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Abstract:

The biokinetics of a size-selected fraction (70nm median size) of
commercially available and 48V-radiolabeled [48V]TiO2 nanoparticles has
been investigated in healthy adult female Wistar-Kyoto rats at retention
time-points of 1h, 4h, 24h, 7d and 28d after intratracheal instillation of a
single dose of an aqueous [48V]TiO2-nanoparticle suspension. A
completely balanced quantitative biodistribution in all organs and tissues
was obtained by applying typical [48V]TiO2-nanoparticle doses in the
range of 40-240 ngekg-1 bodyweight and making use of the high
sensitivity of the radiotracer technique.

The [48V]TiO2-nanoparticle content was corrected for residual blood
retained in organs and tissues after exsanguination and for 48V-ions not
bound to TiO2-nanoparticles. About 4% of the initial peripheral lung dose
passed through the air-blood-barrier after 1h and were retained mainly in
the carcass (4%); 0.3% after 28d. Highest organ fractions of [48V]TiO2-
nanoparticles present in liver and kidneys remained constant (0.03%).
[48V]TiO2-nanoparticles which entered across the gut epithelium following
fast and long-term clearance from the lungs via larynx increased from 5-
20% of all translocated/absorbed [48V]TiO2-nanoparticles. This
contribution may account for 1/5 of the nanoparticle retention in some
organs.

After normalizing the fractions of retained [48V]TiO2-nanoparticles to the
fraction that reached systemic circulation, the biodistribution was
compared with the biodistributions determined after IV-injection (Part-1)
and gavage (Part-2). The biokinetics patterns after IT-instillation and
gavage were similar but both were distinctly different from the pattern
after intravenous injection disproving the latter to be a suitable surrogate
of the former applications. Considering that chronic occupational inhalation
of relatively biopersistent TiO2-particles (including nanoparticles) and
accumulation in secondary organs may pose long-term health risks, this
issue should be scrutinized more comprehensively.
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Abstract

The biokinetics of a size-selected fraction (70nm median size) of commercially available and
BV _radiolabeled [*V]TiO, nanoparticles has been investigated in healthy adult female
Wistar-Kyoto rats at retention time-points of 1h, 4h, 24h, 7d and 28d after intratracheal
instillation of a single dose of an aqueous [**V]TiO,-nanoparticle suspension. A completely
balanced quantitative biodistribution in all organs and tissues was obtained by applying
typical [**V]TiO,-nanoparticle doses in the range of 40-240 pg-kg” bodyweight and making
use of the high sensitivity of the radiotracer technique.

The [48V]Ti02—nan0particle content was corrected for residual blood retained in organs and
tissues after exsanguination and for *8V-ions not bound to TiO,-nanoparticles. About 4% of
the initial peripheral lung dose passed through the air-blood-barrier after 1h and were retained
mainly in the carcass (4%); 0.3% after 28d. Highest organ fractions of [**V]TiO,-
nanoparticles present in liver and kidneys remained constant (0.03%). [*V]TiO,-
nanoparticles which entered across the gut epithelium following fast and long-term clearance
from the lungs via larynx increased from 5-20% of all translocated/absorbed [*V]TiO,-
nanoparticles. This contribution may account for 1/5 of the nanoparticle retention in some
organs.

After normalizing the fractions of retained [48V]Ti02—nan0particles to the fraction that
reached systemic circulation, the biodistribution was compared with the biodistributions
determined after IV-injection (Part-1) and gavage (Part-2). The biokinetics patterns after IT-
instillation and gavage were similar but both were distinctly different from the pattern after
intravenous injection disproving the latter to be a suitable surrogate of the former
applications. Considering that chronic occupational inhalation of relatively biopersistent
TiO,-particles (including nanoparticles) and accumulation in secondary organs may pose

long-term health risks, this issue should be scrutinized more comprehensively.
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Introduction

Part 1 and 2 of this series of biokinetics studies (Kreyling, submitted-a, Kreyling, submitted-
b) dealt with intravenously injected and intra-esophageally instilled (gavage) TiO,
nanoparticles (TiO,NP), respectively. The background for our interest in TiO,NP, based on by
their continuously expanding application spectrum in consumer products, as food additives
and in the biomedical field (Christensen, 2011) was expounded there. The present work
investigates the biokinetics of TiO; nanoparticles after intratracheal instillation since
inhalation during manufacturing and handling is the main exposure route for occupationally
exposed subjects (Christensen, 2011). Despite the rapid rise in use of TiO,NP little is still
known about the health risks related to occupational exposure. Based on the experimental
evidence from animal inhalation studies TiO, nanoparticles have been classified as "possibly
carcinogenic to humans" (Baan, 2007, Echa-Corap, 2016, Niosh, 2011).

For the public the average daily oral dose of TiO,-particles exceeds the daily inhaled and
deposited TiO, particle dose by at least two orders of magnitude since public ambient particle
concentrations have been reported up to 50 pgem?3, while occupational TiO,-particle
concentrations may reach currently established limits of 5 mgem™ (Shi, 2013). Hence, with a
daily inhaled air volume of 20 m® and a deposited fraction of 30% in the lungs (Geiser, 2010)
the daily deposited lung dose can vary between 0.3 mged” for a member of the public up to
10 mg°d'1 for an exposed worker (8h of exposure), which translates into doses of 4.3 MgOkg'l
BW to 143 p gOkg’1 BW for an adult with 70 kg bodyweight (BW).

In vivo and in vitro studies describing toxic effects in the lungs were recently reviewed by
(Shi, 2013). An early key inhalation study demonstrated that nano-sized TiO;-particles can
cross the air-blood-barrier (ABB) to a greater extent and cause more inflammation in rat lungs
than exposure to the same airborne mass concentration of larger, submicron TiO;-particles
(Ferin, 1992). This report was the first to show that an inhaled TiO,-material with low toxicity

in the form of submicron particles could be toxic in the form of nano-sized particles.
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Recently, the same group has examined the effect of dose-rate on acute respiratory tract
inflammation when exposing rats to an equivalent dose of deposited TiO,NP by IT-instillation
and whole body inhalation. They conclude that high dose-rate delivery elicits significantly
greater inflammation compared to low dose-rate delivery (Baisch, 2014).

With the present biokinetics study, using intratracheal instillation (IT) of identical **V-
radiolabeled [*V]TiO,NP that were simultaneously applied by intravenous injection and
gavage, it is possible to compare the biokinetics of [**V]TiO,NP translocated through the
ABB with those that crossed the intestinal epithelium and those that directly reached systemic

circulation by intravenous injection.

