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ABSTRACT

Ceo~-Cy0 two-component fullerene nanowhiskers (Cgo-C70NWs) were synthesized by liquid-liquid
interfacial precipitation (LLIP) using various ratios of C;o to Cgp and then analyzed using a focused ion
beam processing apparatus (FIB-SEM), scanning electron microscopy (SEM), Raman spectroscopy,
ultraviolet-visible (UV-vis) spectroscopy, X-ray diffraction (XRD) and high-performance liquid chroma-
tography (HPLC). Both Cgp and C;o were saturated in the supernatant solutions with fullerene
compositions in the mother solutions ranging from 12.4 mass¥% C;o to 73.4 mass% Cyo. Ceo~C70NWSs
contained a small amount of rhombohedral phase, indicating polymerization of Cgo. The solid solubility
limit of Cyq in the Cgp matrix was found to be 13.7 mass%. In addition to fine Cgo—C7NWs, thick Cgo—~C7o
needle-like crystals were formed. The thick Cgo-Cyo needle-like crystals were fractured using a
molybdenum probe in the FIB. The fractured surfaces of the Cgo—Cy0 needle-like crystals showed
modulated structures with chemical compositions characteristic of spinodal decomposition. The
activation energy of diffusion was determined to be 37.1 kj/mol.

LLIP method

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Fullerenes were first synthesized by Kroto et al. [1]. Thereafter,
efficient methods of fullerene synthesis, such as the arc discharge
method {2-4] and the combustion method [5,6], have been
developed, and research on fullerenes and fullerene-based mate-
rials continue to be conducted throughout the world.

Fullerene molecules bond with each other via van der Waals
forces to form molecular crystals. In particular, fullerene needle-
like crystals with aspect ratios of 3 or greater and diameters less
than 1000 nm are called fullerene nanowhiskers (FNWs) {7.8].
FNWs were first observed in a colloidal solution of PZT containing
Cepo in 2001 {9,10]. In 2002, a liquid-liquid interfacial precipitation
method was developed to efficiently synthesize FNWs [11].

FNWs are recyclable, as fullerene molecules can be recovered
by redissolving the FNWs into organic solvents such as toluene
and benzene. FNWs exhibit semiconductor properties and can
potentially be used for field-effect transistors {12}, solar cells [13},
fuel cells [ 14,15], catalysts [8,16-20], biosensors {21] and chemical
synthesis templates [8].

To date, studies of Cgy nanowhiskers (CggNWSs) have been
reported. Because the electrical resistivity of CsoNWSs is approximately
proportional to diameter to the third power [7], the electrical

* Corresponding author. Tel.: +81298604528; fax: +81298604667.
E-mail address: miyazawa.kunichi@nims.go.jp (K. Miyazawa).

hitpr/fdxdolorg/16.1016/] jorysgro.2014.12.016
0022-0248/© 2014 Elsevier B.V. All rights reserved.

properties of CgoNWs vary from insulator to semiconductor depend-
ing on diameter. In addition, CsoNWs become conductive glass-like
carbon nanofibers following high-temperature heat treatment in an
inert atmosphere [22]. Additionally, CeoNWs can be made into
superconductors by doping with alkali metals such as potassium
{23,24]. The Young's moduli of CgoNWs are 32 to 54 GPa [25],
approximately 30 to 60% of the moduli of single-crystal silicon.

Numerous types of FNWs with various new physical properties
can be synthesized by combining different fullerene molecules.
Synthesis of Cgo—C70 nanowhiskers (Cgo-C70NWS) was reported in
2004 [26]. The Young moduli of Cgo-C70NWSs were measured by a
transmission electron microscope equipped with atomic force
microscope functionality and were found to increase with increas-
ing Cy0 content in the mother solutions {27]. This increase in
Young's modulus is assumed to be caused by the formation of a
Cgo—C70 solid solution that induces hardening, i.e., solid solution
hardening. Cgo—C70NWs have absorption bands of both Cgo and
C70. Ce0~C70NWs hold potential for semiconductor devices as a
new composite material with high Young’s moduli and optical
properties of both Cgp and Cyq.

