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Nanotechnology is extensively used in industry and is widely
explored for possible applications in medicine. However, its
potential respiratory and systemic adverse effects remain
unknown. Here pure titanium dioxide (TiO,) nanorods with rutile
structure were prepared at room temperature by using a soft
chemistry technique. The structure of the TiO, rutile nanorods
was confirmed by powder X-ray diffraction, and the size was
revealed by transmission electron microscopy. Thereafter, we
investigated, in Wistar rats, the acute (24-hr) effects of intra-
tracheal instillation of these rutile TiO, nanorods (1 and 5 mg/kg)
on lung inflammation (assessed by bronchoalveolar lavage),
systemic inflammation, and platelet aggregation in whole blood.
Compared with vehicle-exposed rats, rats that underwent intra-
tracheal instillation of TiO, nanorods experienced a dose-
dependent increase in macrophage numbers at 1 (+50%) and
5 mg/kg (+81%; P < 0.05) and an influx of neutrophils at 1
(+294%) and 5 mg/kg (+4117%; P < 0.01) in their bronchoalveo-
lar lavage fluid. Both doses of rutile TiO, nanorods caused
pulmonary and cardiac edema, assessed by analysis of the wet
weight-to—dry weight ratios. Similarly, the numbers of mono-
cytes and granulocytes in the blood were increased in a dose-
dependent manner after exposure to rutile TiO, nanorods. In
contrast, the number of platelets was significantly reduced after
pulmonary exposure to 5 mg/kg TiO, nanorods; this result
indicated the occurrence of platelet aggregation in vivo. The
direct addition of TiO, nanorods (0.4-10 pg/ml) to untreated rat
blood significantly induced platelet aggregation in a dose-
dependent fashion in vitro. It is concluded that the intratracheal
instillation of rutile TiO, nanorods caused upregulation of lung
inflammation, pulmonary and cardiac edema, and systemic
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inflammation. Rutile TiO, nanorods also triggered platelet
aggregation in vivo and in vitro. Exp Biol Med 233:610-619, 2008
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Introduction

Nanotechnology is a broad interdisciplinary area of
research, grouping physical, chemical, biological, and
engineering expertise involved in manufacturing materials
at a sub—100-nm scale (1). Whereas benefits of nano-
technology in areas as diverse as diagnosis, imaging, drug
delivery, and information and communication technologies
are extensively publicized, the discussion of the potential
effects of the widespread use of nanotechnology in
consumer and industrial products is just beginning to
emerge (2, 3).

Accidental or involuntary contact during production or
use is most likely to occur via different routes such as skin
penetration, ingestion, or inhalation. It is believed that, of all
major exposure sites of the body, the lung is the most
important site for involuntary exposure to man-made
nanoparticulates (4). In addition to affecting the lungs,
nanoparticulates that have been inhaled can rapidly trans-
locate to the systemic circulation and reach other organs (5—
9). Moreover, Elder et al. (10) reported that translocation of
inhaled nanosized particles along neurons is a more efficient
pathway to the central nervous system than is blood
circulation across the blood—brain barrier.

Titanium dioxide (TiO,) is a poorly soluble particulate
that is widely used in the productions of paints, coatings,
plastics, foods, and toothpastes. Moreover, nanosized TiO,
is used in cosmetics, skin care products, and some
pharmaceuticals. Therefore, potential widespread exposure
may occur during manufacturing and use. The potential
pulmonary and cardiovascular toxicity is not well eluci-
dated. Earlier studies indicated that a single intratracheal
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(i.t.) exposure to TiO, nanoparticles can cause pulmonary
inflammation, fibrosis, DNA damage, and emphysema-like
lung injury (11-13). The toxic effects of TiO, particles are
dose-dependent and size-dependent. Smaller nano-TiO, (20
nm) cause a greater pulmonary inflammatory response in
rats and mice than do larger TiO, particles (250 nm). The
toxicity of nano-TiO, correlates well with its surface area
per unit mass (14, 15).

