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Abstract The intensive use of nano-sized titanium
dioxide (TiO,) particles in many different applications
necessitates studies on their risk assessment as there are
still open questions on their safe handling and utiliza-
tion. For reliable risk assessment, the interaction of TiO,
nanoparticles (NP) with biological systems ideally
needs to be investigated using physico-chemically
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uniform and well-characterized NP. In this article, we
describe the reproducible production of TiO, NP
aerosols using spark ignition technology. Because
currently no data are available on inhaled NP in the
10-50 nm diameter range, the emphasis was to generate
NP as small as 20 nm for inhalation studies in rodents.
For anticipated in vivo dosimetry analyses, TiO, NP
were radiolabeled with **V by proton irradiation of the
titanium electrodes of the spark generator. The disso-
lution rate of the **V label was about 1% within the first
day. The highly concentrated, polydisperse TiO, NP
aerosol (3-6 x 10° cm™) proved to be constant over
several hours in terms of its count median mobility
diameter, its geometric standard deviation, and number
concentration. Extensive characterization of NP chem-
ical composition, physical structure, morphology, and
specific surface area was performed. The originally
generated amorphous TiO, NP were converted into
crystalline anatase TiO, NP by thermal annealing at
950 °C. Both crystalline and amorphous 20-nm TiO,
NP were chain agglomerated/aggregated, consisting of
primary particles in the range of 5 nm. Disintegration of
the deposited TiO, NP in lung tissue was not detectable
within 24 h.

Keywords Titanium dioxide - Anatase -
Amorphous TiO, - Spark ignition - Chain aggregate/
agglomerate - Nanoparticle generation - Transmission
electron microscopy - Elemental microanalysis -
Electron tomography - Environmental, health and
safety (EHS)
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Introduction

Nanoscaled, pigment-grade titanium dioxide (TiO,)
is widely used in many fields of industrial technol-
ogy, consumer products, science, and medicine
(Zhang et al. 2001; Chen and Mao 2007; Almquist
et al. 2003; Nohynek et al. 2008; Li et al. 2008;
Rehman et al. 2009; Barnard 2010). However, the
fraction of nanoscaled TiO, is most often not
identified. Yet it appears plausible that pigment-
grade TiO, contains a fraction of nanoscale TiO, with
particulate structures less than 100 nm in size. In
industrial products such as paints, plastics, papers,
inks, food colorants, and toothpastes TiO, provides
whiteness and opacity. In cosmetic and skin care
products, particularly in sun cream, it protects the
skin from UV light. In medicine and pharmacy, it is
used in prostheses and as filler and coating of
medicaments. Particulate TiO, comes in many forms;
besides the two dominant crystalline structures,
anatase and rutile and mixtures thereof, it may have
an amorphous structure. Furthermore, there are many
options for surface coatings and other surface mod-
ifications (Zhang et al. 2001; Chen and Mao 2007,
Almquist et al. 2003; Nohynek et al. 2008; Li et al.
2008). In addition, particulate TiO, may well be used
in mixtures of other pigment or nanoscaled materials.

Although TiO, is chemically not very reactive,
TiO, NP have been shown to cause adverse health
effects, such as respiratory tract cancer in rats
(Heinrich et al. 1995; Borm et al. 2004; Dankovic
et al. 2007). Recently, Jiang et al. (2008) reported the
complex relationship between NP size (from 4 to
195 nm) and crystalline structure of TiO, NP, and
their ability to induce reactive oxygen species (ROS)
and subsequent inflammatory responses. However,
epidemiologic studies conducted on workers exposed
to pigment-grade TiO, have not found an association
between occupational exposure to TiO, and increased
risk for lung cancer (Boffetta et al. 2004; Fryzek et al.
2003). Thus far, there are very few studies on oral
uptake of particulate TiO,. Lomer et al. (2004)
reported an average daily uptake of 4.5 mg of
manufactured TiO, in a survey of more than 600
individuals. In addition, only limited data are there on
uptake and biokinetics of particulate TiO,. According
to the study by Jani et al. (1994) in healthy rats, up to
5% of the oral uptake of engineered TiO, leads to
absorption and distribution in the entire body. If this
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fraction is applied to humans, then a continuous daily
dose of several hundreds of microgram of engineered
TiO, is expected to be absorbed and distributed in the
body of each individual of the general population
every day, with nanoscale TiO, particles most likely
to be absorbed. Hence, a thorough study on the fate of
nanoscale TiO, particles in the body is needed.

In this article, we focus on the generation and
characterization of well-defined TiO, NP for use in
inhalation studies since developing the science and
technology of NP production for toxicology studies is
essential in its own right to allow us to understand
and minimize the potential health impacts. With
respect to the investigation of health impacts, the
following questions need to be addressed:

(1) distribution and transport of particles within the
respiratory tract;

(2) their subsequent biokinetic fate across the air—
blood barrier into circulation and accumulation
in organs and tissues of the entire organism;

(3) toxicological responses of the various tissues in
the lungs and the entire organism.