The comparative study of [*V]TiO,NP clearance from blood to secondary organs and tissues
was designed to investigate possible differences in the biokinetic fate after the three exposure
routes and to gain information on the role of mononucleated-phagocytic cells in blood, organs
and tissues. Since we knew from previous biokinetics studies on a suite of monodisperse gold
nanoparticles (AuNP) administered via the same three routes (Kreyling, 2011, Hirn, 2011,
Kreyling, 2014, Schleh, 2012) and after inhalation of 20 nm iridium nanoparticles (IrNP)
(Kreyling, 2002, Semmler, 2004, Semmler-Behnke, 2007) or 20 nm elemental carbon
nanoparticles (ECNP) (Kreyling, 2009), that the accumulation dynamics occurs rather rapidly
during the first 24-hours we chose three time-points of investigation — 1h, 4h, 24h — to study
the rapid accumulation dynamics observed previously, followed by two time-points at 7d and
28d in order to assess possible slower processes of accumulation, redistribution and clearance.
For this purpose, retained [**V]TiO,NP doses in different organs of interest, selected tissues
and body fluids were determined, including the carcass and the entire fecal and urinary
excretions of each animal to provide a complete balance of the fate of the applied

[48V]Ti02NP in the entire organism.
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Materials and Methods

Radiolabeling, suspension and size selection of TiO,NP

Two batches of 20 mg ST-01 TiO,NP were irradiated with a proton beam current of 5 pA
using a cyclotron (cf. Supplementary Material (SI-IT)). One, with a 48V—activity concentration
of 1.0 MBq°mg’1 (48V—activity per TiO,NP mass), was used for the 1h, 4h and 24h retention
experiments. The second one was irradiated on five consecutive days, yielding an 48V—activity
concentration of 2.35 MBq°mg’1 and was used for the 7d and 28d retention experiments. The
atomic ratio of *V:Ti in the nanoparticles is about 2.6¢107 and 6.2¢107, respectively. Since
proton irradiation and the chemical difference of the radiolabel, may result in a non-perfect
integration of the BV in the TiO, matrix the [48V]Ti02NP were washed to remove **V ions

(SL-IT).

Size selection was performed in a repeated sequence of nanoparticle suspension, ultrasound
homogenization, washing by centrifugation and re-suspension in order to remove excess
sodium pyrophosphate, used as a surfactant, to eliminate larger aggregates/agglomerates and
to minimize the content of free ionic **V as detailed in theSI-IT. The final size-selected and

radiolabeled, nano-sized aggregates/agglomerates of [*V]TiO,NP were suspended in water.

For each retention time-point to be studied a new batch of size-selected [48V]Ti02NP was
prepared, characterized and immediately applied to four rats for each exposure path, i.e.,
intravenously (IV), by gavage (GAV) and by intratracheal (IT) instillation, which improves
the comparability of the results as the studies were started with the same nanoparticle

properties.

Characterization of nanoparticles

URL: http://mc.manuscriptcentral.com/tnan



©CoO~NOUTA,WNPE

130

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

Nanotoxicology

The hydrodynamic diameter and the zeta potential of the size selected [48V]TiOzNP were
measured in triplicates several times during the size-selection process for control purposes
and prior to application using dynamic-light-scattering (DLS; Malvern Zetasizer, Herrenberg,
Germany). Samples for transmission-electron-microscopy were prepared from the aqueous
suspensions on glow discharged 300 mesh Formvar®-coated copper grids and investigated

with a Philips 300 TEM at 60 kV acceleration voltage.

Experimental procedures — Study design

The biokinetics of [48V]Ti02NP was studied at five retention time-points 1h, 4h, 24h, 7d and

28d after IT-instillation in four rats for each retention time-point as sketched below:

Study | IT-instillation, Oh | dissection time-points for biodistribution analyses

MAIN | [®V]TiO,NP 1h| 4h| 24h 7d 28d

AUX | ®V ions 24h 7d

Immediately after the final preparation step the [**V]TiO.NP suspensions were applied in a
single bolus of about 10 pg of [**V]TiO,NP per rat. The time-points at 7d and 28d were
studied with higher doses (20-60 ug) in order to preserve sufficient sensitivity in spite of

longer radioactive decay and to detect any minor redistribution and clearing processes.

In order to investigate the absorption and biodistribution of soluble, ionic BV an auxiliary
study was performed at 24h and 7d after intratracheal instillation with the purpose of
correcting the biodistributions of [**V]TiO,NP for contributions of **V-ions possibly released
from the [**V]TiO,NP. In order to mimic **V released by [*V]TiO,NP 0.33 pgeuL™ ionic
Ti(NOs3); was added to carrier-free ionic V. The pH value was adjusted to 5. For the
experiments 60 uL of solution containing 27 kBq ionic Y and 20 pg of ionic Ti were

administered per rat. Based on the biodistribution of *V_ions and the urinary excretion
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kinetics after intratracheal instillation of “*V-ions and of [48V]Ti02NP the biodistribution of
[48V]Ti02NP was corrected for contributions of **V-ions according to the mathematical

procedure derived in theSI-IT.

Animals

Healthy, female Wistar-Kyoto rats (Janvier, Le Genest Saint Isle, France), 8—10 weeks of age
(267.0+£9.2 g, mean (xSD) body weight) were housed in pairs in relative-humidity and
temperature-controlled ventilated cages on a 12h day/night cycle. Rodent diet and water were
provided ad libitum. After purchase, the rats were adapted for at least two weeks and then
randomly attributed to the experimental groups. All experiments were conducted under
German federal guidelines for the use and care of laboratory animals and were approved by
the Regierung von Oberbayern (Government of District of Upper Bavaria, Approval No. 211-
2531-94/04) and by the Institutional Animal Care and Use Committee of Helmholtz Centre

Munich.

[**V]TiO,NP suspensions were applied in a single bolus immediately after preparation to non-
fasted animals by IT-instillation (SI-IT), and the animals were kept individually in metabolic
cages for quantitative collection of excretions. At 1h, 4h, 24h, 7d and 28d after intratracheal

instillation, rats were anesthetized and euthanized by exsanguination via the abdominal aorta.

Sample preparation, radiometric analysis
The syringes and catheters used for intratracheal instillation were collected after use in order

to quantify [*V]TiO,NP retained therein.

For y-ray spectrometry, all organs, tissues and excretions were collected and By

radioactivities were measured without any further physico-chemical processing (Kreyling,
2011, Hirn, 2011, Kreyling, 2014, Schleh, 2012) to obtain quantitative, fully balanced
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biodistributions. Since by exsanguination only about (60-70)% of the blood volume could be
recovered the residual blood contents of organs and tissues were calculated according to

(Oeff, 1955) and the **V-radioactivities of the organs were adjusted accordingly (seeSI-IT).

The **V-radioactivity of the samples was measured by y-ray spectrometry using shielded Nal
detectors properly calibrated in y-ray energy and detection efficiency for the 511keV-radiation
created by By decay. Samples yielding background-corrected counts in the 511keV region-
of-interest of the **V y-ray spectrum were considered below the detection limit (DL; < 0.2 Bq)

when the number of counts was less than three standard deviations of the background counts.

Data evaluation

[**V]TiO,NP accumulation and retention is based on two specific clearance pathways, (i)
[48V]Ti02NP translocation across the ABB into blood circulation and (ii) [48V]TiOzNP
absorption across the GIT walls of [48V]TiOzNP which were eliminated from the lungs
towards the larynx and swallowed into the GIT. The latter pathway has a fast component for
those [**V]TiO,NP deposited on the conducting airways that are rapidly cleared by
mucociliary action (MCC) followed by a slow component for [**V]TiO,NP in the peripheral
lungs which are transported by alveolar macrophages (AM).

