¢f
al. (2007). Most titanium was concentrated in the liver
after injection, followed by the kidney as shown in Figs

Fig. 2. Transmission ecleciron microscope image of MT=150AW and HD-MT-150AW
Left side; MT-150AW, Right side: HD-MT-130AW
U] M— o - e .
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Fig. 3. Grading curve of particles in DIS-HD-MT-150AW

analyzed by dvnamic light scattering particle-size ana-
lyzer

nm). Fig. 3 shows that DIS-HD-MT-150AW contains
only a small number of particles with a particle disme-
ter below 100 nm. Fig. 4 shows a ransmission electron
microscope image of DIS-HD-MT-150AW particles. DIS-
HD-MT-150AW clearly contained the primary particles of
HD-MT-150AW.

Tissue distribution of titanium after i.v. injection
of titanium dioxide nanoparticles

Titanium was detected in the blood and tissue of
healthy mice without the administration of ttanium diox-
ide nanoparticles, and the titanivm levels are shown in
Figs. 5 and 6 (sce blank column for control). For exam-
ple. titanium concentrations in the blood and liver were
4 and 15,4 pg/g tissue. respectively. Then, the titanium
level was determined in the mouse diets and was found
to be 17.5 pgiml. Since the experimental animals con-
sume about 5 g solid feed per day, the amount of titani-
um imgested was caleulated to be 90 pg/day. Thus, most

Vol 33 No 3

5 and 6. Interestingly, the liver level decreased over time
tea 30% decrease in 1 month), suggesting that ttanium
must be elimmated from the body. Fig. 7 shows the toral
recovery of titanium from the tssucs. The titamum lev-

Transmission electron microscope nnage of DIS-HD-
MT=-150AW

Vig. 4.
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Fig. 5.  Amount of Ti0). in tissue and blood after /.4
betore injection (control), w, | and S min, 72

hr and | month after impecnon.  Each column repre

injection

sents the mean = S.E. of 3 to § experiments

Tissue conventraly
-
4

1 live kuidney spileen

brain liny

Nssue concentration of Tio after Ly mjection

Fig. 6.

Each column is the same as in Fig. §

ter injection

¢l in mice apparently decreased over time

Recently, a similar v injection study of titanium diox-
e nanoparticles was performed i rats by Fabian er af
(2008). where titanium was mostly derected in the liver
and decreased over time. Jani er ol (1994) showed the
distribution of orally administered titanium dioxide parti-
cles (100-300 nm) in the hiver and spleen. Dental implants
made of titanium were found to dissolve in biological tis-
sues and were not toxic (Mu er al., 2002: Hanawa, 2005)
Iheir and our results suggest that titanium dioxide nano-
particles should be considered as a biodegradable or eas-
ily elimmated compound. not hike ashestos and carbon
nanotubes

inmium dioxide

29

anoparticles

| month

Elimination ratno of Ti0
Each column represents the mean = 5.1
menis;

Fig. 7.

of 5 exper-

Finally, morphological evaluanion was performed in
mouse liver after administration of titanium dioxide nano-
particles, which were observed in hepatic cells. Titanium
dioxide nanoparticles may be dissolved by macrophagic
activity in the liver (Olmedo er ol., 2007). Detailed infor-
mation will be presented 1n a separate paper.

Titanium was naturally contained in mice, especially
in the liver, as well as in vegetables and soil, The ttamum
level gradually decreased after forced administration (1.1
injection) of titanium dioxide nanoparticles into mice
Thus, our strategy 1o estimate the safety of titanium diox-
ide nanoparticles m humans must be modified, although
further experiments are necessary (Behling, 2007).
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Abstract : It is an urgent problem to evaluate safety concern of nanomaterials such as
titanium oxide- and zinc oxide-nanoparticles that are broadly used as an UV-scattering
cosmetic. The primary diameter of the nanomaterials is 15-50 nm. Possible exposure sites
to human are the GI tracts. respiratory tracts (nasal cavity, trachea, tracheal branch and
alveolus of the lung) and skin. Skin must be most important exposure site among them
especially for general consumers. As easily understood by the 500 Dalton rule (where
these small molecules have 0.2-0.4 nm in diameter)., nanomaterials are hardly penetrated
into the skin tissues through stratum corneum, primary permeation pathway of most
compounds. We have to pay attention to the second permeation pathway (transfollicular
pathway) of skin entry in case of nanomaterials. We also consider several wound skins
which have low skin barrier function compared with normal skin for nanomaterial
penetration into skin. In addition. we must consider the nanomaterial exposure in a
quantitative way not qualitative way. For example, the resquamation rate and
permeability coefficient of water are 1x10 ""and 210 ~'cm/s. respectively.
Physicochemical properties of nanomaterials are also important determinants for their
skin entry.

Evaluation study on the nanomaterial safety is just the mark of the start line. We have to
pay attention to this issue.

Key words : nanomaterial, safety, skin exposure, titanium oxide nanoparticle, zinc

oxide nanoparticle, 500 Dalton rule. permeability coefficient
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