Transmission electron microscopic (TEM) analy-
sis of NP at the individual particle level in tissues is
important as it provides information about which
cells and intracellular components are the targets of
(inhaled) particles. Such investigations have been
reported already for amorphous TiO, NP aerosol
generated with the system described in this article
(Kapp et al. 2004; Geiser et al. 2005, 2008). These
analyses contribute to the understanding of underly-
ing mechanisms and modes of actions that may
eventually lead to adverse health effects. Prerequi-
sites for such studies include adequate particle
application and tissue preservation, representative
tissue, and particle sampling for quantitative analysis
(unbiased stereology), as well as unambiguous par-
ticle identification (Geiser and Kreyling 2010).

Materials and methods

Generation of TiO, NP using spark ignition
technology for online inhalation studies

Using a spark aerosol generator (GFG100, Palas,
Karlsruhe, Germany), sparks were ignited by a high-
voltage discharge between two adjacent titanium rod



J Nanopart Res (2011) 13:511-524

513

inhalation

exposure tube
furnace

0.(0.1%) | Ar

Fig. 1 Schematics of TiO, NP generation and online size and
concentration analysis

electrodes in an argon (Ar) gas stream of 3 L min~"

with 0.1 vol% of oxygen (O,), as shown in Fig. 1. In
this spark ignition process, a tiny amount of titanium
of the electrode surface evaporates and condenses
very quickly forming primary particles. By altering
the frequency of the spark ignition, the resulting mass
output and hence the coagulation-driven size distri-
bution of the chain-agglomerated/aggregated NP can
be varied. Because of the O, content in the gas
stream, these particles have already become com-
posed of TiO,. These primary particles appear at very
high concentrations (>>10® cm™), such that rapid
coagulation occurs during the cooling. According to
the initial high spark temperature, aggregates with
firm chemical bonds will be formed. During further
cooling, agglomerates will be formed by weak
physical, e.g., van der Waal forces. The highly
charged aerosol was quasi-neutralized by an inline
radioactive *’Kr source about 10 cm® downstream of
the spark generation chamber. Further coagulation
was stopped by diluting the aerosol with oxygen and

Fig. 2 Schematics of
proton irradiation of
titanium

&

anatase

nitrogen to obtain an oxygen concentration of
20-25% at a flow rate of typically 10 L min~'. The
oxygen/nitrogen mixture was humidified by con-
trolled diffusion of water molecules through a semi-
permeable tube to achieve a final relative humidity of
the aerosol that is modifiable between 50 and 80%.
The aerosol was fed through a rodent inhalation
apparatus maintained with an absolute filter and
pump unit to adjust the aerosol pressure to be in the
range between 20 and 40 Pa below the laboratory
pressure. Using this system, a physiological aerosol is
provided to the animals for inhalation within 5 s of
the initial particle formation.

Various alternative methods exist for the generation
of TiO, NP aerosols that provide higher mass output
rates. However, this is either at the expense of larger
particle size due to rapid coagulation, or of higher flow
rates which are not desirable, since rodents (rats) do not
inhale more than about 0.2 L min~'. Our technique
provides the highest number concentration theoreti-
cally possible (3—6 x 10° cm™) limited only by
unavoidable rapid coagulation, and is ideally suited
to rodent inhalation studies. The system is also more
suitable than other aerosol techniques for labeling
studies (see below) due to the lower amount of
radioactive material associated with the limited mass
output rate.

48V radiolabeling of TiO, NP

Radiolabeling of TiO, with **V has been described
earlier (Lekki et al. 2007). The pure cylindrical
titanium electrodes (diameter 3 mm; length 5 mm)
were proton irradiated in a cyclotron (ZAG, Kar-
Isruhe, Germany) causing a nuclear transformation of
non-radioactive “**Ti atoms into radioactive **V
atoms, Fig. 2. The proton beam was directed toward
one of the circular tips of both electrodes, at a low

R*(y: 2 * 511 keV)
a8y ¥: (1.0 + 1.3 MeV)

recoil
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Fig. 3 Proton irradiation of a titanium electrode at a low angle
of incidence to one of the circular surfaces

angle of incidence to the surface. Owing to the
chosen beam energy, and to beam energy loss in the
titanium, the nuclear (p, n) reaction occurred prefer-
entially very near the surface of the electrodes, Fig. 3.
Thus, the total *®V radioactivity of 85 MBq per
electrode was accumulated in the first few milligram
of each tip. The radioactive **V isotope decays by
electron capture and positron emission with major
gamma energies at 0.99 and 1.3 MeV; its decay half-
life is 15.98 days.

In the case of **V radiolabeling using irradiated Ti
electrodes (see below), thermal treatment of the
aerosol was introduced downstream of the °Kr
aerosol neutralizer before the addition of oxygen
and nitrogen using a tube furnace at 950 °C for the
firm integration of the **V-atoms into the matrix of
the NP aggregates/agglomerates, see Fig. 1.