Nanoparticles rapidly eliminated from the lungs by MCC are not available for translocation
through the ABB. Therefore, all data describing nanoparticle translocation through the ABB
were normalized to the initial peripheral lung dose (IPLD) obtained by subtracting the By
activity due to MCC from the IT-instilled nanoparticle dose. As outlined in theSI-IT (Eqn
(S10)) the MCC fraction was estimated as the activity measured in the head (without brain),
the trachea and major bronchi, the gastro-intestinal tract up to 24h and feces up to 48h.

The uptake and biodistribution of [48V]T102NP absorbed through the GIT was estimated

using the absorption and biodistribution data from the gavage study (Kreyling, submitted-b).
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For this purpose the rapidly cleared [48V]Ti02NP fraction swallowed into the GIT (MCC)
followed by the long-term macrophage-mediated cleared [48V]Ti02NP fraction (LT-MC),
reconstructed from fecal excretion for the various retention time-points (seeSI-IT), were
considered.

Throughout this report, the determined background and decay-corrected **V-activity values of
organs, tissues, blood or excretions are given as %-fractions of the IPLD, determined as the
sum of all samples prepared from each animal, including its total urinary and fecal excretion,
subtracting fast MCC cleared [48V]Ti02NP in each animal as described in theSI-IT. These %-
fractions are averaged over four of rats in each group and are given with the standard-error-of-
the-mean (SEM). The raw data of the 48V—activity were corrected (i) for the residual blood
content in organs or tissues after exsanguination and (ii) for the 48V—activity contribution of
free **V ions according to the methododlogy presented in theSI-IT.

[**V]TiO,NP concentrations, given as % IPLD°g'1, were translated into nanoparticle mass per
weight of organ or tissue dividing the data by the **V-activity concentration (1.0 MBqemg
(1h, 4h, 24h) and 2.35 MBqemg™' (7d and 28d)).

All calculated significances are based on the One-Way-ANOVA test and the post hoc
Bonferoni test. For direct comparisons between two groups, the unpaired t-test was used. p <

0.05 was considered significant.

Results

Physicochemical properties of [*VITiO,NP

The size distributions of the size-selected [**V]TiO,NP determined by DLS are presented in
Figure 1 and indicate a good reproducibility of the size selection procedure. The Z-averages
(Table 1) are in a narrow range of 88 + 11 nm, and the PDI values 0.18 + 0.04 indicate

polydisperse but rather narrow size-distributions. TEM investigations immediately after size
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selection and dispersion (Figure 2) revealed approximately spherical aggregated/agglomerated

entities of roughly 50 nm in diameter, made up of smaller primary particles.

With the 48V—activity concentrations determined after proton irradiation the 48V—activity
values can be converted to [**V]TiO,NP mass. The effectively applied By -activities and
corresponding masses of [**V]TiO,NP compiled in Table 1 take into account that a fraction of

the *V-activity loaded into the syringes was retained there.

Insert Table 1, Figures 1+2 here.

Fast [**V]TiO,NP clearance from airways and long-term macrophage-mediated

nanoparticle clearance (LT-MC) from the lungs

A fraction of IT-instilled [*V]TiO,NP is deposited on airway epithelia, from where it is
cleared rapidly within 24h towards the larynx and swallowed into the GIT. This fast
mucociliary cleared (MCC) [48V]TiOzNP fraction varies considerably between individual rats,
giving rise the large uncertainty shown in Table 2, even though the instillation procedure was
standardized by (a) instillation by only one operator for the entire study, (b) reproducible
position of the rat on a 60°-tilted board, (c) controlling breathing flow through the
intratracheal catheter (excluding catheter misplacement) using a pneumotachograph, (d) IT-
instillation synchronized during inhalation, (e) pushing 0.3—0.4 mL of air behind the instilled

[**V]TiO,NP suspension for enhanced instillation into the peripheral lungs.

After 7 days the slow [*V]TiO,NP LT-MC clearance had become higher than the expected
fraction of 14-17% based on a fractional clearance rate of 0.02-0.03 d”' of the contemporary
total lung dose as previously determined (Kreyling, 1990, Semmler, 2004). This deviation
may have been caused by a delayed passage of MCC-cleared [**V]TiO,NP from the airways

through the GIT lasting sometimes into the third day after instillation. Assuming a LT-MC-
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rate of 0.02-0.03 d”' an integral clearance fraction of 40-50% should be expected after 28

days, which is higher than the observed 30.5 % (Table 2).

Determination of the initial peripheral lung dose (IPLD)

The effectively applied [**V]TiO,NP dose was determined as sum of the *V-activities in all
collected organs and tissues, including all excretions, determined by y-ray spectrometry. In
the present case the lungs contributed three specimens, (i) the lungs after broncho-alveolar
lavage (BAL), the cells (BALC) separated from the liquid used for lung lavage by
centrifugation and the fluid (BALF) phase itself.

In order to determine the fraction of the [48V]Ti02NP dose that crosses the ABB the fraction
of [*V]ITiO,NP that are rapidly eliminated from the lungs by mucociliary clearance (MCC)
must be subtracted from the intratracheally instilled dose. The result is the initial peripheral

lung dose (ILPD) which is the reference for ABB-translocation.

[**V]TiO,NP- retention in lungs and broncho-alveolar lavage

After IT-instillation the most prominent [**V]TiO,NP fraction was found in the lavaged lungs,
followed by BALC and early-on in BALF. The increase of [**V]TiO,NP retention in the
lavaged lungs from 43% (1h) to 68% (24h) indicates a nanoparticle relocation towards non-
lavageable sites; i.e,. increased [*V]TiO,NP uptake by cells of the epithelial membrane.
Figure 3A shows a high but decreasing fraction of [**V]TiO,NP in the lavaged lungs from 7d
(32%) to 28d (19%). The [48V]T102NP fraction in BALC exhibited a pronounced increase
from 23% (1h) to 40% (4h) and decreased continuously to 16% (28d), while the [48V]Ti02NP

fraction in BALF decreased continuously from 31% (1h) to 0.7% (28d).
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The kinetics of total [48V]Ti02NP translocation across the ABB is shown in Figure 3B. After
an initial fast uptake of 4.3% (of IPLD) it rapidly declines to about 1% (of IPLD) until 4h.
After 28 days still 0.4% (IPLD) is retained. This suggests rapid translocation across the ABB
immediately after instillation followed by net clearance during the entire observation period.
However, this does not exclude continuous translocation across the ABB and simultaneous
clearance from secondary organs and tissues. The [**V]TiO,NP content in the total blood
stayed between 0.1% and 0.2% during the first 24h, declined to 0.024% after 7d and further to

0.013% until 28d.