Along with size and surface, the phase composition of
nanoscale TiO, seems to play an important role in
nanoparticle-induced toxicity. Titania can exist as several
different phases (anatase, rutile, brookite, and monoclinic
TiO,). The most common and stable phases are rutile and
anatase. Using human dermal fibroblast and lung epithelial
cells, Sayes et al. (16) recently compared the cytotoxicity of
anatase, rutile, and a mixture of anatase and rutile TiO,
nanoparticles. The most cytotoxic phase is anatase, the next
most cytotoxic is the mixture of anatase and rutile, and the
least cytotoxic is rutile. Moreover, i.t. instillation of anatase
TiO, nanorods causes transient pulmonary inflammation
(observed at 24 hrs after i.t. exposure but not 1 week to 3
months later; Ref. 17). However, the potential pathophysio-
logic effect of rutile TiO, nanorods on pulmonary and
cardiovascular endpoints has not been investigated.

In the present study, we synthesized pure rutile TiO,
nanorods by using a soft chemistry technique and analyzed
them by powder X-ray diffraction and transmission electron
microscopy. Moreover, we investigated the short-term effect
(24 hrs) of exposure to rutile TiO, nanorods on lung
inflammation and edema in rats and its consequences for
peripheral extrapulmonary modification and its effects on
the heart, systemic inflammation, and platelet activation.

Material and Methods

Rutile TiO, Nanorods. TiO, was prepared by a soft
chemistry technique similar to the recently published
method (18). About 5 ml of TiCl; (30% w/v; DBH
Chemical Ltd, Poole, UK) was diluted with 45 ml of
distilled water and stirred for about 65 hrs at room
temperature. Then, 500 ml of distilled water was added,
and subsequently about 20 ml of 10% NH,OH was added.
A white gel appeared at a pH of approximately 9. The gel at
the bottom of the beaker was easily separated from the
solution by decantation. It was washed with distilled water
several times until the AgNOj; test indicated the absence of
chloride ion in the residual solution. The wet gel was dried
at room temperature. The as-prepared TiO, was charac-
terized by powder X-ray diffraction (Philips 1710 diffrac-
tometer; Almelo, The Netherlands). The surface area of the
sample was determined with a standard BET apparatus
(Autosorb-1, Quantachrome, FL).

For electron microscopy, droplets (10 pl) of a
suspension of 1 mg of rutile TiO, nanorods in 500 pl of
saline (0.9% NaCl) containing Tween 80 (0.01%) were
placed on matured formvar/carbon film for 30 secs. The

samples were then drained and inverted onto droplets of
ultrapure water for 1 hr before being drained, dried, and
examined in a JEOL (JEM 1230) electron microscope
(Tokyo, Japan).

Animals and LT. Instillation of Rutile TiO,
Nanorods. This project was reviewed and approved by
our Institutional Review Board, and experiments were
performed in accordance with protocols approved by the
Institutional Animal Care and Research Advisory Commit-
tee.

Rutile TiO, nanorods were suspended in saline
containing Tween 80 (0.01%). To minimize aggregation,
particle suspensions were sonicated (Clifton Ultrasonic
Bath, Clifton, NJ) for 15 mins and vortexed before their
dilution and before i.t. administration. Control animals
received saline containing Tween 80 (0.01%).

Eighteen-week-old male Wistar rats (Taconic Farms
Inc., Germantown, NY) weighing 359 = 10 g were used.
They were anesthetized by intraperitoneal injection of
ketamine (75 mg/kg) and xylazine (10 mg/kg) and placed
supine with extended necks on an angled board. A Becton
Dickinson 18-gauge cannula (Franklin Lakes, NJ) was
inserted via the mouth into the trachea. Suspensions of rutile
TiO, nanorods (1 or 5 mg/kg) or vehicle only were instilled
(150 pl) via a sterile syringe and followed by an air bolus of
100 pl

Blood Collection, Bronchoalveolar Lavage
(BAL) Fluid Analysis, and Pulmonary and Cardiac
Edema. Twenty-four hours after i.t. administration of
vehicle (control) or rutile TiO, nanorods, the rats were
anesthetized as described, and blood was drawn from the
inferior vena cava and placed in EDTA (4%). A sample was
used for platelet and white blood cell (WBC) counts, which
were done by using an ABX Micros 60 counter (ABX
Diagnostics, Montpellier, France). The remaining blood was
centrifuged at 4°C for 15 mins at 900 g, and the plasma
samples were stored at —20°C.