Aerosol characterization

Size distribution and aerosol concentration were
continuously measured online using a condensation
particle counter (CPC 3022, TSI, Aachen, Germany)
and a differential mobility particle size spectrometer
(DMPS consisting of a model 3071 differential
mobility analyzer and a model 3010 CPC, TSI,
Aachen, Germany). All aerosol lines were made of
metal, properly grounded to avoid potential losses
due to NP charge. In addition, the aerosol analysis of
size and concentration was performed at the same
point after generation—as it entered the inhalation
apparatus—to ensure correct analysis of the aerosol
dynamics at inhalation. This was achieved by
adjusting the aerosol residence time by optimizing
the volume of the aerosol line to the aerosol
instruments in accordance with their flow rates.

The spark generator was usually run at 100-150-
Hz spark frequency resulting in NP aerosols with a
median mobility diameter of 20-25 nm. Owing to the
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additional O, flow into the spark chamber for
titanium oxidization during the generation process,
O; concentration was monitored at 5-min intervals
during several 2-h aerosol production experiments
using an ozone monitor (O341M, Environment SA,
Poissy, France).

TiO, NP morphology and chemical analysis

An electrostatic precipitator (ESP) (3089 TSI,
Aachen, Germany) was connected to the spark
ignition aerosol generation system to deposit TiO,
NP for TEM analysis. As-generated (without heat
treatment) particles as well as particles treated at
950 °C were directly deposited onto lacey carbon
film copper TEM grids placed inside the ESP. A
high-resolution TEM (HRTEM, JEOL 3000F, Tac-
hikawa, Japan), equipped with a field emission gun,
an X-ray energy dispersive spectrometer (XEDS,
Inca, Oxford Instruments, Oxford, UK), and Gatan
Imaging Filter (2 x 2 k), operated at 300 kV was
used for morphological and chemical investigations
of TiO, NP.

For chemical composition, XEDS and Electron
Energy Loss Spectrometry (EELS) measurements
were performed.

Specific surface area analysis of TiO, NP

The specific surface area of a 15-mg TiO, NP sample
collected during 8-h day-shifts over 2 weeks of
aerosol production and filter sampling was deter-
mined using the BET isotherm (Autosorb-1, Quanta-
chrome Instruments, Florida, USA) by nitrogen
adsorption at 77 K. Usually, BET analysis requires
a total particle powder surface area of 10 m>.

TiO, NP crystallinity

TiO, aerosol was generated and collected on Teflon
filters over several days. During the entire production,
the aerosol concentration and size distribution were
monitored. Production was terminated when a total of
about 15 mg of TiO, NP was carefully removed from
the filters and then transferred into a test tube. This
was done for TiO, aerosols both with and without
thermal treatment to obtain crystalline and amorphous
TiO, NP, respectively. X-ray diffractometry (XRD)
was used for the characterization of crystallinity and
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crystal phase of the 15-mg TiO, NP sample using a D-
MAX/A9 diffractometer (Rigaku, Tokyo, Japan) with
copper Ko radiation (1 = 1.5418 A).

In a second attempt to characterize the crystalline
structure of the TiO, NP, a small quantity was
deposited onto a silicon wafer over an area of several
square millimeters by electrostatic point-to-plane
precipitation (Intox, Albuquerque, USA). A TiO,
NP aerosol sample flow of 0.5 L min~' was quanti-
tatively precipitated by a corona current of 2 mA at
3.5kV between a needle tip and the electrically
grounded wafer perpendicular to the aerosol flow; the
sampling time was 2 h. The resulting layer was
estimated to be a few micrometers thick. This was
then examined by glancing-angle XRD (GAXRD), a
diffraction technique that is highly surface sensitive,
and therefore suitable for analyzing such small
quantities of deposited material. The GAXRD system
employs a copper Ko source and a laser alignment
system that ensures accurate control of the incident
beam angle and positioning of the sample in the
finely collimated incident beam. GAXRD is a non-
focusing geometry with a Soller slit being used in the
diffracted beam for definition of the angle of the
diffracted radiation. The instrumental resolution is of
the order of 0.2° (depending on incident beam slit
width).

In vitro leaching of the radiolabel **V
from the TiO, NP

Aerosols of *®V-TiO, NP were collected on an
absolute filter and measured with gamma-spectro-
metry. Subsequently, the filter was mounted in a filter
holder with a maximum infusion volume of 200 mL.
A volume of 50-mL distilled water was added and
after 5 min, 1 h, 24 h, and 3 days, the water was
pressed through the filter by compressed air (1.5 bar)
and the **V activity in the filtrate was measured.

TEM analysis of TiO, NP in tissue samples:
morphological characterization and elemental
microanalysis

When studying any particle in biological specimens
at the ultrastructural level, unambiguous particle
identification is absolutely required. The morphology
of the particles has to be known. The first step is to
establish the morphology of the aerosol to be inhaled.