[**VITiO,NP relocation within the lungs

[48V]Ti02NP relocation from the epithelial surface was considered for those [48V]TiOzNP
which were not removed by BAL but bound and/or taken up by cells of the epithelial barrier
and beyond as observed earlier {Kreyling, 2002 #943;Semmler, 2004 #952;Semmler-Behnke,
2007 #953}. Lavageable [48V]Ti02NP fractions, either associated with lavageable cells (i.e.
alveolar macrophages (AM) in BALC or free [48V]Ti02NP in BALF) are discerned from lung
retained [48V]Ti02NP fractions and are normalized to the contemporary lung dose, i.e., the
total amount of [*V]TiO,NP present in the lung at a certain time-point. Figure S7 (SI-IT)
shows the kinetics of free [**V]TiO,NP in BALF which is about 30% of all [**V]TiO,NP in
lungs 1h after IT-instillation. However, it drops very rapidly to 0.01% after 7 days. In
contrast, the lavageable macrophage-associated [*V]TiO,NP account for 40% of the
[**V]TiO,NP in the lungs starting from 4h until the end of the study. Accordingly, the kinetics
of the estimated total number of [*V]TiO,NP in the pool of all alveolar macrophages (AM-
pool) to be cleared by LT-MC is rather constant at 60% from 4h to 28d (SI-IT). Hence, about
40% of [48V]TiOzNP non-accessible to BAL-removal were relocated and retained in the

epithelium and interstitium over 28 days (Kreyling, 2013).
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Uptake of [*V]TiO,NP into secondary organs and tissues

Table 3 shows the [48V]Ti02NP retention of various organs and tissues as raw data (in
%IPLD), after subtracting the contribution of **V-activity in the residual blood present in
organs and tissues after exsanguination (W/o res. Blood cont.) and after additionally
subtracting the activity attributed to free **V-ions according to the mathematical procedure
derived in theSI-IT (w/o free 48V—i0ns), which yielded small corrections at 1h. It can be noted
that after 4h the **V-ion correction resulted in an appreciably lower [**V]TiO,NP retention in
all organs and tissues. In uterus and brain no particulate 48V—activity remained that could be
clearly attributed to [**V]TiO.NP. The significance of the corrections was assessed by a
statistical one-way ANOVA analysis and a post-hoc Bonferoni test. In Table 3 the corrected
activity data are also presented as %IPLD/organ-mass (% IPLD- g'l) and as [48V]TiOzNP mass
concentrations (ng°g'1). The evolution of the data sets over the various retention time-points is
visualized in Figure 4.

Except for the carcass and the soft tissues none of the organs and tissues beyond the ABB
reaches a total retention of 0.1% of IPLD. Liver and kidneys exhibit the highest nanoparticle
burden. Against the general trend kidneys, heart and spleen showed an approximately
constant or even slightly increasing retention up to 28 days. Measurable nanoparticle retention
was initially (1h to 4h) also observed in the brain and uterus but fell below the detection limit

after 1 day.

INSERT Table 3 and Figure 4 here

Biokinetics of [**V]TiO,NP translocated across the ABB
A comparison of the [*V]TiO,NP biokinetics after (i) IV-injection (ii) gavage and (iii) IT-

instillation is hampered by the fact that IV-injected [*V]TiO,NP directly enter systemic
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circulation, while only a tiny fraction of gavaged nanoparticles is absorbed through the gut
walls (= 0.6%ID, 1h) and only a small fraction of IT-instilled nanoparticles pass the ABB (=
4.3%IPLD, 1h). Therefore, in the columns - IT-instillation and gavage - of Figure 5
[**V]TiO,NP percentages assigned to certain organs were normalized to the [*V]TiO,NP that
reached systemic circulation (seeSI-IT). Additionally to the vastly different [*V]TiO,NP
mass in systemic circulation, IV-injected [*V]TiO,NP enter the blood as a single bolus via
the tail vein within about 10-30 seconds while [48V]TiOzNP translocation across the ABB or
the GIT slows down the dose-rate by orders of magnitude at which [**V]TiO,NP reach blood
circulation. Nevertheless, one hour after application [**V]TiO,NP removal from blood is more
efficient leaving only 0.3%ID in blood after IV-injection while the percentage of circulating
[48V]Ti02NP is tenfold higher (5% or 2% ) of ABB-translocated or gut-absorbed
[**V]TiO,NP, respectively, indicating very different mechanisms of removal from blood.

Insert Figure 5 here

Figure 5 shows that the retention data after IT and gavage are completely different from those
after IV-injection. Most strikingly the almost 100% [**V]TiO,NP accumulation in the liver
after IV-injection (Fig. 5C) is at least 10-fold higher than after ABB-translocation (Fig. SA) or
gut-absorption (Fig. 5B) over the whole observation period. The spleen values increase
tenfold from 0.3% (1h) up to 3% at 28d after ABB-translocation while after IV-injection
spleen values remain around 3% over the entire time; after gut-absorption the values are in the
same range but with a pronounced peak after 24h. Accumulation in the lungs is rather
constant after IV-injection at around 0.1% of the injected dose and at least tenfold lower than
after gavage which reaches about 10% of the absorbed [**V]TiO,NP fraction at 24h and
declines to 3% after 7d. Kidneys: IV-injected NP remain rather constant at 0.1%ID while
ABB-translocated NP are tenfold higher increasing from 0.9-7% and gut-absorbed NP are

initially <DL but increase steeply to 5% at d7. Heart: IV-injected NP remain also constant at
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0.01%ID while ABB-translocated NP increase from 02-2% and gut-absorbed NP peak at 24h
at 8%. Brain: IV-injected NP stay low and constant (<0.001%ID), ABB-translocated NP are
<DL from 1-28 days, but gut-absorbed NP increase from 0.6-6%. Uterus: [V-injected NP stay
constant at 0.01%ID, ABB-translocated NP are <DL from 1-28 days but gut-absorbed NP are
<DL at 1h and about 5% later. The largest part of the translocated [*V]TiO,NP can be found
in the carcass after IT-instillation and gavage (90% of the translocated nanoparticles at 1h),
while after IV-injection it is only around 1% of the injected dose. In spite of the whole dose
being delivered to the blood by IV-injection the dose fraction retained in the blood is tenfold
lower (0.5-0.05%) than the corresponding fractions between 1-10% of translocated

[**V]TiO,NP through the ABB or the GIT barrier.

[**V]TiO,NP retention originating from MCC and LT-MC and subsequent absorption

across the gut walls

Since fast mucociliary [**V]TiO,NP airways clearance (MCC) and long-term macrophage-
mediated clearance (LT-MC) into the GIT provide a source of [*V]TiO,NP subsequently
leading to absorption of [*V]TiO,NP across the gut walls, this possible contribution to the
biokinetics of intratracheally instilled nanoparticles was estimated based on the absorption

data from the gavage study (Kreyling, submitted-b) as outlined in theSI-IT.

Insert Figure 6 here

Figure 6B shows that after 24h 5% of [*V]TiO,NP that reached systemic circulation were
cleared from the lungs via the larynx, reached the GIT and were absorbed; however, the ratio
of absorbed [48V]Ti02NP increased to 20% after 28d. This increase results from continuous
LT-MC out of the lungs into the GIT followed by ongoing [*V]TiO,NP absorption while

ABB translocation appears to be rather low after 24h. However, due to the initial
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[48V]Ti02NP translocation across the ABB translocation dominates the accumulation in
secondary organs and carcass throughout 28 days. Note, for certain retention time-points and
organs of low [48V]Ti02NP accumulation — like heart and uterus - the GIT-absorbed

contribution may even exceed 20%.