The rats were then killed with an overdose of ketamine.
BAL was then performed by cannulating the trachea and
clamping the left bronchus. The bronchi and right lung were
lavaged three times with 5 ml sterile saline. The BAL fluid
was pooled in a plastic tube on ice. No difference in the
amount of recovered fluid was observed between the
different groups. BAL fluid was centrifuged (1,000 g for
10 mins at 4°C). Cell counting was performed in a
hemocytometer after resuspension of the pellets and staining
with 1% gentian violet. The cell differential counts were
performed on cytocentrifuge preparations fixed in methanol
and stained with Diff Quick (Dade Behring, Marburg,
Germany). The supernatant was stored at —20°C until
further analysis.

The presence of pulmonary or cardiac edema was
assessed by analysis of the wet weight—to—dry weight ratio.
The heart or nonlavaged left lung were removed and placed
in a preweighed glass tube for measuring wet left lung or
heart weight and dry left lung or heart weight (after 24 hrs at
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Figure 1. Powder X-ray diffraction of rutile and anatase TiO,
calculated by using the Mercury computer program (22). (a) Rutile
TiO, (Joint Committee on Powder Diffraction Standards, file number
21-1276). (b) Anatase TiO, (Joint Committee on Powder Diffraction
Standards, number 21-1272).

80°C; Ref. 19). The wet weight—to—dry weight ratio was
equal to (wet weight — dry weight)/wet weight (20).

Platelet Aggregation in Rat Whole Blood. The
platelet aggregation assay in whole blood was the recently
described method (21) with slight modifications. After
anesthesia, blood from separate animals was withdrawn
from the inferior vena cava and placed in citrate (3.2%), and
500-pl aliquots were added to the wells of a 12-well plate,
which was then positioned in an MTS 2/4 digital microtiter
shaker (IKA WERKE GmbH & CO, Staufer, Germany) at
room temperature. Blood was pretreated with ADP (0.5
pM), vehicle, or rutile TiO, nanorods (0.4, 2, or 10 pg/ml).
The plate was rotated at 900 rpm. Three minutes later, 25-ul
samples were removed and fixed on ice in 225 ml cellFix
(Becton Dickinson). After fixation, single platelets were
counted in an ABX Micros 60 counter. The degree of
aggregation in vehicle and nanorod-treated blood was
expressed as the percent of aggregation induced by 0.5
uM ADP.

Statistics. Data were expressed as the means =
SEM. Comparisons between groups were performed by
one-way analysis of variance (ANOVA), which was
followed by analysis using the Dunnett test for comparing
data from treated animals with those from controls. P values
<0.05 were considered significant.

Results

Rutile TiO, Nanorods. Figure 1 illustrates a com-
parison of powder X-ray diffraction patterns calculated by
using the Mercury computer program (22) between rutile
TiO, (Joint Committee on Powder Diffraction Standards,
file number 21-1276) and anatase TiO, (Joint Committee on
Powder Diffraction Standards, number 21-1272). Figure 2A
shows a comparison of the powder X-ray diffraction of as-
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Figure 2. Characterization of as-prepared TiO,. (A) Powder X-ray
diffraction patterns of rutile TiO,. (a) As-prepared TiO, nanorods with
Miller indices (h k I). Crystal family of planes for each diffraction peak
are shown. (b) The pattern of TiO, rutile (Joint Committee on Powder
Diffraction Standards, file number 21-1276) calculated by using the
Mercury computer program (22). (B) A selected area of the electron
diffraction pattern with Miller indices (h k |) of as-prepared TiOs.

prepared sample with the pattern of rutile TiO, (Joint
Committee on Powder Diffraction Standards, file number
21-1276) calculated by using Mercury program (22). The
two patterns were similar, and all diffraction peaks of as-
prepared sample can be indexed by the rutile lattice, where
Miller indices (h k 1) show a crystal family of planes for
each diffraction peak. The prepared sample has broad
diffraction peaks that are the consequence of small particle
size. Figure 2B illustrates selected areas of the electron
diffraction pattern for the as-prepared sample. Clearly
shown are the presence of only a rutile TiO, spotty ring
without additional diffraction spots and rings of other
compounds. These analyses showed that the as-prepared
sample consisted of a pure crystalline sample with rutile
structure.

