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Summary

Background: The penetration, translocation and distribution of ultrafine and nanoparticles in
tissues and cells are challenging issues particle research. Especially, translocation of
nanoparticles (NP) from the pulmonary airways into other pulmonary compartments or the
systemic circulation is controversially discussed in the literature. In a previous study it was
shown that titanium dioxide NP were “distributed in four lung compartments (air-filled
spaces, epithelium/endothelium, connective tissue, capillary lumen) in correlation with
compartment size”. It was concluded that particles can move freely between these tissue
compartments. To analyze whether the distribution of titanium dioxide NP in the lungs is
really random or shows a preferential targeting we first established a new method for
comparing the distributions of NP within tissues or cells and applied this method to the
distribution of titanium dioxide NP in the lung.

Theoretical foundation: The novel quantitative microscopic methods for evaluating particle
distributions within sectional images of tissues and cells address the following questions: 1) Is
the observed distribution of particles between spatial compartments random?, 2) Which
compartments are preferentially targeted by particles? Each of these questions can be
addressed by testing an appropriate null hypothesis.

The methods require observed particle distributions to be estimated by counting the number of
particles associated with each defined compartment. For studying preferential labelling of
compartments, the size of each of the compartments must also be estimated by counting the
number of points of a randomly-superimposed test grid which hit the different compartments.
The latter provides information about the particle distribution that would be expected if the
particles were randomly distributed, i.e. the expected number of particles.

From these data, we calculate a relative deposition index (RDI) by dividing the observed
number of particles by the expected number of particles. The RDI indicates whether the



observed number of particles corresponds to that predicted solely by compartment size (for
which RDI = 1). Within one group, the observed and expected particle distributions are
compared by chi-squared analysis. The total chi-squared value indicates whether an observed
distribution is random. If not, the partial chi-squared values help to identify those
compartments that are preferential targets of the particles (RDI>1).

Practical application: Rat lungs exposed to an aerosol containing titanium dioxide NP were
prepared for light and electron microscopy at 1h and at 24h after exposure. Numbers of
titanium dioxide NP associated with each compartment were counted using energy filtering
transmission electron microscopy. Compartment size was estimated by unbiased stereology
from systematically sampled light micrographs. Numbers of particles were related to
compartment size using the relative deposition index and chi-squared analysis.

Nanoparticle distribution within the four compartments was not random at 1h or at 24h after
exposure. At 1h the connective tissue was the preferential target of the particles. At 24h the
NP were preferentially located in the capillary lumen.

We conclude that titanium dioxide NP cannot move freely between pulmonary tissue
compartments. The present study suggests a rapid transport from the airways to the

connective tissue and a subsequent translocation to the systemic circulation.
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Background

The penetration, translocation and distribution of ultrafine and nanoparticles in tissues and cells
are challenging Issues In particle research[1]. Especially, translocation of nanoparticles (NP)
from the pulmonary airways Into other pulmonary compartments or the systemic circulation is
controversially discussed inthe literature. |n a previous study it was shown that titanium dioxide
NP were “distributed In four lung compartments (air-filled spaces, epithellum/endothelium,
connective tissue, capillary lumen) in correlation with compartment size”. It was concluded that
particles can move freely between these tissue compartments(2]. To analyze whether the
distribution of titanium dioxide NP inthe lungs Is really random or shows a preferential targeting
we first established a new method for comparing the distributions of NP within tissues or cells
and appliedthis method to the distribution of titanium dioxide NP inthe lung.

Theoretical foundation

The novel quantitative microscopic methods for evaluating particle distributions within sectional
iImages of tissues and cells address the following guestions: 1) Is the observed distribution of
Darticles between spatial compartments random?, 2) VWhich compartments are preferentially
targeted by particles? Each of these gquestions can be addressed by testing an appropriate null
nypothesis. The methods require observed particle distributions to be estimated by countingthe
numper of particles associated with each defined compartment. For studying preferential
labelling of compartments, the size of each of the compartments must also be estimated by
counting the number of points of a randomly-superimposed test grid which hit the different
compartments. T he latter provides information about the particle

distribution that would be expected If the particles were randomly distributed, 1.e. the expected
number of particles.From these data, we calculate a relative deposition index (RDI) by dividing
the observed number of particles by the expected number of particles. The RDI indicates
whether the observed number of particles corresponds to that predicted solely by compartment
size (for which RDI = 1). Within one group, the observed and expected particle distributions are
compared by chi-squared analysis. The total chi-squared value indicates whether an observed
distribution is random. If not, the partial chi-squared values help to identify those compartments
that are preferential targets of the particles (RDI>1)[3].