Discussion

For the present study a truly nano-sized nanoparticle fraction of radiolabelled, commercially
available TiO,NP was selected. The firmly radiolabeled, well characterized [48V]Ti02NP
were quantified by radiometric analyses with highly sensitive y-ray-spectrometers, which
provide a dynamic radioactivity measurement range over five orders of magnitude. This
enabled a completely balanced biokinetics assay. In order to determine the parenchymal
[*V]TiO,NP contents in organs and tissues the [*V]TiO,NP content in the residual blood
after exsanguination was subtracted.

Radiolabeling of commercially available TiO,NP with **V by inducing nuclear reactions
during proton irradiation leads to a chemical difference between radiolabel and the Ti in the
surrounding matrix, which makes this approach potentially prone to ion release (Abbas, 2010,
Gibson, 2011, Hildebrand, 2015, Holzwarth, 2012). Additionally, the radiolabel may be
released if a slow dissolution process of the TiO,NP was present (Vogelsberger, 2008). Since
the present method detects nanoparticles via the presence of the Y -radiolabel a possible
error caused by "V detached from nanoparticles has been estimated and corrected with the
help of auxiliary biokinetics studies applying ionic V. The importance of this correction is
illustrated by the data compiled in Table 3. In brain and uterus the 48V—activity detected after
24h may be entirely attributed to ions, with that of [48V]TiOzNP below the detection limit.
The large corrections for free BV -ions may indicate a preferential absorption of ions through
the ABB, and could be related to an increased release of *V_ions from the [48V]Ti02NP in the

alveoli or after passage through the ABB.
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A substantial and variable fraction of [*V]TiO,NP was retained in the application syringes
and cannulas which was not observed in the auxiliary study applying ionic Y and Ti. This
was most likely caused by electrostatic charge of the plastic materials used and can therefore
also be expected in other investigations which did not check for retention in the application
equipment, thereby causing significant dose overestimates that might explain some of the
large data variability in literature.

After IT instillation [**V]TiO,NP are not only cleared out of the lungs but also relocated from
the lung surface into the epithelium and interstitium (EP+IS). The rather constant 40%
[48V]Ti02NP fraction relocated within EP+IS (see Fig. S7,SI-IT) can be compared to
similarly constant AM-pool fractions of 80% and 20% for inhaled 20nm iridium-NP
(["*Ir]IrNP) and 2.1um polystyrene particles (PSL), respectively (Lehnert, 1989, Semmler,
2004, Semmler-Behnke, 2007). In other words, [mlr]IrNP and PSL fractions of 80% and
20%, respectively, were relocated into the lung interstitium indicating a substantial biokinetics
difference between nanoparticles and micron-sized particles, as discussed previously
(Kreyling, 2013). The observed relocated fraction of 40% for 70nm [*V]TiO,NP is higher
than that for 20nm ["**Ir]IrNP but lower than for micron-sized PSL, presumably due to the

larger nanoparticle-size and/or material differences.

As determined earlier for ['**Ir]IrNP, the daily, long-term macrophage-mediated nanoparticle
clearance is governed by a rate of 2-3% d”! of the contemporary lung dose (Kreyling, 2002,
Semmler, 2004, Semmler-Behnke, 2007). In the present study the corresponding clearance
rate for [48V]Ti02NP was very similar at around 1-3 % d! (cf, Table 2). This macrophage-
mediated clearance mechanism seems to be rather independent of the nanoparticle material
and holds also for lung clearance of insoluble micron-sized and submicron-sized particles
(Semmler, 2004) (Kreyling, 2000) (Kreyling, 1990).

Our biokinetic studies after IT-instillation confirmed TiO,NP translocation across the ABB
into the circulation leading to measurable TiO,NP accumulations in most organs and tissues.
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The largest fraction of the translocated [48V]Ti02NP was found in soft tissue followed by
skeleton, which are not considered in many other biokinetic studies, while highest

concentrations per organ weight were found in kidneys, liver and spleen.

Our data do not provide clear evidence on the underlying [**V]TiO,NP accumulation
mechanisms. However, confronting the biokinetics data obtained for the same [48V]Ti02NP
studied after IT-instillation, gavage and IV injection allows us to draw some conclusions.
Most tissues and the blood itself have only a relatively low capacity for acute particle uptake
via their mononucleated-phagocytic-system (MPS). In contrast, the liver and spleen (when
considering [**V]TiO,NP mass per organ weight; Table 3) have an extraordinary high
capacity via its MPS as reported in recent biokinetics reports (e.g. (Almeida, 2011)). Hence,
following the 100-fold higher IV-injected dose, the liver collects almost all of the
[**V]TiO,NP and the relatively low MPS capacities of blood and the other organs and tissues
are immediately saturated. In contrast, after IT-instillation or gavage, the ABB or the gut
barrier, respectively, act to greatly reduce the [48V]T102NP dose translocated/absorbed, and to
slow the dose rate, whilst the cellular and lymphatic systems serve to further limit vascular

exposure to [48V]TiOzNP.

Since biokinetics after gut-absorption was more similar to that after ABB-translocation than
after IV-injection it appears that very low [**V]TiO,NP concentrations that gradually reach
the circulation, affect to some extent all of the organs presumably because their MPS is not
saturated at such low [*V]TiO,NP doses and translocation-rates. After lungs and carcass the
liver still shows greatest uptake, perhaps consistent with its super-efficient MPS. In (Kreyling,
submitted-b) we discuss the pathway of gavaged [*V]TiO,NP via lymphatics towards the
thoracic duct of the lymph system into circulation. [**V]TiO,NP may enter the lymphatic
system of the lungs via a similar pathway which drains to the hilar lymph-nodes and

additionally to the jugular vein, and possibly also via mediastinal lymph-nodes towards the
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thoracic duct and into circulation. In the hilar lymph-nodes at the first bifurcation and along
the trachea efficient particle accumulation has been described for nanoparticles (Fromen,
2016). Therefore, we analyzed the [48V]Ti02NP content in the trachea and both main bronchi
at each retention time-point. The fractions did not increase as would be expected for lymph
node uptake, but decreased over time as expected for decreasing efficiency of fast and slow
clearance towards the larynx leading to small [*V]TiO,NP fractions in transit through the
main bronchi and trachea (SI-IT). Hence, no super-imposed lymph-node accumulation is
detectable suggesting a minute contribution, and the importance of the “lymphatic” pathway
remains unclear for translocated [48V]Ti02NP across the ABB. However, recent
morphometric studies after inhalation of 20nm sized TiO,NP aerosols showed TiO,NP
retention in vascular endothelial cells, indicating a pathway into circulation (Geiser, 2008,
Geiser, 2005). The initially extracellular [48V]Ti02NP at low blood concentrations are likely
to be taken up by circulatory MPS cells and determining the [**V]TiO, NP fate in the
organism. The [*V]TiO,NP uptake may be influenced by their protein-corona.

Similar differences were observed between 80nm-sized ['**Au]AuNP crossing the barriers of
the lungs or gut versus directly IV-injected [**Au]AuNP (Kreyling, 2014, Schleh, 2012, Hirn,
2011). For each administration route, the biokinetics patterns obtained from [ Au]AuNP
agree well with the [**V]TiO,NP data, although the comparison is limited to the first 24h due

to the short '*® Au half-life.

