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Introduction

Particles being suspended in the ambient air may be 
regarded as serious health hazards when they are taken 
up via the respiratory tract. Additionally, they may have 
remarkable effects on the climatic cycle, atmospheric 
transparency, and environmental deposition of acidic 

and toxic substances. Apart from these hygienic and 
environmental aspects, aerosol particles have also found 
their applications in numerous industrial processes. 
Independent of the site, where such particular matter is 
formed, physical properties of airborne particles are chiefly 
controlled by particle size and shape. This is also the reason, 
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why many methods of aerosol concentration measurement 
are founded upon the determination of particle diameter 
classes (1-4).

Smoke and soot represent aerosol particles that result 
from combustion or thermal decomposition processes. 
Besides their classification as so-called ultrafine particles, i.e., 
particles with diameters less than 100 nm, they are commonly 
characterized by a highly irregular shape, regardless of 
origin and chemical composition. Irregularly shaped 
particular substances substances are frequently composed 
of high numbers of primary particles that form a so-called 
aggregate (5,6). In the past, theoretical visualization of 
such aggregates was significantly simplified by defining 
the primary components as small spheres or spherules that 
are combined in a stochastic or even chaotic manner (6-8).  
Measurements of atmospheric aerosols provide clear 
evidence that ultrafine particle aggregates are practically 
always detected in the ambient air volume (9), wherefore 
they have considerable influences on human health.

Recent mathematical models describing particle 
aggregate geometry are based upon fractal geometry, 
being able for the simulation of highly chaotic and nearly 
realistic shapes (10,11). Especially shapes of soot particles 
emitted from diesel engines are approximated by these 
models, because they have excited public interest during 
the past decades due to their contribution to the burden of 
pulmonary and cardiovascular diseases (12,13). Theoretical 
approaches of aggregate geometry and related behaviour 
of such particle complexes in the continuum regime and 
slip flow regime date back to the 1970s (6-8) and 1980s 
(5,14). According to Kasper (5) aggregate geometry may 
be subdivided into two main categories: the first category 
includes clusters that can be treated like a porous sphere, 
whilst the second category comprises chains corresponding 
in their behaviour to prolate bodies. Mathematical 
approaches conducted more currently have subjected 
Kasper’s classification of aerosol aggregates to a further 
significant refinement. Basically aggregates are supposed 
to consist of small, equally sized spheres that either form 
clusters without any voids, compact aggregates with internal 
voids or, most likely, loose aggregates with internal voids 
(15,16). Each of these three categories is characterized by 
individual diameters, volumes and dynamic shape factors. 
Microscopic studies on soot particles deposited in the lungs 
and consequently captured in the bronchial and alveolar 
parenchyma of laboratory animals (17,18) provide clear 
evidence that cluster geometry may be most appropriately 
simulated by loose and compact aggregates of spherules 

with internal voids. Due to their deposition in the lungs and 
subsequent capture in bronchial and alveolar tissues soot 
particles have excited increased medical interest. Within 
these specific tissues they may be stored for years and partly 
act as triggers for malignant transformations. Microscopic 
images additionally show that soot clusters may be most 
reliably approximated by loose or compact aggregates of 
small spheres, whereby these aggregates are marked by 
internal voids.

The objective presented here is two-fold: first, deposition  
scenarios of particle aggregates with variable shapes are 
simulated for the extrathoracic region (i.e., the nasal/
oral air passages and nasopharynx/oropharynx) as well 
as the proximal part (airway generations 0 to 4) of the 
tracheobronchial tree of the human respiratory tract. 
Second, possible effects of aggregate deposition on the 
formation of lung cancer are discussed.

Methods

Theoretical generation of particle aggregates and related 
dynamic shape factors

Particle aggregates were generated according to the 
mathematical algorithm currently introduced by Sturm (19). 
This approach allows the use of spherical components with 
various diameters as well as the variation of the number of 
spheres used for the construction of the aggregates. Shapes 
of the aggregates are founded upon the random number 
concept, resulting in compact, loose or even ramified 
aggregate geometries.