For this purpose, aerosol-particles collected directly
on formvar-coated copper TEM grids using electro-
static precipitation are analyzed, as well as ultrathin
sections of aerosol particles collected on filters that
are embedded in Epon. These two methods are
technically simple, can be performed using any
conventional TEM, and can be used to adequately
establish the morphology of the aerosol particles and
their section profiles.

A technically more challenging method for unam-
biguous ultrastructural analysis of nanoparticles (NP)
in all the three spatial dimensions is electron tomog-
raphy. 3D structural information of NP and the
surrounding tissue is obtained by reconstructing the
projections acquired from a multiangular tilt series
(Baumeister 2002). The 3D morphology of NP is of
special interest because conventional TEM can only
produce projections of the NP. We performed elec-
tron tomography on untreated, unembedded TiO, NP
collected from the aerosol on formvar-coated TEM
grids directly from the aerosol using a Tecnai F20
field emission TEM (FEI Company, Eindhoven,
Netherlands) operating at 200 kV. Typical tilt series
were acquired at a magnification of 80,000 cover-
ing an angular range between —40 and 40° (with an
increment of 2°) and a defocus of —2.66 um. The
pixel size in the tomograms was 0.26 nm. Semi-
manual alignment and reconstruction were performed
using the FEI software package (Inspect 3D, Amira,
FEI Company, Eindhoven Netherlands), while for
image processing the ImagelJ software, equipped with
the volume viewer plugin was used.

Unambiguous identification of TiO, NP in ultrathin
tissue sections requires not only the morphological
identification of the particles by their section profile,
but also their elemental microanalysis by Energy
Filtering TEM (EFTEM), EELS, and related methods,
because there are other structures in the ultrathin
tissue section resembling the NP morphologically
(“false positives”). In experiments where rats inhaled
unlabeled and non-heat-treated aerosols of TiO, NP
generated by spark ignition as described in this article
and lungs were chemically fixed and prepared for
ultrastructural analysis either immediately or 24 h
after aerosol inhalation, we have adapted three high-
resolution and high-sensitivity methods for elemental
analysis of TiO, NP in ultrathin sections using a LEO
912 (Zeiss, Oberkochen, Germany) microscope (Kapp
et al. 2004; Geiser et al. 2005, 2008). We routinely use
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electron spectroscopic imaging (ESI), where images
are taken at a defined energy loss. Elemental (tita-
nium) mapping is achieved with the three-window
method. The background windows are set at
AE =390 eV and AE = 440 eV, respectively, the
titanium-specific window at AE = 464 eV (L, ; edge
of titanium); the acceleration voltage is 120 kV, and
the energy selection slit width is 10 eV. Bright-field
and structure-sensitive images (recorded at 0 eV) as
well as element-specific contrast for titanium are
obtained by digital acquisition (iTEM, Olympus Soft
Imaging Solutions GmbH, Miinster, Germany). ESI
images have reversed contrast as only inelastically
scattered electrons are used with an energy loss
producing a dark field image.

Results

Generation of TiO, NP using spark ignition
technology for online inhalation studies

For TiO, NP aerosol generation, minimal oxygen was
added into the spark chamber to produce NP
consisting of TiO, and minimize O3 in the aerosol
which would irritate the airways of the exposed
rodents. An O, flow rate of 0.1% of the Ar flow rate
(3 L min~') was chosen since NP turned out to
consist of TiO, and the O3z concentration was
sufficiently low at 23 + 11 ppb to avoid any irrita-
tion during animal exposure. Data were collected at
5-min intervals over 2-h long TiO, aerosol produc-
tion experiments. Production of amorphous versus
crystalline TiO, NP was achieved without or with
thermal heat treatment of the NP aerosol in a tube
furnace downstream of the 5°Kr aerosol neutralizer,
respectively.

Aerosol characterization

The aerosol was usually diluted and adjusted to a
concentration of 3-6 x 10° NP cm ™ at a total flow
of 10 L min~" and was constant to within £20% over
several hours per day (Fig. 4) and even for several
consecutive days (data not shown). Mean mass
concentrations determined by the weight of filter
samples were about 60 pg m—> (36 pg h™'). The
median mobility diameter determined by DMPS and
the geometric standard deviation also remained
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Fig. 4 Average TiO, NP aerosol size distribution (left upper)
and concentration (left lower) during 1 h of generation;
variation of the count median diameter and geometric standard
deviation during 1 h of generation (right upper)

constant to within about £15 and +10%, respectively
(Fig. 4). The median mobility diameter of the ther-
mally untreated NP was about 20-25 nm, whereas
that of the thermally treated NP was about 10% less,
as shown in Fig. 5. Reproducibility of the aerosol
generation was found be satisfactory as demonstrated
during the intermittent daily aerosol production for
the collection of TiO, powders for BET analysis (see
“Methods” section).

When using “*V radiolabeled electrodes, the spe-
cific **V activity of the aerosol was 1.5 MBq m™>,
and the specific **V activity per NP mass was
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Fig. 5 Size distribution of

TiO, thermal treatment
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27 MBq mg~". This corresponds to a **V activity of
1.7 x 1077 Bq per single NP.