Practical application

Rat lungs exposed to an aerosol containing titanium dioxide NP were prepared for light and
electron microscopy at 1h and at 24h after exposure. Numbers of fitanium dioxide NP
assoclated with each compartment were counted using energy filtering transmission electron
microscopy. Compartment size was estimated by unbiased stereology from systematically
sampled light micrographs. Numbers of particles were related to compartment size using the
relative deposition Index and chi-squared analysis. Nanoparticle distribution within the four
compartments was not random at 1h or at 24nh after exposure. At 1h the connective tissue was
the preferential target of the particles. At 24h the NP were preferentially located in the capillary
lumen. We conclude that titanium dioxide NP cannot move freely between pulmonary tissue
compartments. The present study suggests a rapid transport from the airways to the connective
tissue and a subsequent translocation to the systemic circulation[4].

Hypothetical examples

Figure 1.The use of test points to determine the volume
fraction of each defined compartment in relation to cell
volume and, hence, the expected number of particles. A cell
profile, taken from a larger set of iImages, all gathered by
systematic uniform random sampling, IS subjected to point
counting. The intersections of the lattice are taken as points.
The number of points hitting each defined compartment is
counted (observed points). These numbers provide an
estimate of the volume occupied by each compartment. If a
number of particles were randomly distributed within the cell,
the number of particles counted for each compartment would
equal the observed number of points, I. e. the observed
points also represent an estimate for the expected number of
particles.

Table 1. Synthetic data set in which nanoparticles enter cells by an endocytosis-independent
mechanism and become randomly distributed between different intracellularcompartments.
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Figure 2.Random particle distribution (see Table 1). In this
case, the particles are randomly distributed within the cell
and the observed number of particles with each
compartment is similarto the expected number of particles.

Table 2. Synthetic data set in which nanoparticles enter cells by an endocytosis-dependent
mechanism and become distributed mainly in compartments of the endocytic pathway.
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Figure 3.Non-random particle distribution (see Table 2). In
this case, particles are predominantly located within
phagosomes and endosomes/lysosomes. A few particles
are also found in the cytoplasm. The observed number of
particles In phagosomes and endosomes/lysosomes IS
higherthan it would be expected from their size which results
In a relative deposition index > 1. The observed number of
particles for the cytoplasm is smaller than expected from
compartment size leadingtoa relative deposition index < 1.

Application

Table 3. Important methodological issues of the experiments. For details see [2].

Snimals

Species Adultmale WEVINCH BR rats

Humber n=4for eath grodp

Farticle=s

aterizl Titanium dinxide

Aaroso | gemeration Spark generator fﬁala_*-:'fl in a8 pure argon plus0 1% axygen stream

Count meadign diam etar (nm) o A e o il B

Exposura Inhalation of garosal for Th

Fization and lizsue processing

Tim e point of flxation Thoor 240 ater particle exposurs

Fixation modsa Subseguant periusion fixzation with 3-8 % by fersd gltaraldehyde |

1'% Dsmlum tatroxide, 0.6 % dranyl acatate

Tiszue sampling Systamaticountform random sampling

Materizl for lightand electran Samithin (taluldine staining)and ukrathin (uranyl avetate and f=ad

Mg o ca py cirate siaining] sactions

Figure 4.0riginal data from Geiser et al. [2]
showing the mean number of TIOZ NP in the four
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Comparison between observed and Figure 5.From the observed number of particles

expected particles at 1h after exposure (N;) and the number of points (P) on each

= compartment the expected number of particles

- RDI: 0,92 Tolal %2 34 02 (No)was calculated (e.g. N: (air) = 449 X
i | e P<0.01 (2251/2672) = 378). The RDI is calculated from
£ N./ Nz (e.g. RDI (air) = 348/378 = 0.92). The chi-
Q = r squared (X) values are calculated from (N, -
; 200 NOYN: (e.g. X (air) = (348-378)/378 = 2.42).
€ RDL:1.14  RD:2B4  RDL 1.26 With three degrees of freedom (2-1 groups x 4-1
2 aiRe2 eSS e compartments)and a total chi-squared value of
" D TN s W R 34.02, the null-hypothesis of random distribution

Air EpittiaEauiiiel | Gohnactive  Gapllary luren has to be rejected (p<0.01). The connective
tissue has an RDI| of 2.645 and a partial chi-
squared value thatcontributes about84 % of the

total chi-squared. It is the only compartment that meets both criteria for a preferential deposition.
Abbreviations: Air. Air space; X Chi-squared test values. RDI: Relative deposition index. that
contributes about 84 % of the total chi-squared. It is the only compartment that meets both criteria for a
preferential deposition. Abbreviations: Air: Air space; X Chi-squared test values. RDI: Relative
deposition index.

Compartments

Eampaitcon ipibynen iliscmsi onl Figure 6. The calculation of the data s described in
expected particles at 24h after exposure the Theoretical foundation and an illustrating
example is provided in the note to table 4. With
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T TR ke UM Abbreviations: Air: Air space; X°: Chi-squared test
Compartments values. RDI: Relative deposition index.
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