The present study is limited to the level of macroscopic biokinetics and does not provide any
microscopic details such as any cell-type interactions with the [**V]TiO,NP in any of the
secondary organs or tissues as discussed in more detail in part 1 of this study (Kreyling,
submitted). However, microscopic details were investigated in detail in two earlier studies
(Geiser, 2008, Geiser, 2005) where inhaled 20nm anatase TiO,NP aggregates/agglomerates

were found in various compartments of all major cell types of the rat lung parenchyma such
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as epithelial cells, macrophages, fibroblasts, capillary endothelial cells and even in
erythrocytes 24h after inhalation.

Even though there is growing evidence that nanoparticles and submicron-particles can cross
biological barriers, many questions concerning the role of their physico-chemical properties
remain open. Additional open questions relate to the extrapolation of these rat biokinetics
studies to humans; in fact, we discussed those species differences and also the considerable
lack of knowledge in a previous review (Kreyling, 2013). Previously we discussed the role of
the size of '"®Au radiolabeled nanoparticles (["®Au]AuNP) ranging from 1.4nm to 200nm
(Kreyling, 2014, Schleh, 2012, Hirn, 2011); the similar-sized 80nm ['*®*Au]AuNP translocate
2-3-fold less across the ABB than 70nm [*V]TiO,NP. This may be caused by the chain-
aggregated versus spherical nanoparticle morphologies and/or by different nanoparticle
materials and surface properties.

The observed [**V]TiO,NP biokinetics patterns underline the important role of MPS cells in
various organs and tissues. In order to avoid the analytical difficulties of protein analyses on
nanoparticle-protein-complexes in vivo in blood, we recently engineered covalently bound
nanoparticle-protein-complexes in test tubes prior to IV-injection (Schiffler, 2014).
Subsequent biokinetics studies on mice were performed using 15nm and 80nm [**Au]AuNP
grafted either with albumin or apo-lipoprotein-E on their surfaces. The accumulation patterns
of such engineered [198Au]AuNP—protein—complexes and of citrate-stabilized [198Au]AuNP, on
which protein-coronas formed spontaneously in blood, were found to differ by up to a factor
of 100 in many secondary organs and tissues, which confirms the important role of the

protein-corona on nanoparticle biokinetics.

The outer protein-shell of the nanoparticle-protein-complex leads to selected
interaction/uptake in MPS cells in blood and various organs/tissues. A recent study on the
stability of a “firmly” grafted polymeric shell radiolabeled with '''In onto 5nm ['*®*Au]AuNP
revealed that the '''In distribution differed greatly from that of the ["®Au]AuNP. This
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indicates a disintegration of the core-shell nano-structures in vivo and emphasizes that even
grafted protein-coronas may not be as stable as anticipated (Kreyling, 2015). However,
whether this finding can be explained by an exchange of proteins of a soft second protein
layer formed on top of a irreversibly bound first layer as found by (Milani, 2012) for
polystyrene nanoparticles, giving rise to an exposure memory effect, remains to be

investigated.

The present in vivo study confirms earlier speculations that nanoparticles, reaching the gut
following fast mucociliary clearance and long-term nanoparticle clearance via the larynx, may
be absorbed across the gut epithelium, providing a continuous, non-negligible contribution to
the accumulation of inhaled nanoparticles in secondary organs and tissues, in addition to those
which had crossed the ABB. Based on the biokinetics data after gavage of the same

[**V]TiO,NP this contribution was estimated quantitatively.

Conclusions

Long-term lung retention was mainly determined by macrophage-mediated clearance (LT-
MC) from the alveolar region. Remarkably, about half of the TiO,NP were similarly relocated
into the interstitium and re-entrained back onto the lung-epithelium for LT-MC as previously
observed for IrNP. Biokinetic studies after IT-instillation confirmed TiO,NP translocation
across the ABB into the circulation leading to small but persistent TiO,NP accumulations in
almost all studied organs and tissues. The accumulation patterns of TiO,NP which had
crossed the ABB were found to be rather similar to those TiO,NP after absorption through the
gut walls but distinctly different from the distribution pattern of directly IV-injected TiO,NP
that accumulated in secondary organs. This indicates the pivotal role of MPS cells in blood,

organs and tissues whose interaction with nanoparticles may be influenced by protein-
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coronas. Furthermore, we confirm that nanoparticles cleared from the lungs after IT-
instillation can be absorbed in the GIT giving an additional contribution to the accumulation

of nanoparticles in secondary organs and tissues.
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31 Figure 1: Hydrodynamic diameter of the five separately prepared [48V]TiO2NP suspensions used to study
32 the retention time-points 1h, 4h, 24h, 7d; and 28d, measured directly before application.
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Figure 2: Transmission electron micrograph of size-selected TiO2NP sampled immediately after the size-
selection procedure. Sample preparation leads to ‘clumping’ of aggregates/agglomerates on the support
grid.
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Figure 3: A: [48V]TiO2NP retention in lavaged lungs, in BALC and in BALF. Data are given as fractions of
IPLD. B: kinetics of total [48V]TiO2NP translocation across the ABB and [48V]TiO2NP content in total blood
relative to the IPLD. Data are corrected for [48V]TiO2NP retained in the residual blood volume of organs and
tissues. Mean + SEM of n=4 rats at each time point. Significant difference from [48V]TiO2NP retention at

1h: p<0.01 (**);p<0.001 (***),
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Figure 4: Nanoparticle retention (from Table 3) in percent of IPLD after IT-instillation visualized for liver and
spleen (panel A), kidneys, heart, brain and uterus (panel B), and blood and carcass (subdivided into
skeleton and soft tissues) (panel C). Panels D to E show the corresponding values normalized to the mass of
the organs or tissues as %IPLDeg-1. Mean £ SEM of n=4 rats at each time point. Significant difference from
[48V]TiO2NP retention at 1h: p<0.05 (*), p<0.01 (**).
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Figure 6: The ratios Ri represent the fractions of [48V]TiO2NP present in an organ or tissue after IT-
instillation that has been absorbed through the GIT relative to the sum of gut-absorbed and ABB-
translocated [48V]TiO2NP after days 1, 7 and 28; panel A: for individual secondary organs, panel B: for
carcass (subdivided into skeleton and soft tissues) and total translocation. Mean £ SEM of n=4 rats at each
time point.
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Table 1: Physicochemical characteristics of the [*V]TiO,NP suspensions used for IT-

Nanotoxicology

instillation studies at five different retention times and the mean values of the applied By

activity and mass of [*V]TiO,NP effectively received by the rats. The mean dose in pg/kg

BW is also given. Additionally, [**V]TiO,NP losses in the syringe and/or cannula are

provided as detailed in SI-IT.