TiO, NP morphology

TEM analyses revealed that the as-generated (non
heat-treated) particles consist of almost spherical
primary particles of 2-5 nm in (geometric) diameter.
The primary particles are linked into a chain-like
agglomerate morphology with a variable length
between about a ten and several tens of nanometers
depending on the direction of measurement (Fig. 6,
upper right). This is consistent with the observed
median mobility diameter of 20-25 nm, since for
loosely packed, fractal-like agglomerates as encoun-
tered here (fractal dimension is estimated to be about
1.5-2.0) the minimum and maximum length of an
agglomerate is about 2-3 times smaller and larger than
the corresponding mobility diameter, respectively
(Baron and Willeke 2001). From high resolution
imaging combined with diffraction measurements the
agglomerated particles are found to have an amorphous
structure (Fig. 6, lower right). Investigations of the
particles sintered at 950 °C reveal a similar morphol-
ogy as for the as-generated particles. Again the
particles are found to have a chain-like agglomerate
morphology consisting of almost spherical primary
particles of a few nanometers, probably slightly more
strongly agglomerated together (Fig. 6, upper left),
which is in good agreement with the heat treatment
studies of Seto et al. (1995). However, the structure of
the individual agglomerated particles has transformed
from amorphous to crystalline (Fig. 6, lower left).

diameter [nm]

Comparing the as-generated particles with the heat-
treated ones, it is clear that the sintering process
modifies the internal structure of the particles but to a
lesser extent affects their overall morphology. For such
morphological changes, a higher temperature would
have been necessary (Karlsson et al. 2005). The phase
transformation of TiO, depends on surface energy
which is directly related to the size of the NP (Gribb
and Banfield 1997). Detailed studies on crystal phase
transformation, both during synthesis and post treat-
ment, have been conducted in earlier studies (Yang
et al. 1996)—see also the “Discussion” section.

In addition, electron tomography allows the 3D
characterization of TiO, NP collected from the
aerosol. By acquiring a set of projection images at
a range of angles, the particles can be analyzed
throughout the whole stack volume. As shown in
Fig. 7a—c, the TiO, NP adopt different morphologies
in different planes of the image stack. In the 3D
reconstruction (Fig. 7d), the NP appear unconnected
to the xy-plane, i.e., the TEM grid. This is probably
due to thickness fluctuations (up to 25 nm) of the
formvar support film. Another structural feature seen
in the tomograms is that of Bragg diffractions which
induce scattering contrast in bright field TEM due to
lattice plane orientation of crystalline areas. In the
tomograms, they appear as contrast-rich areas with
rapid contrast reduction upon slight angular tilting
(Fig. 7a;—a3). Bragg reflections alter the contrast at
each tilt image. This contrast variation is not usually
preferred, though its effect on the final result
decreases with the number of images taken (Takaoka
et al. 2008). The TiO, NP agglomerates observed in
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Fig. 6 TEM and HRTEM:
Left upper thermally treated
crystalline TiO,. Right
upper thermally untreated
amorphous TiO, NP. Left
lower thermally treated
crystalline TiO, NP. Right
lower thermally untreated
amorphous TiO, NP

2 nm

Fig. 7 TEM images, Bragg reflections and reconstructed
electron tomogram of TiO, NP. The tilt series consisted of
64 images obtained between —40 and 40° tilt angle with an
evenly spaced increment of 2°. The magnification was
80,000%. Left Topmost (a), middle (b) and lowest (¢) image

vivo and after sampling of the humidified aerosol

(Kapp et al. 2004) have different structural organi-
zations when compared to Fig. 6 (right) but they
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of the tomographic reconstruction. Middle Bragg diffractions
(arrows) appear as contrast-rich areas with rapid contrast
reduction upon slight angular tilting (a,—a; consecutive
images). Right 3D reconstruction of the TiO, NP (in gold)
and the lowermost image of the electron tomogram

appear slightly more compact than the loosely
arranged amorphous TiO, aerosol NP. This humid-
ity-associated restructuring of agglomerated NP was
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reported earlier (Weber et al. 1996). In electron
tomography as well as in conventional TEM, an
overall heterogeneous particle structure can be rec-
ognized which makes it more difficult to find NP in
tissue samples. In this case, Bragg reflections provide
additional information on the TiO, NP in electron
tomography that helps to identify these NP in
biological specimens.

Chemical analysis of TiO, NP

Both NP powders—heat-treated and non-heat-trea-
ted—collected for the BET measurements, were
white in color. Regarding chemical composition,
XEDS measurements confirm that the generated
particles contain titanium and oxygen. Furthermore,
results of quantification of XEDS for 10 and 16
measured particles, show, respectively, average
atomic % compositions of 36/64 (Ti/O) and 36/64
(Ti/O) for the as-generated and the sintered particles.
Given the accuracy limit of about &2 atomic % for
XEDS, these results confirm that the particles are
composed of TiO,. In addition, oxygen and titanium
maps produced by EFTEM demonstrate that the
oxygen and titanium are evenly distributed inside the
particles, further confirming the TiO, composition.