However, despite the various promising properties of Cgo—
C;0NWs, the structural, chemical and optical properties of Cgo—
C;0NWs are not well understood. The objective of the present
paper is to investigate the structural, chemical and optical proper-
ties of these FNWs using a focused ion beam processing apparatus
(FIB-SEM), scanning electron microscopy (SEM), X-ray diffraction



42 T. Konno et al. / Journal of Crystal Growth 416 (2015) 41-46

Fig.1. Optical images of the precipitates. The compositions of mother solutions were (a) Cgo~9 mass% Co, (b) Cso~24 mass¥% Cyg, (¢) Cso-37 mass% Cy, (d) Cso—45 mass% Cyq,

(e) Cep~78 mass% Cyog, (f) 100 mass% Cyqo.

Intensity (arb. units)

5 10 15 20 25
26 (degree)

Fig. 2. XRD patterns of (a) the CeoNWSs and (b) the Cgo—C7oNWs obtained using a
mother solution with a composition of Cgp~24 mass% Cro.

(XRD), high-performance liquid chromatography (HPLC), Raman
spectroscopy and ultraviolet-visible (UV-vis) spectroscopy.

2. Experimental

Powders of Cgo (MTR Ltd., 99.5%) and Cyo (MTR Ltd., 99.0%)
were dissolved in toluene (WAKO JIS special grade) by ultrasonic
agitation (Iuchi VS-150). The solutions were filtered using syringe
filters (MITSUBA HIGH GRADE SYRINGE, Whatman 25 mm GD/X)
to generate a Cgo-saturated toluene solution and a Cyo-saturated
toluene solution.

The Cgo- and Cyg-saturated toluene solutions were mixed in
various ratios to form Cgp—C7¢ two-component mother solutions.
The mixing ratios were (10.0 mL [Cgo], 0 mL [C70]), (9.5, 0.5), (9.0,
1.0), (8.5, 1.5), (8.0, 2.0), (7.0, 3.0), (6.0, 4.0), (5.0, 5.0), (4.0, 6.0),
(3.0, 7.0), (2.0, 8.0), (1.5, 8.5), (1.0, 9.0), (0.8, 9.2), (0.6, 9.4), (0.5,
9.5), (0.4, 9.6), (0.2, 9.8) and (0, 10.0).

The temperature of each mother solution, stored in glass bottles
(volume: 30 mL, inner diameter: 27 mm), was set to 15 °C using a

water bath (AS ONE UCT-1000). 10 mL of 2-propanol (WAKO JIS
special grade) was slowly layered along the inside wall of the bottle
onto an equal volume of fullerene-saturated toluene solution to
form a liquid-liquid interface. After forming the interface, the bottle
was manually mixed 30 times, then kept still at 15 °C (SANYO MIR-
153) for 5 days to complete fullerene precipitation. Then, the
supernatant was removed, and 2-propanol was poured into the
glass bottle to stabilize the precipitates. After vacuum filtration
(KIRIYAMA 5B-21, ULVAC DTC-21), the precipitates were vacuum-
dried (AS ONE VO-300) at room temperature.

Structural analysis of specimens was performed by XRD (Rigaku
Ultima III) and a FIB-SEM (Hitachi NB5000) equipped with a Ga ion
beam source and a field-emission scanning electron microscope
(FE-SEM).

Chemical compositions of the specimens was analyzed by HPLC
(JASCO UV-2070, PU 2089, CO-2065, LC-Net II/ADC) and Raman
spectrometry (JASCO NRS-3000).

The optical properties of the specimens were investigated by
ultraviolet-visible spectroscopy (UV-vis, JASCO V-570). The mea-
surement was performed for the vacuum-dried powder of FNWs
by the diffuse reflection method using an integrating sphere.

3. Results and discussion

The mother solutions were analyzed by HPLC, the chemical
composition of each mother solution was determined.

Fig. 1 shows optical microscope images of the synthesized
precipitates with various morphologies and metallic lusters. The
images show the formation of fine needle-like crystals (nano-
whiskers) in (a), (b) and (f), much bigger needle-like crystals in
(c) and (d) and fine granular precipitates in (e).

