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Theoretical deposition of random walk-generated nanoaggregates

in the lungs of healthy males and females
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Background: Particle aggregates with different complexity and size represent an essential component of
the ambient atmosphere. Therefore, theoretical knowledge on the effects of this particle group in the human
respiratory tract is indispensable. In the present study an innovative model for the hypothetical generation of
such aggregates is described in detail. In addition, lung deposition of the computed particles was predicted
for both male and female subjects.

Methods: The theoretical approach used in this contribution is based on a random-walk algorithm allowing
the construction of aggregates with cluster-, chain- or disk-like geometry. Basic components of these
complex particulate structures are represented by monodisperse spheres with a diameter of 1 nm. These
spherical elements were sticked together by random walks consisting of 10, 100 or 1,000 steps, resulting
in aggregates of different size and complexity. Deposition calculations were carried out by assuming (I) a
stochastic structure of the human respiratory tract and (II) different physical mechanisms seizing the inhaled
particles.

Results: Under sitting breathing conditions total deposition of variably sized nanoaggregates ranges
from 98.9% to 100% in males and from 98.6% to 100% in females. In the extrathoracic region particle
accumulation amounts to 39.3-64.6% (males) and 40.4-64.1% (females), whereas bronchial deposition
adopts values of 20.4-44.6% (males) and 20.9-43.2% (females). Alveolar deposition can be estimated at
1.68-14.9% in males and 1.58-18.4% in females. Gender-specific differences of generation-by-generation
deposition of nanoaggregates are on the order of 0-0.5%.

Conclusions: According to the results of the study deposition of nanoaggregates in the human respiratory
tract strongly depends on the size of the inhaled particulate structures. In addition, partly significant
differences of pulmonary particle accumulation between male and female subjects can be determined.
All these circumstances have to be considered with regard to the formulation of respective health risk

assessments.
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Introduction

The ambient atmosphere is characterized by the content
of numerous particulate substances varying in both size
and shape. Among this multitude of airborne particles
aggregates of the nanometer- and micrometer-scale exhibit
a highly specific aerodynamic behavior (1-5). Previous
research studies (3-7) yielded evidence that transport of
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aggregates in various regions of the human respiratory
tract deviates remarkably from that of ideal spheres with
comparable volume-equivalent diameter. A considerable
fraction of particle aggregates either originates from
incomplete combustion or may be regarded as result of
extremely fast agglomeration processes such as explosive

chemical reactions. These particulate structures, however,
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are commonly marked by dynamic shape factors adopting
values between 2 and 15 (2,4), so that their aerodynamic
properties are largely comparable to those of carbon
nanotubes with extreme aspect ratios (8-12) or ultrathin
graphene nanoplatelets (13,14).

Due to their small sizes and exceptional aerodynamic
characteristics nano-scale aggregates preferably accumulate
in the large airway structures of the upper respiratory tract,
where they are driven towards the airway walls by Brownian
motion. Micro-scale aggregates, on the other hand, show a
rather indifferent deposition behavior which is distinguished
by almost identical accumulation rates in the central and
peripheral lung compartments (4,5,13-16).

For highly appropriate model predictions of aggregate
deposition in the bronchial and alveolar structures of the
human lungs generation of particulate bodies with realistic
sizes and shapes represents a basic requirement. In previous
studies generation of complex aggregates was among other
carried out with the help of stochastic approaches (4-7).
These models, however, crystallized out as advantageous
with regard to the definition of many different particle
geometries, but, on the other hand, required rather
large-scale mathematical computations. According to
comprehensive microscopic investigations aggregate
structures belonging to different size categories usually
contain high amounts of small isometric components. These
elements are assembled to anisometric objects with cluster-,
chain- or platelet-like geometries (2,3,17,18). In numerous
cases single components of an aggregate originating from
chemical processes are distinguished by equal diameters,
whereas aggregates formed by electrostatic processes may
be marked by high geometric inhomogeneity of their
components (1-5).