TiO, NP crystallinity
The GAXRD pattern, taken at an incident angle of 1°,

for the heat-treated TiO, NP deposited onto a silicon
wafer is presented in Fig. 8, together with reference

GAXRD scan
spark ignition TiO,

anatase
------ rutile

diffracted intensity

diffraction angle (20)

Fig. 8 XRD of a thermally treated TiO, NP sample on a
silicon wafer

lines for anatase and rutile. The pattern clearly
indicates that the main TiO, crystalline phase is
anatase, with no clear evidence to confirm the
presence of the rutile phase. Certain XRD peak
positions appear slightly shifted to higher angles than
those that would be expected for a perfect anatase
structure, indicating a probable c-axis lattice para-
meter about 1.5% shorter than the reference value.
There is also a broad feature to the high angle side of
the anatase 101 peak, the origin of which is not clear,
although it could be associated with particularly
small nanocrystalline domains, or possibly crystal-
line-stacking faults. Point defects such as impurities,
vacancies or interstitials could all be present in the
NP structure. While the signal/noise ratio is not good
enough for accurate peak deconvolution, the anatase
XRD peaks appear to display both microstrain and
significant crystallite size broadening. The micro-
strain would again be consistent with the presence of
point defects, while the crystallite size can be roughly
estimated to be 4-5 nm.

For the 15 mg TiO, NP powder sample, the crystal
phase was confirmed to predominantly consist of
anatase as shown in Fig. 9. The non-identified wide
feature at about 30° is also seen in this sample. Peak
width analysis using Scherrer’s formula again indi-
cates a crystallite size of 4-5 nm.

Specific surface area of TiO, NP

The measured surface area of the thermally treated
anatase TiO, NP from BET measurement was found

1 1 1
Anatase

Intensity

|
Rutile

20 25 30 35 40 45 50 55 60
2*Theta [degree]

Fig. 9 XRD of a thermally treated TiO, NP powder sample
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to be 270.7 m> g_l, whereas it was 330 m> g_1 for
thermally untreated amorphous TiO, NP. The
decreased surface area for the thermally treated
TiO, is likely due to the sintering of the NP, which
reduces the surface area at the points where the
individual primary particles bond together. This
moderate decrease of the specific surface area is in
very good agreement with Seto et al. (1995). The
equivalent diameters obtained from theses surface
area measurements were ~5 nm for the amorphous
NP and ~ 6 nm for the heat-treated material, assum-
ing all primary particles to be spherical and of the
same geometric diameter. These results are totally
consistent with the XRD crystallite size analysis.

In vitro leaching of the radiolabel **V
from the TiO, NP

The in vitro dissolution tests of non-heat-treated
“8V_TiO, NP generated by spark ignition showed a
considerable **V-loss of up to 25% after 24 h. In
contrast, when the NP-aerosols had been heat treated
at 950 °C in the tube furnace immediately after their
generation, the leached **V-fraction of the thermally
treated TiO, NP amounted to less than 2% of the total
activity within 24 h, and remained negligible there-
after. Obviously, in the non-heat-treated state, the 48y
radiolabel is only loosely bonded or trapped in the
amorphous NP structure. The observed decrease of
48V leaching indicates an increased integration of the
radiolabel into the crystalline TiO, lattice formed
during heat treatment.

Distribution and clearance of inhaled TiO, NP

The establishment of the morphology and the section
profiles of the aerosol particles as shown in Fig. 10,
allowed the morphological identification of TiO, in
ultrathin tissue sections. However, elemental micro-
analysis by EFTEM is additionally required to
confirm the elemental composition of the NP, as
there are other objects in the tissue that resemble the
aerosol particles. As shown in Fig. 11, elemental
(titanium) mapping achieved with the three-window
methods reveals a strong signal and is highly suitable
for the identification of the TiO, NP in tissue.

So far, our inhalation studies with TiO, NP in rats
and mice showed that the majority of these NP
remain on the luminal side of the air spaces (Geiser

@ Springer

Fig. 10 Morphology and section profiles of TiO, NP in
conventional TEM. a Area profiles of TiO, NP collected from
the aerosol on a formvar-coated 600-mesh hexagonal copper
grid. b TEM micrograph of particle profiles in ultrathin section
of epon-embedded TiO, aerosol sampled on filters. Scale bars
200 nm