Fig. 2 shows X-ray diffraction patterns of synthesized CgoNWs
(a) and of Cgo—C7oNWs synthesized using a mother solution with a
composition of Cgo-24 mass% C;o (b). Peaks corresponding to a
face-centered cubic (fcc) phase and a triclinic (tr) phase can be
assigned in the CgoNWs. It is likely that the tr phase was formed by
distortion of the fcc phase [28]. The lattice constant of the fcc phase
was determined to be a=1.422 4+ 0.005 nm. Peaks corresponding
to a rhombohedral phase (rh) in addition to the fcc phase and the tr
phase were also observed in the Cgo~C7oNWs. It has been repor-
ted that Cgp can be transformed to a polymer with an rh phase by
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Table 1
Lattice constants of CeoNWs and Cgo~C7oNWs.,

Specimens Crystal system Lattice constant (nm) Primitive unit cell volume (nm?)
CeoNWs Face-centered cubic (fcc) a=1422 + 0.005 0.719
Triclinic (tr) a=0.950, b=1.000 c=1.010, a=74.9° f=59.4°, y=060.0° 0.715
Cgo-C70NWs fcc a=1433 + 0.011 0.736
tr a=0.951, b=0.954 c=1.018, a=75.4" #=60.0°, y=60.0° 0.693
Rhombohedral (rh) a=1.174, c=1.652 0.657
100
2
e A \
g © 2 40
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< sg 4 crystals
3 “g = 50 r =5 ym
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Fig. 3. UV-vis spectra of the CgoNWs and the Cgo~C7oNWs obtained using a mother
solution with a composition of Ceo~24 mass® Cyq.

high-temperature high-pressure treatment {29]. It is likely that
partial polymerization of Cgo molecules was caused by the addition
of Cy;o molecules. The lattice constant of the fcc phase was
determined to be a=1433+0.011 nm, 0.77% larger than the
CeoNW lattice constant (a=1.422 + 0.005 nm). Table 1 shows the
lattice constants and primitive unit cell volumes of CgoNWs and
Ceo—C70NWs.

Fig. 3 shows the UV-vis absorption spectra of CsoNWs and Cgo—
C;o0NWs synthesized using a mother solution with a composition
of Cgp—-24 mass% C. The hyperchromic effect and a bathochromic
shift were observed for the Cgo—C7oNWs compared to the CgoNWs.
The Cgo~C70NWs have a wider light absorption band than the
CeoNWs, showing stronger absorption especially around 600 nm.
This is caused by the wider and stronger absorption range of Cyq
than Ceo {30].

The composition of Cgo—Cy9 two-component specimens was
measured by Raman spectroscopy and calculated using the peak
area ratios, 100 xS, [(S1+S;), where S; is the peak area of
Ag(2) and S, is the peak area of Ay'(6) [31]. A linear relationship
was assumed to hold between the peak area ratio and the
fullerene composition (mass% Co).

Fig. 4 shows the chemical composition of the Cge—-C7;0NW
surfaces and the granular precipitates as determined by Raman
spectroscopy. When the composition of fullerene in the mother
solution is 9 mass% Cyo, the granular precipitates and the Cgo—
C7oNWs have similar compositions. However, when the composi-
tion of fullerene in the mother solution is at least 18 mass% Cy, the
composition of fullerene (mass% Cyo) in the granular crystals is
much higher than in the Cgo—C70NWs. 1t is likely that the granular
precipitates are rich in C;q precipitate when the fullerene compo-
sition (mass% C7) in the mother solutions exceeds the solid
solubility limit of C5p in the Cgp matrix phase.

Chemical composition analysis for the supernatant solutions was
performed as shown in Fig. 5. This figure can be divided into three
regions (1, II, IIl). The boundary between I and 1 is located at 12.4
mass% Cyo, and the boundary between II and IIl is located at 73.4
mass% Cro. Fig. 5 indicates that the solid solubility of C; in the matrix

Fig. 4. Chemical composition of the granular crystals and the Cgo~CyoNWs
determined by Raman spectroscopy.

phase of Cgg is 12.4 mass% and that the solid solubility of Cgg in the
matrix phase of Cy is 26.6 mass%. The chemical compositions of the
precipitates determined by HPLC are shown in Fig. 6. Fig. 5 shows
that Cy is unsaturated in the supernatant solutions for compositions
ranging from 0 mass% Cyp to 12.4 mass% Cq, corresponding to region
I of Fig. 6. Fig. 5 also shows that Cgq is unsaturated in the supernatant
solutions for compositions ranging from 73.4 mass% Cyo to 100 mass
% Cq0, corresponding to region III of Fig. 6. Both Cg9 and Cyo are
saturated in the supernatant solutions for compositions ranging from
12.4 mass% Cyo to 73.4 mass% Cyp, corresponding to region Il of Fig. 6.