The diameter of an aggregate, des, basically corresponds 
to the diameter of a sphere wrapping around the multi-
component particle (19). Estimation of the dynamic shape 
factor, χ, is conducted according to the equation [1] (5):

[1]

with dve denoting the diameter of a sphere with exactly the 
same volume as the aggregate of interest (volume equivalent 
diameter). The computation of dve is simply realized by the 
equation  [2]:

[2]

where n represents the number of spherical components 
of the aggregate, whilst di corresponds to the diameter of 
spherical component i. Finally, the aerodynamic diameter 
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of a given aggregate is derived from the widely applied 
equation [3] (5-8,19):

[3]

In the expression noted above ρp and ρ0 denote the mean 
density of the particle aggregate of interest as well as unit 
density (1 g·cm-3), respectively, whereas C(dve) and C(dae) 
correspond to the Cunningham slip correction factors 
related to dve and dae. Calculation of particle slip correction 
may be carried out according to the general equation [4]: 

[4]

where λ represents the mean free molecular path length 
of air (0.066 µm at 20 ℃) and d the respective particle 
diameter (dve or dae). The empirical coefficients a, b, and c 
are commonly provided by reviews dealing with that topic 
(5-8). The formula of the Cunningham slip correction 
factor may be applied to the continuum regime with 
Knudsen number, Kn, adopting values <<1 as well as to the 
free-molecular regime with Kn adopting values >>1. Within 
the continuum regime particles with diameters >0.5 µm are 
usually used for calculations, resulting in Cunningham slip 
correction factors that increasingly tend to take the value 1 
and, therefore, can be omitted from equation [3].

Computation of aggregate deposition in the human 
respiratory tract

Deposition of particle aggregates in the upper airways 
of the respiratory system was simulated by using (I) the 
aerodynamic diameter concept described above and (II) 
the stochastic particle transport and deposition model 
introduced in numerous preceding publications (20-24). 
According to the stochastic approach to particle transport 
and deposition transport trajectories of single aggregates 
through the tracheobronchial tree are selected on the basis 
of the random number concept, whereby at each airway 
bifurcation the further progress of an inhaled particle is 
computed separately. The decision of the particle to enter 
either the left or the right daughter airway partly depends 
on the distribution of inhaled air volume between the two 
daughter tubes.

Lung structure was systematically generated by random 
selection of geometric determinants (airway diameter, 
airway length, bifurcation angle, gravitation angle) from 

predefined lung generation-specific probability density 
functions (25), which are based on morphometric data sets 
of the human respiratory tract (26,27).

Aggregate deposition in the thoracic airways and alveoli 
of the respiratory system was simulated by application of 
empirical formulae for the four main deposition forces, 
namely Brownian diffusion, inertial impaction, interception, 
and gravitational settling (20,28). The combined effect of 
these deposition forces on single particles taken up during 
inhalation was computed with the help of mathematical 
equations expressing the fraction of each deposition 
mechanism as function of the aerodynamic diameter. For 
a statistical evaluation of such theoretically computed 
deposition scenarios, high numbers (usually 10,000) of 
randomly constructed particle trajectories through the 
airway structure were produced and submitted to statistical 
standard procedures. Additional optimization of these 
computations took place by application of the statistical 
weight method which allows each particle to perform 
multiple deposition events (20,29). Thereby, the probability 
of each deposition event was weighted against related 
deposition events that had taken place in preceding airway 
generations. Particle deposition was finally expressed as 
function of lung region (bronchial vs. alveolar) and lung 
generation-specific deposition site.

Concerning extrathoracic aggregate deposition, i.e., 
deposition of non-spherical particles in the oral, nasal, 
and pharyngeal air passages, approximations based on 
mathematical regression procedures and expressing 
deposition fraction as function of diffusion coefficient 
and flow rate were used. For the oral airways illustrated 
in Figure 1, the following deposition equation [5] for the 
diffusion regime was applied (30-33):

[5]

For the nasal air passage, being marked by significantly 
higher complexity in structure than the oral airways  
(Figures 1,2), deposition may be computed with the 
following equation [6] (31):

[6]

Doral and Dnasal denote oral and nasal deposition fraction, 
respectively, whereas Q denotes the flow rate (L·min-1) 
and D yields the diffusion coefficient which is commonly 
defined by the mathematical expression [7]

𝐶 𝑑 = 1 +
2𝜆
𝑑 ∙ 𝑎 + 𝑏 ∙ exp

𝑐
2𝜆/𝑑
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Figure 1 Theoretical sketch illustrating the anatomy of oral and nasal pathways of the human respiratory tract (left) as well as geometric models 
standing behind the simulation of extrathoracic particle deposition (30,31)

[7]

with n denoting the number of particles within a unit-volume 
(1 m3), d representing the aerodynamic particle diameter, kB 
being the Boltzmann constant (J·K-1), T being the temperature 
of the fluid, and m representing the molecule mass (kg).