et al. 2005). These ultrafines may also penetrate the
epithelial barrier and then distribute rapidly in the
lung tissue. At low concentration, inhaled TiO, NP
do not agglomerate and do not evoke inflammatory
responses by influx of neutrophils. Inhaled TiO, NP
are inefficiently phagocytosed by lung surface macro-
phages and are found in large phagolysosomes
containing other material like surfactant (Geiser
et al. 2008; Geiser and Kreyling 2010). In conclusion,
these studies give strong evidence for prolonged
lung-retention of inhaled TiO, NP, due to particle
penetration into the lung tissue and inefficient
macrophage clearance. There is a potential, however,
considered to be small, for systemic translocation of
TiO, NP into secondary target organs. A comparison
of the size of TiO, NP estimated by measuring the
(geometric) diameters of the particle profiles in
ultrathin sections of lung tissue and macrophages,
and that assessed by a differential mobility particle
sizer in the aerosol (equivalent mobility diameter)
gave no evidence for particle agglomeration (Geiser
et al. 2005).
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Fig. 11 Elemental
microanalysis of TiO, NP
in lung tissue. a ESI (three-
window method),
demonstrates that the NP
(arrow) consists of
titanium. Three images are
taken: two below the
element-specific edge to
extrapolate (a) background
image (390 eV, not shown
and 440 eV, b), and one
image within the maximum
(c, 464 eV) of the element
specific signal. The net
titanium signal in (d) is
calculated by subtraction of
the extrapolated
background image from the
titanium-specific signal.
The obtained image reflects
the titanium distribution in
white pixels. The 0 eV
image demonstrates the
structural details; it is
slightly shifted as compared
to the images used for
elemental microanalysis.
Reprinted from Geiser and
Kreyling (2010). Scale bar
500 nm

Discussion

The described spark ignition generator is capable of
providing approximately 20 nm TiO, NP aerosols at
high particle number concentration of 3-6 x 10° cm ™
with a lognormal size distribution (median mobility
diameter 20-25 nm and a geometric standard deviation
of 1.6); mass concentration was about 60 g m~>. This
number concentration is the upper limit above which
diffusional coagulation is likely to modify the size
distribution and number concentration within several
seconds. The aerosol production was stable over several
hours and for several consecutive days. The freshly
produced NP aerosols may be used within 5-10 s for
inhalation experiments with rodents to specifically
study deposition of these very small particles in the
respiratory tract and their interactions with lung tissues.
It can be noted that such small-sized NP aerosols for
inhalation can usually not be achieved when starting
from NP powders since the powder cannot be com-
pletely dispersed and the particles remain in

submicrometer-sized agglomerates/aggregates (Ma-
Hock et al. 2007). Hence, the spark ignition methodol-
ogy allows biomedical and toxicological studies
focused on the interactions and effects of the smallest
NP with respiratory tract tissues and subsequently, via
blood circulation with tissues of secondary organs. This
is a field which is largely unknown despite the fact that
the increasing use of new types of engineered NP should
imply risk assessments on the safety of these particles.

NP were characterized very thoroughly for their
aerosol characteristics and also for their physico-
chemical properties. Their stoichiometric composi-
tion was TiO,. Morphologically they consisted of
primary particles with 2-5-nm geometric diameter
forming chain agglomerates/aggregates of 20-25 nm
in diameter as determined by electron microscopy
and electrical mobility sizing. This agglomerated
structure is consistent with their relatively large
specific surface area of about 330 m* g~ (for the
non-heat-treated NP). In the spark chamber, TiO,
particles of exclusively amorphous structures were
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produced. The amorphous chain agglomerates/aggre-
gates were transformed by 950 °C heat treatment into
pure anatase crystallites using a down-stream tube
furnace but maintaining their chain agglomerate/
aggregate structure as shown by HRTEM, which is in
very good agreement to Seto et al. (1995). As a result,
their BET-specific surface area was only slightly
reduced to 270 m? g~'. Both forms of NP—either
amorphous or crystalline—were available for toxico-
logical studies. The phase transformation of TiO,
depends on surface energy which is directly related to
the size of the NP (Gribb and Banfield 1997). The
anatase phase of the TiO, is thermodynamically more
stable for size below 11 nm, whereas rutile is the
most stable for sizes greater than 35 nm (Zhang and
Banfield 2000). The critical size at which anatase
starts to transform to rutile is around 14 nm. In this
study, the primary particle sizes were less than 10 nm
so the anatase phase alone was observed after heat
treatment. Detailed studies on crystal phase transfor-
mation, both during synthesis and post treatment,
have been conducted in earlier studies (Yang et al.
1996). Point defects and interstitial atoms in the
crystalline lattice are mediators of solid-state diffu-
sion in materials and control the crystal phase of the
material, and thus may affect the biological activities.
Some of our previous studies have also elucidated the
role of surface defects on formation of ROS (Jiang
et al. 2008). However, we cannot exclude the
possibility that different NP morphologies as well
as NP surface defects may affect biodistribution (the
main focus of our inhalation studies) as well as the
formation of ROS.