Table 2 shows the chemical compositions of the thick Cgo—Cyo
needle-like crystals determined by HPLC. HPLC analyses of the thick
needle-like crystals were performed on individual crystals selected
using fine probes. Thick Cgo—C7o needle-like crystals contain 11.1 + 2.2
mass% Cyo, up to 13.7 mass% Czo_ It was found that the solid solubility
of G50 in the matrix phase of Cgg is 13.7 mass%. This result corresponds
with the result from Fig. 5 (12.4 mass%) as well as previous reports
[32,33].

Fig. 7 shows SEM images of a fracture process for a thick Cgo-Cyo
needle-like crystal synthesized using the mother solution with a
composition of Cgo-45 mass% Cyo. Image (a) shows a notch formed
by sputtering with Ga ion beams and a fixed part by deposition of
tungsten (W). In images (b), (c) and (d), the Cgp-Cyp needle-like
crystal was slowly bent by a molybdenum probe and fractured.

Fig. & shows SEM images of the fracture surfaces of the Cgo~Cyp
needle-like crystals. The areas surrounded by the red lines are the
areas measured for chemical composition by Raman spectroscopy.
Fig. 9 shows the fullerene composition of the fractured surfaces. The
fractured surfaces exhibited sinusoidally modulated compositions.

Spinodal decomposition is a phenomenon involving spontaneous
biphasic separation, with a sinusoidally modulated structure occur-
ring after a finite time. We believe that these modulated structures
result from spinodal decomposition. In Fig. 9, the wavelength of
spinodal decomposition is 7.44 + 2.45 um. The diffusion length must
be comparable to half of the wavelength of spinodal decomposition
(3.72 pm). The diffusion length was calculated based on the following
equation [34-361:

- I Q —exp(2
L=+~Dxt, D_Gx/l xﬂxvoxexp<—RT), ﬁ_exp(E>
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Table 2
Chemical composition of the thick Cgo—Cs needle-like crystals analyzed by HPLC.

Mother solution Thick Cgo~Cyg needle-
like crystals

Average Maximum

Composition of fullerene (mass% Cy) 45.4+ 4.1 111+£22 137

where L is the average diffusion length. t is diffusion time, which is
5 days in the present paper. D is the diffusion coefficient. 1 is the
particle migration length, which is calculated to be 1433[y/2=
1.013 nm using the lattice constant from Table 1. g is the number of
microscopic states and vg is the particle vibration frequency. R is the
gas constant, S is the entropy and kg is Boltzmann constant. Q is the
activation energy of diffusion, which is equivalent to the binding
energy between particles. L=0.008596 x exp ( —Q/4789) [m], assum-
ing =1 and vo=10° s~ for T=15 °C. When L equals 3.72 um, Q is
calculated to be 371 kj/mol from Fig. 10.

4. Conclusions

(1) The Cgp—C70NWs contained a small amount of rhombohedral
phase and showed an fcc lattice constant that is 0.77% larger
than that of CggNWs.

(2) The Cgo—C7oNWs showed a stronger visible light absorption
than CgoNWs, especially at 600 nm.

(3) Both Cgp and Cyg are saturated in the supernatant solutions
when the composition of fullerene in the mother solutions
ranges from 12.4 mass% Cyp to 73.4 mass% Cyo.

Fig. 7. SEM images of the fracture process of a Cqo—Cy¢ two-component needle-like
crystal.

(4) The solid solubility limit of Cyo in the matrix phase of Cgp is
13.7 mass%.

(5) C;0 molecules precipitate as granular crystals when the con-
centration of C;o in the mother solutions exceeds the solid
solubility limit of C;o in Cgp.

(6) The fractured surfaces of Cgo—Cyo needle-like crystals showed
modulated structures and chemical compositions, indicating
spinodal decomposition. The activation energy of diffusion was
calculated to be 37.1 kJ/mol.