The instilled surface areas of rutile TiO, nanorods,
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0.1 ym

Figure 3. Transmission electron microscopy of a sample of the synthesized rutile TiO, nanorods. Some of the range of forms are shown at

different magnifications. (A) 1 um. (B) 0.2 um (C) 0.1 um. (D) 0.05 um.

measured by a standard BET apparatus, were 16.46 cm?® and
82.30 cm? for doses of 1 and 5 mg/kg, respectively.

Figure 3 illustrates transmission electron microscopy
analysis of rutile TiO, nanorods, showing the presence of
nanorods with a primary diameter of approximately 4 to 6
nm. Nanosized aggregates were present, and in general the
aggregate sizes were less than 1 pm.

Rutile TiO, Nanorods Triggered Lung Inflam-
mation. Depending on the i.t. treatment, the cells found in
BAL fluid were primarily macrophages and polymorpho-
nuclear neutrophils (PMNs) (Fig. 4). Lymphocytes were not
found in control rat BAL fluid. No other cells were observed
microscopically. Diff-Quik staining of the cells recovered in
BAL fluid revealed that rutile TiO, nanorods were mainly
taken up by macrophages (Fig. 4B—D). However, cell-free
aggregates of nanorods were also seen (Fig. 4B-D).

The 1.t. instillation of rutile TiO, nanorods at doses of 1

and 5 mg/kg resulted in a marked cellular influx in the lung
(Fig. 5). Although the level of significance was reached at 5
mg/kg (P < 0.05) but not at 1 mg/kg, there was a clear dose-
dependent increase in the number of macrophages (Fig. 5A)
and of PMNs (Fig. 5B) in BAL fluid when rats that had
undergone pulmonary exposure to rutile TiO, nanorods
were compared with vehicle-exposed rats.

Rutile TiO, Nanorods Caused Pulmonary and
Cardiac Edema. Figure 6 shows the results of our
analyses of the lung and heart wet weight—to—dry weight
ratios. A slight but significant increase of this relation was
observed for the lung after i.t. instillation of rutile TiO,
nanorods at a dose of 1 mg/kg (P < 0.05) and of 5 mg/kg (P
< 0.05) when the treated rats were compared with vehicle-
instilled rats (Fig. 6A).

Similar to the lung wet weight—to—dry weight ratios, the
heart wet weight—to—dry weight ratio was significantly
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Figure 4. Cytocentrifuge preparation of cells obtained by lavage. The cells were recovered from rats exposed to (A) vehicle, (B) 1 mg/kg rutile
TiO, nanorods, or (C and D) 5 mg/kg rutile TiO, nanorods, 24 hrs after instillation exposure. The micrographs demonstrate the influx of
neutrophils (arrows) after exposure by i.t. instillation, the distribution of macrophages containing phagocytized rutile TiO, nanorods
(arrowheads), and cell-free aggregates of rutile TiO, nanorods (red arrowheads). The scale bar represents 20 um. A color version of the figure is
available in the online article.

greater in rats exposed to rutile TiO, nanorods at a dose of
(1 mg/kg (P < 0.05) and of 5 mg/kg (P < 0.01) than in
control rats (Fig. 6B).