For NP labeling, proton irradiation of the tip of the
titanium electrodes in a cyclotron caused a nuclear
reaction by which *®V atoms were formed within the
lattice of the tip of the electrodes. During spark
ignition **V was evaporated together with Ti atoms
from the surface of the electrode and condensed with
the primary TiO, particles. The **V-TiO, NP aerosol
yielded a specific **V activity of 1.5 MBq m ™ and
27 MBq mg~' NP mass. The specific **V radioac-
tivity decreases rapidly after erosion of the first few
milligram of Ti of the Ti electrodes which results in
loss of ¥V activity of the NP aerosol. However, at the
aerosol mass concentration of about 60 pg m~’
produced at a total aerosol flow rate of 10 L min™",
30 h of continuous aerosol operation are required to
erode each milligram; so major changes would only

@ Springer

occur after more than 30 rodent exposures lasting 1 h.
This needs to be borne in mind but is not normally
anticipated since the physical decay time of 16 days
of *®V, together with the laboratory capacity for
radioanalytical analysis, does not allow more than
3-5 rodent exposures with one set of irradiated
electrodes. Some variation in the specific **V radio-
activity in the NP will occur according to the slightly
non-uniform **V activity distribution with increasing
depth of the electrodes, and also due to radioactive
decay over time. The variation over a typical
inhalation time of 1 h will be minimal. With regard
to longer-term variations, both effects can be cor-
rected for by collection of all excretions and complete
accounting of all activities in the various organs as
we do in our quantitative biokinetics studies (Semm-
ler-Behnke et al. 2008; Geiser and Kreyling 2010).
Long inhalations over several hours, or sequential
inhalations on the same animal at widely differing
times, are not generally performed.

To firmly bind the **V radiolabel within the lattice
of the primary TiO, particles, heat treatment at
950 °C in the tube furnace was required. The leached
fraction of the **V radiolabel from the TiO, NP in
distilled water was <2% of the *®V radioactivity
within 24 h and remained negligible thereafter. These
in vitro tests in distilled water provide only a first
estimate on the leachability of the **V radiolabel. For
a full analysis of in vivo leaching, comparison of
biokinetic results of inhaled *V TiO, NP with those
of soluble **V radiolabel alone is necessary: from the
metabolic differences observed in these studies, the in
vivo leaching of the **V radiolabel off the NP can be
quantified as we have shown previously for inhaled
921 NP aerosols (Kreyling et al. 2002; Semmler
et al. 2004).

Since only very low specific radioactivity of the
“8V TiO, NP is required for their quantification in
toxicological studies, the ratio between **V and Ti in
the NP is 5 x 107°. Hence, most of the 2-5 nm
primary particles do not contain any **V atom and, on
average, there is less than one **V isotope per 20 nm
agglomerate/aggregate.

It is worthy to note that the TiO, NP aerosol
generation method used by Seto et al. (1995) is more
elaborate while our spark ignition methodology is
simpler and more robust and provides a stable, high
concentration aerosol output over several hours;
furthermore, it also includes the option of easy



J Nanopart Res (2011) 13:511-524

523

radiolabeling. Alternative methods for the generation
of TiO, NP aerosols that provide higher mass output
rates are less suitable for our rodent inhalation studies
because of larger particle size due to rapid coagula-
tion and higher flow rates which are not required.
They are also clearly less suitable for use with
radiolabeled NP, due to the need for increased
amounts of radioactive material. Our technique
provides the highest number concentration theoreti-
cally possible (36 x 10° cm™>) limited only by
unavoidable rapid coagulation.

In our previous study, the size distribution of
amorphous TiO, NP aerosol with a count median
mobility diameter of 22 nm and a GSD of 1.7
(measured by electrical mobility sizing) was com-
pared with the size distribution after deposition in the
lungs of rats (measured by EFTEM) showing a count
median geometric diameter of 29 nm and a similar
GSD of 1.7 (Kapp et al. 2004). Size measurements of
NP profiles in ultrathin tissue sections and aerosol
electrical mobility analysis are very different meth-
odologies, and the size comparison of the SMPS and
TEManalyses is only valid for compact particles. Yet,
the agreement of both distributions is surprisingly
good. As a result, these data do not support specu-
lations about appreciable disintegration of the depos-
ited TiO, NP in lung tissue.

Summary

Spark ignition technology has been used for repro-
ducible  production of highly concentrated
(3-6 x 10° em™; ~60 ug m—, 36 ug h™") polydis-
persed TiO, NP aerosols which proved to be constant
over several hours in terms of their count median
mobility diameter, geometric standard deviation and
number concentration. Either crystalline pure anatase
TiO, NP or amorphous TiO, NP was produced,
respectively, with or without 950 °C heat treatment of
the aerosol downstream of the spark ignition generator.
Both crystalline and amorphous 20-25 nm (median
mobility diameter) TiO, NP were chain agglomerates/
aggregates consisting of primary particles with a
geometric diameter of about 5 nm. The TiO, NP were
extensively characterized in terms of their chemical
composition, physical structure, morphology and spe-
cific surface area. Disintegration of the deposited TiO,
NP in lung tissue was not detectable. In addition, TiO,

NP were radiolabeled with **V by proton irradiation of
the titanium electrodes of the spark generator, and the
radiolabel leaching rate in water attained within the
first day was about 1%.
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