Retention time 1h 4h 24h 7d 28d
-33.2+ -29.9 +
Zeta Potential [mV] [-38.9+42 24 21 -427+9.2 | -35.2+£7.6
Z-average [nm] 93 72 93 82 101
PDI 0.157 0.228 0.160 0.197 0.135
Effective “°V
oactivit
radioactivity [kBql | 117+1.6 | 10910 | 11.1+1.3 | 145.8+44.1 | 47.8+92
received by rats
(ID)
Applied
JE1. 109+1.0 | 11.1+£1.3 | 62.1+18.7 | 20.3+3.9
[VITiO,NP mass | &l | 11716
w Applied [Mekg | 447467 | 396433 | 41.1£3.7 | 2384+74.6 | 77.6+14.9
[*V]TiO,NP dose | ' BW]
Effective **V radio-
activity in kBql | 84%17 | 74+12 | 84%1 | 90127 |245+122
peripheral lungs
(IPLD)
Percentage of
[*V]TiO,NP
retained in the 5114% | 386% | 13+£4% n.d. n.d.
syringe after
application
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Table 2: Fast [*V]TiO,NP mucociliary clearance (during the first two days) and long-term

macrophage-mediated clearance of [48V]Ti02NP (from day 3-28 after IT-instillation) as

©CoO~NOUTA,WNPE

percentages of the effectively instilled dose (calculation see SM-IT).

Fast mucociliary Long-term
Retention time-point cleared fraction macrophage-me'dlated
(mean+SEM) cleared fraction
B (mean+SEM)
1h 30.9+4.9 %
4h 31.9+5.8 %
24h 28.7£5.5 %
7d 36.4£14.6 % 26.0£8.1 %
28d 49.6£21.6 % 30.5£13.2 %
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Table 3: [*V]TiO,NP retention in organs and tissues 1h, 4 h, 24h, 7d and 28d after intratracheal instillation. The raw data are presented as retained percentage of
the IPLD of [*V]TiO,NP (corrected for decay). The raw data were corrected for the [**V]TiO,NP content in residual blood after exsanguination (w/o residual

blood content) and additionally for the contributions of free **V-ions (w/o free **V). After these corrections the *V-activity data were converted into [*V]TiO,NP

concentrations per mass of organ or tissue, given in ng-g” and as % IPLD-g". Since the applied [*V]TiO,NP doses exhibited a scatter and were intentionally
increased for the 7d and 28d groups most mass concentrations in ng-g" exhibit an increase from 24h to 7d. The values in % IPLD-g" are independent of the
exactly applied doses. The sixth line for each organ presents the distribution of those [**V]TiO,NP that passed the ABB (% translocated TiO,). (< DL = below
detection limit). In the last line “% translocated TiO,” the [*V]TiO,NP fractions were normalized to those [**V]TiO,NP which had crossed the ABB and

entered blood circulation; see Supp-IT.

retention time (d) 1h 4h 24h 7d 28d

organ percent (%) mean + SEM mean + SEM mean + SEM mean + SEM mean + SEM
lungs+BAL | raw data (%IPLD) 95.61 +1.66 98.72+0.23 96.84 +£0.40 64.69 + 2.07 44.49+0.72
lungs+BAL | w/o resid. blood cont. 95.61 +1.66 98.71+0.23 96.83 +£0.40 56.80 £ 3.72 34.62 £1.05
lungs+BAL | w/o free **V 95.60 £ 1.66 98.68+0.23 98.94 £ 0.39 56.74 £3.72 34.55+1.06
lungs+BAL | TiO, conc. (% IPLD/g tiss.) 25.10+£0.23 23.58+£1.79 23.48 £1.56 13.68 £ 1.23 8.96 £ 0.58
lungs+BAL | TiO, conc. (ng/g tiss.) 2108.6+232.8 | 17443 +161.8 | 1976.7+194.2 | 3435.3+1097.3 363.6 +88.4
lungs+BAL | no translocation

lungs raw data (%IPLD) 42.85+4.21 48.13+0.78 66.98 £5.12 36.36 £3.30 24.05+1.92
lungs w/o resid. blood cont. 42.84+£4.21 48.12 +0.78 66.97 £5.12 32.00+3.70 18.74 £ 1.65
lungs w/o free ®v 42.83+4.21 48.09+0.78 68.38 £5.33 31.95+3.71 18.67 £ 1.65
lungs TiO, conc. (% IPLD/g tiss.) 12.57+1.20 12.77 £1.23 18.08 +2.3 8.62+1.29 5.45+0.68
lungs TiO, conc. (ng/g tiss.) 1073 +£194 941 +90 1543 + 278. 2229+ 799 218 +59
lungs no translocation
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liver raw data (%IPLD) 0.074 £ 0.009 0.087 £0.016 0.163 £0.015 0.110+0.021 0.099 +0.008
liver w/o resid. blood cont. 0.063 £0.010 0.076 £0.017 0.142 +£0.011 0.094 +£0.019 0.075 +0.006
liver wj/o free **v 0.060 +0.010 0.064 +0.020 0.088 +£0.023 0.043 £0.015 0.026 +0.008
liver TiO, conc. (% IPLD/g tiss.) 0.007 +0.001 0.007 +0.002 0.009 +0.003 0.005 +0.002 0.003 +0.001
liver TiO, conc. (ng/g tiss.) 0.57 +0.07 0.52+0.13 0.74+0.17 1.03+0.24 0.15+0.05
liver % translocated TiO, 2.39+1.84 7.03+1.97 13.6£9.2 7.72+5.06 7.23+5.80
spleen raw data (%IPLD) 0.008 + 0.0009 no data 0.010 +0.001 0.014 £+ 0.002 0.031 +0.005
spleen w/o resid. blood cont. 0.006 +0.001 no data 0.009 +0.001 0.012 +0.002 0.024 £ 0.003
spleen w/o free v 0.006 +0.001 no data 0.004 +0.003 0.005 +0.002 0.015 +0.001
spleen TiO, conc. (% IPLD/g tiss.) 0.008 +0.002 no data 0.006 + 0.005 0.007 +0.003 0.016 +0.002
spleen TiO, conc. (ng/g tiss.) 0.61+0.11 no data 0.42+0.33 1.20+0.20 0.66+0.17
spleen % translocated TiO, 0.27+0.25 no data 0.36+0.47 0.81+0.52 3.73+0.42
kidneys raw data (%IPLD) 0.033 £ 0.006 0.033 + 0.003 0.109 £0.011 0.081 +0.009 0.096 +0.013
kidneys | w/o resid. blood cont. 0.029 +0.006 0.0280 + 0.003 0.102 £0.010 0.071 +£0.009 0.074 £0.010
kidneys | w/o free *®v 0.025 +0.007 0.015 + 0.004 0.031+0.013 0.033 +£0.007 0.029 +0.006
kidneys | TiO, conc. (% IPLD/g tiss.) 0.012 +0.004 0.004 + 0.002 0.014 + 0.006 0.016 +0.003 0.013 +£0.003
kidneys | TiO, conc. (ng/g tiss.) 0.89+0.20 0.46+0.10 1.12+0.47 3.38+0.65 0.54+0.18
kidneys | % translocated TiO, 0.87+0.56 1.70+0.34 26+1.79 5.70+1.45 6.81+2.58
heart raw data (%IPLD) 0.006 +£0.0007 | 0.005 +0.0008 0.012 +0.002 0.002 +0.0001 0.013 £ 0.005
heart w/o resid. blood cont. 0.005 +0.0006 | 0.004 +0.0007 0.010 +0.001 0.002 +0.0001 0.010 + 0.004
heart w/o free 8y 0.005 +£0.0007 | 0.003 +0.0006 0.007 £0.002 | 0.0006 +0.0002 | 0.008 +0.003
heart TiO, conc. (% IPLD/g tiss.) | 0.005+0.0005 | 0.003+0.0007 | 0.007 +0.0022 | 0.0006 +0.0002 | 0.009 +0.003
heart TiO, conc. (ng/g tiss.) 0.40+0.018 0.25+0.04 0.58+0.18 0.14+0.04 0.25+0.07
heart % translocated TiO, 0.17+0.117 0.58+0.11 1.29+1.56 0.10+0.06 1.90+1.41
brain raw data (%IPLD) 0.005 +0.001 0.015 +0.0006 | 0.001 +0.0005 0.001 £ 0.001 <DL
brain w/o resid. blood cont. 0.005+0.0012 | 0.014 +0.0006 <DL 0.001 +0.001 <DL
brain w/o free v 0.004 +£0.0004 | 0.014+0.0006 <DL <DL <DL
brain TiO, conc. (% IPLD/g tiss.) | 0.002+0.0002 | 0.007 +0.0002 <DL <DL <DL
brain TiO, conc. (ng/g tiss.) 0.15+0.02 0.55+0.0296 <DL <DL <DL
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1