Modelling results

Construction of particle aggregates

Particle aggregates were theoretically constructed in the way 
described above. For aggregate generation different numbers 
of equally sized spherical components were used: small 

aggregates were composed of 10 spheres, intermediately 
sized aggregates of 50 and 100 spheres, and large aggregates 
of 1,000 spheres, respectively. Shape of the theoretically 
computed aggregate particles was subject to high variation, 
ranging from chain-like structures to more compact 
structures with internal voids (Figure 3) and almost spherical 
structures with a rather massive appearance. Depending on 
the geometry of the aggregates high variations of χ and, as 
a consequence of that, of dae could be modelled which are 
summarized in Figure 4. Therefore, aggregates consisting 
of only 10 spheres with equal size (diameter: 1 nm) show 
a χ ranging from 1.1 to 2.4 and a dae varying between 1.39 
and 2.04 nm. For aggregates being composed of 50 spheres 
χ and dae are both subject to a significant increase, thereby 
taking values between 1.2 and 7.5 and values between 1.34 
and 3.36 nm. This trend is further continued for aggregates 
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comprising 100 spheres (χ: 1.6-12.3; dae: 1.32-3.66 nm). 
Finally, aggregates being constructed of 1,000 spheres 
vary in dynamic shape factor between 1.9 and 43.6, whilst 
the aerodynamic diameter commonly ranges from 1.51 to  
7.25 nm (Figure 4). Based on these data aerodynamic 
diameter, dae, commonly varies between 1 and 8 nm.

Deposition of particle aggregates in specific airways of the 
upper respiratory tract

Deposition computations were carried out by assuming 
(I) sitting breathing conditions (tidal volume: 750 mL, 
breathing cycle length: 4.2 s) and (II) light-work breathing 
conditions (tidal volume: 1,250 mL, breathing cycle  

Figure 2 Detailed anatomical model of the nasal pathway including respective wall roughness emanating from nasal conchae (30)

Figure 3 Examples of particle aggregates consisting of 10 equally 
sized spheres (d =1 nm) and 100 equally sized spheres. Values for dev, 
des, χ, and dae were computed with the help of the theoretical model 
presented in this study
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Figure 4 Computation of essential geometric parameters (mean ± standard deviation) describing the size of multiple-sphere aggregates. 
Aggregates were assumed to consist of 10, 50, 100, and 1,000 equally sized spheres (d =1 nm). A. Dynamic shape factor (χ); B. Aerodynamic 
diameter (dae)

A B

length: 3 s). Concerning the sitting breathing scenarios, 
respective modelling results are summarized in Figure 5.  
In the graphs of Figure 5 aggregate deposition in the 
extrathoracic compartment and airway generations 0  
( t rachea)  to  4  i s  presented  as  a  funct ion  of  the 
aerodynamic particle diameter dae. Solid curves describe 
particle deposition after passage of the nasal pathway, 
whilst dashed curves describe particle deposition following 
inhalation through the oral pathway. In the extrathoracic 
region including oral/nasal cavities and oro-/nasopharynx  
(Figure 5A) highest deposition values may be attested for 
particle aggregates with dae <10 nm (40-90%), whereas 
deposition efficiency of larger particles continuously 
declines with increasing size and finally reaches a 
minimum for dae ≈0.5 µm (0.8-10.2%). For larger 
particles extrathoracic deposition is again subject to a 
steep increase, reaching another maximum at dae =10 µm 
(85-98%). Deposition in the nasal airways is commonly 
higher than that in the oral airways, with deposition 
discrepancies between both pathways ranging from 10% 
to 50%.