The present contribution pursues two main objectives:
first, an innovative method of aggregate generation based
on the random-walk concept (19) is described in detail.
This approach allows the theoretical construction of
aggregates with different sizes, shapes and complexities,
whereby highly intricate mathematical calculations can be
omitted. Second, deposition behavior of the random-walk
aggregates is investigated for both male and female lungs.
According to previous studies (20,21) the human respiratory
tract is characterized by a gender-specific morphometry (i.e.,
female lungs are slightly smaller than male ones). Additional
discrepancies in breathing behavior commonly result in
very individual deposition rates of the inhaled particles.
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Methods

Aggregate generation according to the random-walk
concept

As already outlined by Sturm (19), computer-aided
generation of particle aggregates is based on a simple
algorithm. Computation starts with placing the first
component of the aggregate at the origin of a three-
dimensional Cartesian coordinate system. Subsequently,
steps with absolute lengths of -1, 0 or +1 units are
calculated along the three spatial directions. Thereby,
adoption of a specific value is determined by the random-
number concept. The currently generated position
is occupied by a new component. If the computed
coordinate is already claimed by another component, the
software checks the number of steps computed so far.
If this number remains under a maximal step number
(e.g., 1,000) constituted for the specific aggregate, a
new position for the component of interest is modeled
according to the procedure described above. If, on
the other hand, this maximal step number is attained,
construction of the aggregate is terminated and essential
aerodynamic parameters of the produced particulate
structure are calculated. Continuous spatial arrangement
of monodisperse spherical components results in the
growth of the aggregate and successive enhancement of
its structural complexity (Figure 1).

The random-walk algorithm outlined above was
realized by using the largely distributed software MS
EXCEL™. In this computer program, which was
originally developed for economic calculations, the user
can immediately visualize the results obtained from
the theoretical computations. For this study complex
aggregates consisting of 10, 100 and 1,000 random-walk
steps were generated (Figure I). In this context isometric
growth of the particulate structures along the three axes
of the coordinate system was assumed, resulting in almost
isodimensional clusters. Additionally, it has to be noted
that any increase of the growth probabilities along two
spatial directions with respect to the growth probability
along the third direction leads to the generation of
platelet-like aggregate geometries. On the other hand, a
significant decline of the growth probabilities along those
coordinate axes with respect to the probability along
the third direction induces the production of chain-like
aggregates (19).
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Figure 1 Examples of nanoaggregate generation with the random-walk model (see text for further details). Whilst smallest aggregates

considered in this study consist of 10 random-walk steps, largest aggregates include 1,000 random-walk steps. Respective aerodynamic

parameters calculated for the single particulate structures have been added.

Deposition of nanoaggregates in male and female lungs

Deposition computations presented in this contribution
were limited to nanoaggregates assuming a maximal size
of 0.1 pm. For this purpose basic spherical components
with a uniform diameter of 1 nm were presupposed.
In addition, the aggregates generated according to the
random-walk procedure were characterized by unit-
density (1 g/cm’). Simulations of aggregate deposition
in the human respiratory tract were carried out by using
a stochastic particle transport and deposition program
that was subjected to a comprehensive validation and
refinement process in the past decades (19-26). Within
the stochastic lung architecture single inhaled particles are

transported along randomly selected paths and seized by
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different deposition mechanisms (Brownian motion, inertial
impaction, interception, sedimentation). Interaction of these
mechanisms commonly determines the particle fractions
deposited in the bronchial, bronchiolar and alveolar
structures of the respiratory system. Deposition behavior
of variably sized aggregates in the airways and alveoli was
extrapolated by application of the Monte Carlo method
and the mathematical technique of statistical weights
(19-28). From the stochastic model information with regard
to total, regional and generation-by-generation deposition
was extracted (20).

Deposition of nanoaggregates in the respiratory tracts
of males and females was carried out by assuming lungs of
average size, respectively [FRC (male) =3,300 mL, FRC
(female) =2,650 mL; (29)]. Inhalation of particles was
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Figure 2 Aerodynamic characteristics (mean = standard deviation)
of nanoaggregates with increasing structural complexity. (A)
Dynamic shape factor [calculation according to the mathematical
concept outlined by Kasper (2)]; (B) aerodynamic diameter
[calculation according to the standard formula introduced by
Fuchs (1)].

simulated for sitting breathing conditions with breathing
frequencies of 14.4 min™' (male) and 18.5 min™' (female),
breath-hold phases of 1 s (male and female) as well as tidal
volumes of 750 mL (male) and 625 mL (female).