Rutile TiO, Nanorods Affected the Number of
Circulatory Monocytes, Granulocytes, and Plate-
lets. Figure 7 illustrates the effect of rutile TiO, nanorods
on the numbers of WBCs and platelets. Twenty-four hours
after their i.t. administration, rutile TiO, nanorods, at the
dose of 5 mg/kg, caused a significant increase in monocyte
and granulocyte numbers than did administration of the
vehicle (Fig. 7A and B). Although the differences in the
numbers of monocytes and granulocytes did not reach
statistical significance at the dose of 1 mg/kg, the monocyte
and granulocyte numbers increased in a dose-dependent
manner after the administration of rutile TiO, nanorods
when the nanorods-treated rats were compared with those in
the control group (Fig. 7A and B). No effect of rutile TiO,

nanorods was observed on the number of lymphocytes (Fig.
70).

Figure 7D shows that, in contrast to the numbers of
monocytes and granulocytes, the number of platelets
decreased in a dose-dependent manner after the i.t.
administration of rutile TiO, nanorods; this decrease was
seen when the nanorod-treated rats were compared with
vehicle-treated rats. However, the level of significance was
reached only at the dose of 5 mg/kg (P < 0.05).

Rutile TiO, Nanorods Caused Platelet Aggre-
gation In Vitro in Whole Blood. Because the number of
platelets decreased in vivo, a result indicating the presence
of platelet aggregation, we investigated platelet aggregation
in the whole blood of rats. Figure 8 shows that low
concentrations of rutile TiO, nanorods (0.4, 2, and 10 pg/ml
blood) caused platelet aggregation in a dose-dependent
manner. Direct addition of as little as 0.4 pg/ml resulted in a

Downloaded from ebm.sagepub.com at SAGE Publications on October 31, 2014


http://ebm.sagepub.com/

PULMONARY AND SYSTEMIC EFFECTS OF TiO, 615

A
P<0.05
= 18+
g | L]
(=]
* I
2 121
o
£ -1
G
o
s |1 |
=
Control 1 5
TiO, (mg/kg)
B P<0.01
30+ I
E 204
s
X 104
3;' 5.0
o
£
S 254 T
m - -
0.0 I 1
Control 1

TiO, (mg/kg)

Figure 5. Rutile TiO, nanorods induced lung inflammation. (A) The
number of macrophages and (B) the number of PMNs in BAL fluid
were assessed 24 hrs after i.t. instillation of vehicle or rutile TiO,
nanorods. Data are the mean = SEM for each group (6 to 7 in each
group). Statistical analysis by one-way ANOVA followed by the
Dunnett multiple-comparison test was performed.

clear trend in platelet aggregation, and the effect was
significant at doses of 2 pg/ml (P < 0.05) and 10 pg/ml (P
< 0.001). The maximum platelet aggregation appeared to be
reached at a dose of 2 pg/ml, as no further increase in
platelet aggregation was observed at the higher dose (10 pg/
ml).

Discussion

The present work provides, for the first time, evidence
that rutile TiO, nanorods deposited in the lung can
upregulate lung inflammation, pulmonary and cardiac
edema, and systemic inflammation. Rutile TiO, nanorods
were also shown to trigger platelet aggregation in vivo and
in vitro.

The future of nanotechnology will largely depend on
public acceptance of the risks of nanomaterials in relation to
their benefits. Previous experience with materials such as
asbestos advises caution in using novel substances without
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Figure 6. Rutile TiO, nanorods induced pulmonary and cardiac
edema. (A) The wet weight—to—dry weight ratio of the left lung and (B)
the wet weight-to—dry weight ratio of the cardiac tissue 24 hrs after i.t
instillation of vehicle or rutile TiO, nanorods are shown. Data are the
mean = SEM for each group (6 to 7 in each group). Statistical
analysis by one-way ANOVA followed by the Dunnett multiple-
comparison test was performed.

full evaluation of their potential health risks (23). Engi-
neered nanomaterials typically possess nanostructure-de-
pendent properties (e.g., chemical, mechanical, electrical,
optical, magnetic, biological properties), which make them
desirable for commercial or medical applications. However,
these same properties may potentially lead to nanostructure-
dependent biological activity that differs from and is not
directly predicted by the bulk properties of the constituent
chemicals and compounds (24, 25).