Fig. 8. SEM images of the fractured cross-sections of Cgp-Cyq two-component
needle-like crystals. The areas surrounded by red lines were measured by Raman
spectroscopy. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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with RSV five days later. The levels of IFN-y and chemokine CCL5, representative mark-
ers of pneumonia, in the bronchoalveolar lavage fluids of RSV-infected mice had increased
significantly in TiO,-exposed mice compared with the control on day 5 post-infection, but
not in uninfected mice. While pulmonary viral titers were not affected by TiO, exposure,
an increase in the infiltration of lymphocytes into the alveolar septa in lung tissues was
observed. Immunohistochemical analysis revealed aggregation of TiO, nanoparticles near
inflammatory cells in the severely affected region. Thus, a single exposure to TiO, nanopar-
ticles affected the immune system and exacerbated pneumonia in RSV-infected mice.

© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Nanomaterials are engineered structures with at least one
dimension of 100nm or less (Nel et al., 2006). Various kinds
of nanomaterials are known and have a wide range of appli-
cations (Maidalawieh et al., 2014; Nel et al., 2006; Stamatoiu
et al,, 2012). Titanium dioxide (TiO,) nanoparticles are used
in cosmetics and building materials because they are chem-
ically and thermally stable. When research focused on TiO;
nanoparticles were in drug delivery systems (Zhang et al,,
2012) several findings of toxicity due to exposure to TiO,
nanoparticles were reported, such as carcinogenesis of the
lunginrats (Xu etal., 2010), induction of strong oxidative stress
and mitochondrial damage in glial cells (Huerta-Garcia et al.,
2014), and inflammatory disorder on the cardiovascular sys-
tem in ApoE knockout mice (Chen et al., 2013). Although we
are exposed to TiO, nanoparticles in daily life, the safety of
TiO, nanoparticles for human health is poorly known.

Human respiratory syncytial virus (RSV), a member of
the Paramyxoviridae family, is a prevalent infectious agent of
acute lower respiratory illness in infants and young children
(MacDonald et al.,, 1982). An initial RSV infection is frequent
during the first few years of life, and most children have been
infected by 24 months of age (Collins et al., 2001). Clinically
severe RSV infection is seen primarily in infants and young
children with naive immune systems and/or genetic predis-
positions (Holberg et al., 1991) and patients with suppressed
T-cell immunity (MacDonald et al., 1982). RSV reinfects adults
at a rate of approximately 5-10% per year (Falsey, 2007), and is
an important cause of morbidity and mortality in the elderly
(Falsey et al,, 2005). Thus, because the severity of RSV infection
reflects the condition of the host immunity, we established a
novel assay system for evaluation of the immunotoxicity of
the brominated flame retardants (BFRs) using a murine model
of RSV infection (Watanabe et al., 2008a). We subsequently
demonstrated that decabrominated diphenyl ether (DBDE)
(Watanabe et al,, 2008b, 2010a) and tetrabromobisphenol A
(TBBPA) (Takeshita et al.,, 2013; Watanabe et al., 2010b) caused
developmental immunotoxicity and irregular production of
cytokines in RSV-infected mice, respectively. In addition, we
also revealed that perinatal exposure to methamidophos, a
representative organophosphate insecticide, suppressed the
production of proinflammatory cytokines using this model
(Watanabe et al., 2013).

In the present study, we adopted the RSV infection mouse
model to evaluate the effects of TiO, nanoparticles on the
immunotoxicity after a single exposure. Then we investi-
gated the effects of TiO; nanoparticles on pneumonia in RSV
infection by focusing on the variations in of cytokine and
chemokine levels in bronchoalveolar lavage fluid (BALF) and
the exacerbation of pneumonia in lung tissues by histopatho-
logical assay.

2. Materials and methods
2.1. Animals

Female (5 weeks old) BALB/c mice were purchased from Kyudo
Animal Laboratory (Kumamoto, Japan) and housed at 25+ 2°C.

The mice were allowed free access to the conventional solid
diet CRF-1 (Oriental Yeast Co., Chiba, Japan) and water and
used in this experiment after 7d acclimation. The animal
experimentation guideline of the Kyushu University of Health
and Welfare were followed in the animal studies.

2.2. Cell and virus

The A2 strain of RSV was obtained from American Type Cul-
ture Collection (ATCC, Rockville, MD) and grown in HEp-2 cell
(human epidermoid carcinoma, ATCC CCL-23) cultures. Viral
titers of HEp-2 cells were measured by the plaque method
(Watanabe et al, 2008a) and expressed as plaque-forming
units per milliliter (PFU/mL).