Results

Aerodynamic properties of random-walk modeled
nanoaggregates

Essential parameters describing aggregate aerodynamics in
the human respiratory tract are illustrated in Figure 2. With
regard to the dynamic shape factor, whose computation was
carried out according to the concept stated by Kasper (2),
aggregates generated by 10 random-walk steps adopt a value
of 4.07+1.23. Aggregates consisting of 100 random-walk
steps are characterized by a value of 3.48+0.46, whereas
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largest particulate structures including 1,000 random-walk
steps are distinguished by a value of 3.80+0.41 (Figure 2A).

Whilst the dynamic shape factor exhibits a rather
indifferent behavior with increasing aggregate size and
complexity, the aerodynamic diameter positively correlates
with the number of random-walk steps used in the model
simulations. This phenomenon may be regarded as result
of the continuously increasing volume-equivalent diameter
(19-29). Smallest aggregates (10 random-walk steps)
adopt an aerodynamic diameter of 1.51+0.24 nm, whereas
aggregates including 100 random-walk steps have an
aerodynamic diameter of 2.99+0.11 nm and thus are twice
as large as their smaller counterparts. Aggregates consisting
of 1,000 random-walk steps have an aerodynamic diameter
of 4.58+0.25 nm, which corresponds to a size increase
of 203% compared to the smallest particulate structures
(Figure 2B).

Deposition of nanoaggregates in male and female lungs

Concerning total and regional (i.e., extrathoracic, bronchial
and alveolar) deposition of random-walk-generated
aggregates, respective model predictions are summarized in
Figure 3. In general, total deposition declines from 100%
(10 random-walk steps) to 98.9% (1,000 random-walk
steps) in the male respiratory tract and from 100% to
98.6% in the female one. Deposition of complex particulate
structures in the extrathoracic (nasal) airways commonly
exhibits a negative correlation with particle size. In males
small aggregates (10 steps) are deposited by 64.6% and large
ones (1,000 steps) by 39.3%, whereas in females deposition
fractions of comparable aggregates amount to 64.1% and
40.4%. In the bronchial airways deposition probabilities and
aggregate sizes are characterized by a positive correlation.
Concretely speaking, small aggregates deposit by 20.4%
(males) and 20.9% (females), whilst large aggregates
accumulate by 44.6% (males) and 43.2% (females). A
very similar tendency can be determined for the alveolar
region, where deposition of small aggregates amounts to
1.68% (males) and 1.58% (females), whilst deposition of
large aggregates adopts values of 14.9% (males) and 18.4%
(females).

Regarding the deposition of variably shaped and
sized nanoaggregates in single airway generations of the
respiratory tract, model predictions are illustrated in
Figure 4. Smallest particulate structures (10 steps) commonly
deposit from generation 1 to 21, whereby in male lungs
maximal deposition occurs in generations 10 and 11 and

J Public Health Emerg 2018;2:16



Journal of Public Health and Emergency, 2018

A 100 - mmale
mfemale
99
g
S 98-
‘@
o
Q
[0}
O 97 1
8
i)
96 1
95
10 steps 100 steps 1,000 steps
Aggregate size
C
100 - Emale
90 A mfemale
< 80 1
5 70
2 60 A
o
[0}
ko)
S
<
o
c
9
m

10 steps

100 steps 1,000 steps

Aggregate size

D 100 |

Page 5 of 9

B 100 1 =male

90 A m female
80 A
70 A
60
50 A
40 o
30
20 A
10 4

Extrathoracic deposition (%)

10 steps 100 steps

Aggregate size

1,000 steps

mmale
90 | m female
80
70
60
50 A
40 A
30 1
20 1
10 1

0 R

Alveolar deposition (%)

10 steps 100 steps 1,000 steps

Aggregate size

Figure 3 Total and regional deposition (mean + standard deviation) of nanoaggregates with different complexity in the respiratory tract of
males and females. (A) Total deposition; (B) extrathoracic deposition; (C) bronchial deposition; (D) alveolar deposition.