Pulmonary toxicity studies in rats have demonstrated
that low-solubility ultrafine particles or nanoparticles (size
<100 nm) produce more potent inflammatory responses
than do larger particles of similar chemistry at the same
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Figure 7. Rutile TiO, nanorods induced changes in the numbers of circulatory cells. The number of (A) monocytes, (B) granulocytes, (C)
lymphocytes, and (D) platelets were evaluated 24 hrs after i.t. instillation of vehicle or rutile TiO, nanorods. Data are the mean + SEM for each
group (6 to 7 in each group). Statistical analysis by one-way ANOVA followed by the Dunnett multiple-comparison test was performed.

mass concentrations or doses (4). Some evidence suggests
that inhaled nanoparticles, after deposition in the lung,
largely escape alveolar macrophage surveillance and gain
greater access to the pulmonary interstitium through trans-
location from alveolar spaces through epithelium (15, 26).

The potential pathophysiologic effects of rutile TiO,
nanorods are not known. To clarify this point, we applied a
soft chemistry technique to produce rutile TiO, nanorods.
The purity of these nanorods was verified by powder X-ray
diffraction and transmission electron microscopy electron-
diffraction analysis. We have previously shown that the
rutile phase of nanorods possesses an excellent photo-
degradation of Congo red under sunlight. This effect has
been related to their shape and size (18). The transmission
electron microscopy analysis of rutile TiO, nanorods
showed nanorods with a primary diameter of approximately
4 to 6 nm (Fig. 3C and D). We also found nanosized
aggregates, and in general the aggregate sizes were less than
1 pm.

The i.t. instillation of a bolus of particles has been
shown to be a convenient and valid mode of administration

of foreign compounds into the airways (27). By this method
of delivery, the actual dose delivered to the lungs of each
animal can be established accurately, and this method is
simpler than inhalation; thus, the introduction of a range of
doses to the lung in a short time is permitted. However, this
technique has drawbacks that include the essentially non-
physiologic nature and the administration of the particles as
a bolus rather than as an infusion that lasts several hours.
The consequence of the latter on our findings remains to be
established in studies using exposure by inhalation.

The exposure doses chosen for this study (1 and 5 mg/
kg) and the time point reflected i.t. instillation doses used in
previous studies of diesel exhaust, carbon nanotubes, and
TiO, as a form of nanoparticles or anatase nanorods (17, 21,
28, 29). Our data showed that 24 hrs after their i.t.
instillation, rutile TiO, nanorods cause macrophage and
neutrophil influx in the alveoli, reflecting increased
epithelial permeability. This finding is consistent with those
from the study of Warheit er al. (17), who showed that
similar doses of TiO, nanodots or anatase nanorods caused a
short-lived influx of neutrophils in BAL fluid that was
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Figure 8. Rutile TiO, nanorods induced platelet aggregation in
whole blood in vitro. Platelet aggregation in untreated rat whole blood
3 mins after the addition of vehicle or rutile TiO, nanorods (0.4, 2, or
10 pg/ml) was assessed. The degree of aggregation is expressed as
the percent of aggregation induced by ADP (0.5 uM). Data are the
mean = SEM for each group (6 in each group). Statistical analysis by
one-way ANOVA followed by the Dunnett multiple-comparison test
was performed.

observed at 24 hrs. However, this effect was not sustained 1
week or 1 or 3 months after exposure. It was not clear from
that study whether the number of macrophages was affected
by TiO, nanodots or anatase nanorods (17). Recently, Chen
et al. (13) showed that TiO, nanoparticles can induce severe
pulmonary emphysema. They found that PIGF, chemokines,
and the complement cascade may cause inflammatory cell
chemotaxis, cell proliferation, and apoptosis, resulting in
serious lung injury. In addition, the present study showed an
increase in lung wet weight—to—dry weight ratio, indicating
pulmonary edema formation. The increase in lung weight
ratio has been observed in rats after i.t. instillation of quartz
or positively charged polystyrene nanoparticles but not after
instillation of carbon black or diesel particles (30, 31).
There are three primary hypotheses being investigated
to explain the extrapulmonary effect of nanoparticles (4,
32). Inhaled particles have been suggested to affect the
autonomic nervous system, and these effects may lead to
changes in the pattern of breathing, heart rate, and heart rate
variability. Inhaled particles may affect the cardiovascular
system through inflammatory mediators (e.g., cytokines and
histamine) produced in the lungs and released into the
circulation (4, 32). Several studies have shown that
nanoparticles, owing to their small size, could avoid normal
phagocytic defenses in the respiratory system and gain
access to the systemic circulation and thus to different
extrapulmonary sites or even to the central nervous system
(5-8, 10, 33). Our data showed that i.t. instillation of rutile
TiO, nanorods causes cardiac edema. This observation has
not been previously reported. Cardiac edema was reportedly
observed in rats exposed to environmental particles that
were particulate matter with a size <2.5 um (PM, 5; Ref.
20). The mechanism whereby rutile TiO, causes cardiac