2.3.  Chemical compound

TiO, nanoparticles were kindly provided by Tayca Corp.
(Osaka, Japan). The particles form ultra-fine rutile crystals pri-
marily 35 nm in diameter. TiO; nanoparticles readily aggregate
to form microparticles in phosphate-buffered saline (PBS). To
avoid aggregation, the suspension of TiO, nanoparticles in
PBS was dispersed using a portable ultrasonic disruptor just
before treatment of mice. Then the mean secondary diameter
of the particles was 913 nm, ranging from 804 to 1022nm, as
measured by a Zetasizer Nano (Malvern Instruments, Worces-
tershire, UK).

2.4, Animal tests

Six-week-old mice were intranasally administered 0.1 mL of a
suspension of TiO; nanoparticles at 0.25 or 2.5 mg/kg of body
weight one time under anesthesia for histological assays or
0.5mg/kg for measuring cytokines in BALF and pulmonary
viral titers. In control group, mice were given PBS intranasally
under anesthesia.

The RSV infection test was performed as reported pre-
viously (Watanabe et al., 2008a). Briefly, 5d after from TiO,
exposure, mice were infected intranasally with 3.5 x 10° PFU
of the A2 strain of RSV under anesthesia. In a mock-infected
group, mice were given PBS intranasally. On day 5 after infec-
tion, blood samples were prepared from RSV-infected mice
under anesthesia and BALF was obtained from the mice under
anesthesia by instilling 0.8 mL of cold PBS into the lungs
and aspirating it from the trachea using a tracheal cannula.
Following the acquisition of BALF, the lungs were removed,
immediately frozen in liquid N, and stored at —80°C until
virus titration. Ice-cold BALF was centrifuged at 160 x g at4°C
for 10min. After centrifugation, the supernatant was stored
at —80°C until to use. The cell pellet was suspended in 0.3 mL
of cellbanker-1 (Nippon Zenyaku Kogyo Co., Ltd., Koriyama,
Japan) as bronchoalveolar lavage cells, and then stored at
—80°C prior to use. Frozen lung tissue was homogenized with
cold quartz sand in a homogenizer. After centrifugation at
480 x gat4°Cfor 15 min, the supernatants of the homogenates
were used for a plaque assay. Viral titers in lungs of mice were
expressed as PFU/mL.
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2.5. ELISA

Interleukin (IL)-2, IL-4, IL-10, and interferon (IFN)-y levels in
BALF were measured using specific ELISA kits (Ready-set-go,
eBioscience Inc., San Diego, CA) according to the manufac-
turer’s instructions. Levels of CCL5 (RANTES) in BALF and
serum and CCL3 (MIP-1a) in BALF and the culture supernatant
of bronchoalveolar lavage cells were measured using specific
ELISA kits (Quantikine, R&D Systems, Inc., Minneapolis, MN)
according to the manufacturer’s instructions. The lower limits
of detection of the kits are 2 (pg/mL) for IL-2, 4 (pg/mL) for IL-
4, 8 (pg/mL) for IL-10, 15 (pg/mL) for IFN-v, 2 (pg/mL) for CCLS5,
and 1.5 (pg/mL) for CCL3. The intra- and interassay coefficients
of variation for the ELISA results were less than 10%.

2.6.  Flow cytometric analysis of bronchoalveolar
lavage cells

Flow cytometric analysis was performed according to our
previous report (Takeda et al., 2014). Briefly, bronchoalveolar
lavage cells were stimulated with BD GolgiStop (BD PharMin-
gen, San Diego, CA) at 1 pL/mL for 6 h at 37 °C. After incubation,
the cells were washed twice and stained for intracellular IFN-y
(FITS Rat Anti-Mouse IFN-y, BD PharMingen, San Diego) and
IL-4 (PE Rat Anti-Mouse IFN-v, BD PharMingen, San Diego),
according to the manufacturer’s instructions. The cells were
washed twice and analyzed on an FACS Calibur 35 flow
cytometer (Becton Dicknson, Sunnyvale, CA).

2.7.  Histological methods and evaluation

For histological examination of RSV-infected lungs, 3-5 mice
per group of infected mice were sacrificed by cervical disloca-
tion on day 5 after infection, and the lungs were removed and
placed in buffered formalin for a minimum of 24 h. The tissue
was then embedded in low-melting point paraffin, sectioned
at a thickness of 5pm, and stained with hematoxylin and
eosin. After taking two pictures randomly of each pulmonary
lobe using a microscope (x100), the pictures were analyzed for
the proportion of alveolar septa and infiltration of the inflam-
matory cells into the tissues per unit area by Adobe Photoshop
(Adobe Systems, Inc., San Jose, CA).