adopts values of 2.02%, respectively. In female lungs the
deposition maximum is located in generation 11, thereby
assuming a value of 2.08%. In the case of nanoaggregates
produced by 100 random-walk steps deposition in single
airway generations is characterized by a significant
enhancement with respect to the smallest particles.
Therefore, deposition ranges from 0.009% (generation 22)
to 3.94% (generation 13) in male lungs, but from 0.03%
(generation 22) to 4.01% (generation 15) in the respiratory
tract of female subjects. Nanoaggregates modeled by 1,000
random-walk steps are marked by a further increase of their
generation-by-generation deposition. Concretely speaking,
deposition of these complex particulate structures varies
between 0.065% (generation 23) and 5.09% (generation
15) in the case of male subjects, whereas in female subjects
such aggregates deposit by 0.052% (generation 23) to 5.43%
(generation 16).
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Discussion and conclusions

As demonstrated by previous studies (3-7), the ambient
atmosphere among other contains complex aggregates
of the micro- and nano-scale, which are characterized by
highly specific aerodynamic properties. The phenomenon
of aggregation mainly concerns diesel soot and other
particles emerging from incomplete combustion processes.
In addition, also particles carrying an electric charge or
being marked by increased hygroscopicity may be subjected
to respective growth processes resulting in the formation
of clusters or chains (1-8,17-19). Currently, a multitude
of inhalable aggregates were categorized as serious health
hazards (30-32). Therefore, advanced knowledge on the
transport and deposition behavior of such particulate
structures in the human respiratory tract has to be
evaluated as essential for effective assessment of health
risks. The present contribution could clearly demonstrate
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Figure 4 Generation-by-generation deposition of different nanoaggregates in male and female lungs. (A) Ten random-walk steps; (B) 100

random-walk steps; (C) 1,000 random-walk steps.

that aggregates belonging to the nano-scale possess the
ability the reach more peripheral lung regions (small
ciliated airways, alveoli) in rather high amounts. These
compartments of the respiratory system, however, are
distinguished by increased susceptibility for particle-tissue
interactions with respect to the bronchial airways of the
upper lung, where fast innate defense mechanisms act upon
the particles (33-47).

As could be clearly demonstrated by the theoretical
results of this contribution, deposition of nanoaggregates
is subject to a continuous displacement from upper to
lower lung regions with increasing size of the particulate
structures (Figures 3,4). Brownian motion represents the
main deposition force exerting on the particles, but exhibits
a negative correlation with particle size (3-10,19,29).
Since larger aggregates are marked by significantly lower
deposition forces, they are able to cover longer distances
within the respiratory tract, before they collide with the
bronchial or alveolar wall (20,29). An enhancement of the
inhalation flow rate, as it occurs by switching from sitting
to light-work breathing, results in a further increase of
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the axial particle transport distance, so that the fraction of
exhaled aggregates becomes remarkably enhanced (21-26).
It has to be noted in this context that deposition behavior of
highly anisometric particles such as aggregates, platelets or
fibers considerably differs from that of volume-equivalent
spheres (1-15). In the present study volume-equivalent
diameters of the theoretically modeled aggregates exceed
the related aerodynamic diameters by 10% to 30%. This
means that volume-equivalent spheres exhibit higher
peripheral deposition fractions than aggregates. On the
other hand, they are characterized by decreased total
deposition fractions (20,29).

Comparison of nanoaggregate behavior in the male lung
with that in the female one came to expected results. Whilst
total, extrathoracic and bronchial deposition of variably
sized aggregates is slightly lower in women than in men,
alveolar deposition is significantly increased in female lungs
with respect to male lungs (Figure 3). This phenomenon is
also reflected in the generation-by-generation deposition
graphs, where deposition maxima in female lungs occur in
more distal airway generations than those in male lungs.

J Public Health Emerg 2018;2:16
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The results can be mainly led back to gender-specific
differences of airway morphometry and breathing behaviour
which themselves influence the effectivity of Brownian
motion (29).

Nanoaggregates deposited on the epithelial walls
of airways and alveoli undergo various size-dependent
clearance mechanisms. In the bronchial structures
mucociliary transport as well as transepithelial clearance
may be evaluated as most essential (33-47). Thereby,
removal of particulate substances towards the lymphatic/
vascular system may be finished within several minutes to
hours (42). In the alveolar region transcytosis represents
the main clearance mechanism, since macrophages are
not able to detect and phagocytize particles of the nano-
scale. If the aggregates are stored in epithelial cells
and bound to intracellular structures, they may induce
intracellular signal cascades resulting in malignant cellular
transformations (24,42).

The results of the present study recommend further
theoretical examinations of nanoaggregates, since these
particles seem to play an important role in pulmonology.
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