edema remains to be established. However, this effect could
be related to the translocation of rutile TiO, nanorods,
which directly affected the heart, and/or through the release
of an inflammatory mediator by the lungs.

In addition to cardiac edema, the number of circulatory
inflammatory cells such as monocytes and granulocytes
were increased after pulmonary exposure to rutile TiO,
nanorods. An increase in leukocytes in association with
nanoparticle exposure is usually interpreted as an indication
of an increased inflammatory response. Our findings are in
agreement with those of previous studies that reported an
increase in the number of blood leukocytes after pulmonary
exposure of rats to nanoparticles (34) or in association with
increasing particulate air pollution in humans (35, 36).
Other studies performed in humans and animals exposed to
particulate matter with a size <10 pm (PM;) showed the
development of leukocytosis, which was accompanied by
stimulation of the bone marrow that included the accelerated
release of PMNs and monocytes from the marrow (36-38).

We recently demonstrated a prothrombotic effect of
diesel exhaust particles in hamsters and an activation of
platelets (28, 39, 40). Studies of rats additionally showed
evidence of thrombus formation after the deposition of
nanoparticles in the respiratory tract (41). A procoagulant
effect has also been shown in mice and rats, after
intravascular infusion of nanoparticles or diesel particles
(42, 43). We have also reported that polystyrene nano-
particles in hamster models can modulate thrombus
formation, and Suwa et al. (44) observed a systemic
inflammatory response and a progression of the athero-
sclerotic process in hyperlipidemic rabbits in association
with PM 10-

Our findings showed that i.t. instillation of rutile TiO,
nanorods leads to a dose-dependent decrease in platelet
number, indicating that platelet aggregation occurred in
vivo. Our data are in agreement with the results of Riickerl et
al. (45), who reported a decrease in platelet number along
with an increase in soluble CD40 ligand, a marker of platelet
activation, after human exposure to environmental nano-
particles. In contrast, in our previous studies, we did not find
any changes in platelet number after pulmonary exposure to
diesel particles or carbon nanotubes (21, 28, 39, 40). This
effect could be related to the shape and/or surface chemistry
of the rutile TiO, nanorods (4). Because this decrease in
platelets could be the result of platelet aggregation due to a
direct effect of rutile TiO, nanorods that have presumably
translocated to the systemic circulation, we performed
additional in vitro studies whereby we assessed the effect
rutile TiO, nanorods on platelet aggregation in whole blood.
The addition of TiO, nanorods into rat blood in vitro caused
platelet activation in a dose-dependent manner. This effect
was seen with as little as 0.4, 2, and 10 pg of rutile TiO,
nanorods per milliliter, which are concentrations that can
presumably be achieved in the circulation after i.t.
instillation of 0.3, 1.5, and 7.5 mg/kg or 0.1, 0.5, and 1.5
mg per rat (5, 7).
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We conclude that pulmonary exposure to rutile TiO,

nanorods leads to lung inflammation and to systemic
inflammation and activation of circulating blood platelets.
Further experimental studies are needed to determine the
mechanisms behind these observations and to study the
effect of size and surface modification on respiratory and
cardiovascular endpoints. Our findings suggest that the
development of novel nanoparticulates for pharmacology,
therapeutics, diagnostics, or industrial purposes must
proceed in tandem with assessment of any toxicologic and
environmental side effects.
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