2.8. Immunohistochemical evaluation

The lung tissue sections were deparaffinized and hydrated
through xylenes and graded alcohols. After washing with
water, they were incubated in unmasking solution (Vector Lab-
oratories, Inc., Burlingame, CA) at 90°C for 30 min. Then, the
sections were incubated in the 0.3% H;0, in PBS for 30 min to
quench the endogenous peroxidase activity and treated with
blocking serum (Vector Laboratories, Inc.) for 30 min. The lung
tissues were stained with a goat polyclonal antibody against
RSV protein (1:250, Acris Antibodies GmbH, Inc., San Diego,
CA) for 90 min. Then, RSV proteins were detected usinga VEC-
TASTAIN ABC kit (Vector Laboratories, Inc.) according to the
manufacturer’s instructions. The sections were faintly coun-
terstained with hematoxylin.

2.9.  Culture of bronchoalveolar lavage cells

Culture of bronchoalveolar lavage cells obtained from RSV-
infected mice on day 1 post-infection was performed
according to our previous report (Watanabe et al, 2010a).
Briefly, 200 pL of bronchoalveolar lavage cells suspension
(2.5 x 10% cells/mL) was seeded on each well in a 96-well
microtiter plate and incubated at 37 °C for 24 h in a humidified
air with 5% CO,. After incubation, the culture medium was
removed by aspiration and replaced in fresh RPMI medium
with or without 0.1mg/mL of TiO, nanoparticles. Following
24 h further incubation, the culture medium was removed by
aspiration and replaced in fresh RPMI medium with or with-
out 100 ng/mL of lipopolysaccharide (W E. coli 0127: B8, Difco,
Detroit, MI; LPS) for 24h. The culture supernatant was har-
vested from each well and the amount of CCL3 was measured
by ELISA.

2.10. Statistical analysis

Comparisons between the pulmonary viral titers and the
levels of cytokines and chemokines of the control and TiO,-
treated groups were carried out using Student’s t-test. A P
value of 0.05 or less was considered to be significant.

3. Results

3.1.  Effects of TiO, nanoparticles on RSV infection in
mice

To investigate the effects of TiO; nanoparticles on the immune
response to RSV infection, six-week-old female BALB/c mice
were exposed intranasally to 0.1mL of TiO; suspension at
0.5mg/kg of body weight under anesthesia. No abnormal
behavior or dystrophy due to the stress of TiO, exposure was
observed compared to the control (0 mg/kg) in the mice, and
the mice were infected intranasally with the A2 strain of RSV
at 3.5 x 10° PFU five days after TiO, exposure. The levels of
IFN-y, a representative marker of pneumonia in RSV infec-
tion, in BALF were measured on day 5 post-infection (Table 1).
The IFN-v levels of RSV-infected mice treated with TiO, were
significantly (P<0.05) higher than those in the control. In
mock-infected mice treated with or without TiO,, the levels
of IFN-y in BALF were under the limit of detection. These
results indicated that pneumonia in RSV-infected mice was
exacerbated by TiO, exposure. To investigate further effects of
exposure to TiO; on the immune system of RSV-infected mice,
the levels of Th1 cytokines (IFN-y and IL-2) and Th2 cytokines
(IL-4 and IL-10) in BALF were also measured on day 5 after
infection (Table 1). The levels of IL-10 in BALF were significantly
(P <0.05) increased by approximately 92% compared with the
control. No significant increase of IL-2 in BALF was found after
TiO, treatment, and the levels of IL-4 in BALF were under the
limit of detection. In mock-infected mice treated with or with-
out TiO,, the levels of cytokines in BALF were under the limit
of detection. To reveal effects of exposure to TiO; on the Th1/2
immune balance of RSV-infected mice on day 5 post-infection,
intracellular IFN-y and IL-4 productions by the bronchoalveo-
lar lavage cells were examined by flow cytometry (Table 2).
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Table 1 - Effects of TiO on levels of cytokines in BALF of R!