2

3

4

g brain % translocated TiO, 0.19+0.14 1.91+0.76 <DL <DL <DL

7 uterus raw data (%IPLD) 0.008 +0.001 0.010 + 0.003 0.007 £ 0.0008 0.006 + 0.0007 0.007 +0.001
8 uterus w/o resid. blood cont. 0.008 + 0.001 0.009 + 0.003 0.006 + 0.0008 0.005 + 0.0007 0.005 +0.001
9 uterus W/O free 48V 0.007 +0.001 0.008 £ 0.003 <DL <DL <DL

ig uterus | TiO, conc. (% IPLD/g tiss.) | 0.002+0.0003 | 0.002 +0.001 <DL <DL <DL

12 uterus TiO, conc. (ng/g tiSS.) 0.157 £ 0.025 0.174 £ 0.088 <DL <DL <DL

13 uterus % translocated TiO, 0.25+0.16 1.18+1.44 <DL <DL <DL

14 carcass raw data (%IPLD) 4.13+1.66 0.85+0.23 1.48 £0.25 1.23+0.11 1.20+0.12
ig carcass w/o resid. blood cont. 4.09 +1.66 0.82+0.23 1.41+0.24 1.08 +0.12 0.92 +0.09
17 carcass w/o free 8y 4.05+1.66 0.66 £0.26 0.65+0.23 0.49+0.12 0.31+0.05
18 carcass TiO, conc. (% IPLD/g tiss.) 0.02 £ 0.009 0.003 £+ 0.001 0.003 +0.001 0.002 + 0.0006 | 0.002 +0.0002
19 carcass TiO, conc. (ng/g tiss.) 1.79+0.84 0.21 +£0.08 0.34 £0.05 0.54+0.16 0.062 +0.016
32 carcass % translocated TiO, 91.06 +5.93 67.763+12.78 63.24 £ 36.16 80.97+7.92 78.68 +7.78
22 blood raw data (%IPLD) 0.150 + 0.022 0.159+0.013 0.262 + 0.040 0.037 £0.004 0.029 + 0.005
23 blood w/o resid. blood cont. 0.150 £ 0.022 0.159 £ 0.013 0.262 £0.040 0.037 £0.004 0.029 £ 0.005
24 blood w/o free 8y 0.144 +0.023 0.140 + 0.009 0.187 +0.042 0.024 +0.003 0.013 + 0.004
gg blood TiO, conc. (% IPLD/g tiss.) 0.009 + 0.002 0.008 + 0.0005 0.011 +0.003 0.001 +0.0002 | 0.001 +0.0002
27 blood TiO, conc. (ng/g tiss.) 1.24+0.26 0.61 +0.07 0.89+0.19 0.347 £0.10 0.034 +0.016
28 blood % translocated TiO, 4.84 +3.07 19.96 £ 10.96 21.26+7.38 4.61+2.03 3.40+2.70
29 skeleton | raw data (%IPLD) 0.205 +0.027 0.209 + 0.057 0.501 +0.069 0.425 +0.075 0.426 £ 0.068
32 skeleton | w/o resid. blood cont. 0.191 +0.029 0.194 + 0.057 0.476 +0.069 0.343 +£0.052 0.181 +0.057
32 skeleton | wj/o free ®¥v 0.161 +0.030 0.118 £ 0.045 0.284 +0.067 0.137+0.021 0.072 £ 0.023
33 skeleton | TiO, conc. (% IPLD/g tiss.) 0.004 £ 0.0007 0.004 + 0.002 0.011 +0.003 0.005 + 0.001 0.003 £+ 0.001
34 skeleton | TiO, conc. (ng/g tiss.) 0.50+0.07 0.30+0.11 0.89+0.23 0.46 +£0.19 0.09 £ 0.03
gg skeleton | % translocated TiO, 6.62 +5.97 12.60 +7.00 22.88+12.94 27.71 + 20.07 16.46 +£10.22
37 soft tissue | raw data (%IPLD) 3.920+1.675 0.644 +0.200 0.983 +0.201 0.809 £0.138 0.774 £ 0.058
38 soft tissue | w/o resid. blood cont. 3.892 +1.67 0.613 +£0.203 0.938 +0.195 0.735+0.140 0.744 +0.042
39 soft tissue | w/o free “v 3.885+1.673 0.544 +0.221 0.579 +0.208 0.423 £0.108 0.249 + 0.044
jg soft tissue | TiO, conc. (% IPLD/g tiss.) 0.022 £ 0.010 0.003 £+ 0.001 0.003 £ 0.001 0.002 £ 0.0005 | 0.001 +0.0002
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soft tissue
soft tissue

Ti0, conc. (ng/g tiss.) 1.77 +0.87 0.145+0.110 | 0.302+0.049 | 0.460+0.138 | 0.054+0.012
% translocated TiO, 84.44+11.73 55.12 +9.86 40.34+13.46 | 53.27+23.26 | 62.22+7.45

e No correction “w/o resid. blood cont.” was calculated for blood.

e  The mass of “lungs+BAL” is calculated to be the sum of the lavaged lung weight plus the estimated masses of BAL cells and BAL fluid: Volume of BAL cells

are estimated using a mean alveolar macrophage volume of 6.4-10™° cm? (Stone et al., 1992) times in average 4-10° lavaged AM = 0.0025 cm3; assuming

unit density the lavaged cell mass is 0.0025 g.

e  Volume of BAL fluid is estimated using the rat alveolar surface area of 0.40 m? (Stone et al., 1992) times an assumed epithelial lining fluid (ELF) thickness of

2 um =» 0.8 cm?3; assuming ELF harvesting efficiency during BAL of 50% and unit density the BAL fluid mass is 0.4 g.
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