: ‘:Concentration‘ (ng/mL)?

infected mice on day 5 post-infection.

RSV-infected

MOCk'lnfECted S

IFNy L2 14

CIFN-y  IL2  IL-4  IL-10

o 1L-10
O 8594344 0024001 <001 155:{:071 <001 <001 <001 <001
05 . 1290£210 003£00l <001 317 4£115 <001 <001 <001 <001

a Concentratlon (ngmL) of each cytokme in BALF from RSV-infected mice treated with or without TiO; (0.5 mg/kg) was measured by ELISA for, -

g each specxﬁc cytokine. Data represents mean Values of 3-6 Tnice: Nurnbers in parentheses mdlcate standard devmtlon

e Stanstlcally d1fferent from control at P<0, OS (Students t~test)

Table 2 - Effects of TiO2 on intracellular cytokine levels in bronchoalveolar lavage cells on day 5 post-infection from

TiO, exposure (mg/kg)
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a Bronchoalveolar lavage cells were collected from RSV-infected mice treated w1th or Wlthout TiO, (0.5mg/kg) on day 5 post—lnfectxon The
pooled bronchoalveolar lavage cells were stlmulated BD Golg15top for 6h at 37 °C and stamed mtracellular IFN -y and IL-4. The stamed cells

- were analyzed by flow. cytometry

There was not a significant change in the population of IFN-
y-positive cells and IL-4-positive cells due to TiO; treatment.
These results suggested that TiO; exposure should affect the
immune response to RSV infection.

Chemokine CCL5 is a common marker of the severity of
inflammation in the lungs due to RSV infection (Lambert
et al, 2003) and chemokine CCL3 also is an inflammatory
marker, Therefore, we measured the levels of CCL5 and CCL3
in BALF on day 5 after infection (Table 3). The levels of CCL5
in BALF were significantly (P<0.05) increased by approxi-
mately 36% compared with the control, but there was no
significant increase of CCL3 levels in TiOz-exposed mice. In
mock-infected mice treated with or without TiO,, the levels of
chemokines in BALF were under the limit of detection. The lev-
els of CCLS in serum were significantly (P<0.05) increased by
approximately 31% compared with the control (Table 3). Thus,
these results strongly suggested that TiO, exposure exacer-
bated the pneumonia due to RSV infection.

To evaluate the effects of TiO, exposure on the growth of
RSV in mice, pulmonary viral titers were measured by plaque
assay (Fig. 1). Viral titers of mice exposed to TiO, were not
elevated significantly compared with those of control. Thus,
TiO, exposure did not enhance proliferation of RSV in mice.

3.2.  Effects of TiO, nanoparticles on severity of
pneumonia in RSV infection

To clarify the effects of TiO, nanoparticles on the severity of
pneumonia in RSV infection, a histopathological assay was
performed. In this experiment, 3-5 mice in each group were
treated with TiO; as follows: a control group at 0 mg/kg, low-
dose group at 0.25mg/kg, and high-dose group at 2.5 mg/kg.
These mice were infected with or without RSV 5 days after
TiO, exposure. On day 5 post-infection, the mice were sacri-
ficed, and their lung tissues were analyzed histopathologically.
Representative results and changes in severity are presented
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Fig. 1 — Effect of exposure to TiO, on pulmonary viral titers
of RSV-infected mice on day 5 post-infection. The data
represents mean + standard deviation of values of 7 control
or 5 TiO,-treated mice. N.S., not significant.

in Fig. 2 and Table 4, respectively. In mock-infected mice, no
obvious change in the lung tissues due to TiO, exposure was
observed compared with the control (Fig. 2A-a, -c, and -e).
In RSV-infected mice, typical features of pneumonia due to
RSV infection, such as degeneration of the bronchial epithe-
lium and infiltration of lymphocytes and neutrophils, were
observed in mice treated with or without TiO; (Fig. 2A-b, -d,
and -f). Severity of pneumonia was assessed as the proportion
of alveolar septum tissue in RSV-infected mice (Table 4). In the
control group at 0 mg/kg, the proportion of alveolar septa of all
mice was less than 60%. On the other hand, two mice in the
TiO, (0.25mg/kg)-treated group had more than 60% alveolar
septa, and one mouse in the TiO; (2.5 mg/kg)-treated group
had more than 70%. The unit area means were 51.8%, 60.6%,