Regarding tracheal aggregate deposition (Figure 5B) 
nano-scale particles (dae <10 nm) again exhibit highest 
accumulation probabilities (0.5-6%), whereas larger 
particles are usually enabled to pass this proximal 
airway without any significant difficulties. Contrary to 
the extrathoracic region, particles inhaled through the 
mouth are characterized by higher deposition efficiencies 
than particles inspired through the nose. This particle 
transport behaviour is also given in a similar fashion in 
the following airway generations of the tracheobronchial 
tree, being characterized by partly asymmetric airway 
bifurcations. Additionally, in the main bronchi of airway 

generation 1 (Figure 5C) deposition of aggregates with dae 
>10 nm is marked by increased relevance (>1%), whilst 
smaller particles show a slight decrease in deposition. This 
trend may be also observed for airway generations 2 to 4  
(Figure 5D,E,F), whereby total numbers of deposited 
particles are generally subject to a decline with proceeding 
penetration of the lung airways. Comparison of nasal 
and oral inhalation shows that higher particle numbers 
are enabled to enter the lungs after passage of the oral 
pathway, whereas inhalation through the nose results in 
an enhanced capture of particles in the nasal airways.

For l ight-work breathing scenarios  respect ive 
modelling results are summarized in the graphs of  
Figure 6. Basically, the deposition functions computed for 
nasal and oral inhalation on the one hand and different 
sites of the human respiratory tract on the other hand 
are rather similar to those introduced in Figure 5. Due 
to the higher velocity of the air stream during light-
work inhalation nano-scale particles with dae <10 nm are 
commonly subject to declined deposition probabilities 
in the single airways. Contrary to that, larger aggregates 
exhibit slightly higher deposition probabilities in the 
extrathoracic compartments and airways of the uppermost 
lungs. As illustrated in the respective graphs, relative 
deposition in the nasal/oral airways amounts to 32% to 
100%, that in the trachea to 0.2% to 4.5%, whilst that in 
the remaining bronchial airways being of interest in this 
study varies between 0% and 4%.

Summing up the computation results presented above, 
aggregate deposition may be described as a function of 
(I) aggregate size; (II) deposition site; and (III) breathing 
conditions, whereby, under the frame conditions assumed 
for this study, highest particle doses are delivered to the 
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Figure 5 Graphs illustrating the dependence of local aggregate deposition on aerodynamic diameter assuming sitting breathing conditions (28). 
A. Extrathoracic region; B. Trachea (lung generation 0); C. Main bronchi (lung generation 1); D. Lung generation 2; E. Lung generation 3; F. 
Lung generation 4. Solid lines mark deposition following oral inhalation, whereas dashed lines mark deposition after nasal inhalation
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Figure 6 Graphs illustrating the dependence of local aggregate deposition on aerodynamic diameter assuming light-work breathing  
conditions (28). A. Extrathoracic region; B. Trachea (lung generation 0); C. Main bronchi (lung generation 1); D. Lung generation 2; E. Lung 
generation 3; F. lung generation 4. Solid lines mark deposition following oral inhalation, whereas dashed lines mark deposition after nasal 
inhalation
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extrathoracic regions, the trachea as well as the main 
bronchi.

Discussion

Realistic evaluation of health hazards that emanate 
from the exposure to nano-scale aggregates requires 
comprehensive information regarding the behaviour 
o f  such  h igh ly  complex  par t i c l e s  in  the  human 
respiratory system.  During the past  two decades 
theoretical approaches to that problem were developed 
which meanwhile represent an appropriate support 
for any determination of aggregate deposition in the 
lung airways and its effects on the lung tissue (5-8,19).  
In this contribution, deposition of variably shaped 
aggregates was simulated by using two standard breathing 
conditions (sitting and light-work breathing) (28). The 
results obtained from the study may be regarded as helpful 
in several aspects: first, it could be demonstrated that 
aggregates with unit density (1.0 g·cm-3) are characterized 
by a lung deposition which in part differs significantly 
from that of comparable spheres, where all computed 
particle diameters (i.e., dev, des, and dae) take the same value. 
Second, deposition behaviour of aggregates is affected 
to a high extent by several physical factors that, among 
other, include aggregate shape and compactness (i.e., 
the occurrence of internal voids) (19,22,23). The second 
finding was already outlined in experimental studies, 
where rats were exposed to nano-scale particles of highly 
irregular shape (17,18).

Bas ica l ly,  depos i t ion  o f  nanosca le  aggregates 
in the human respiratory system is determined by 
four  depos i t ion mechanisms,  among which only 
Brownian diffusion has a significant effect, whilst 
inertial impaction, interception, and sedimentation 
are characterized by minor to negligible influences 
(20,28). As an essential consequence of this phenomenon 
aggregates with an aerodynamic diameter <10 nm  
are already filtered to a high extent in the extrathoracic 
airways, whereby deposition efficiency in the nasal 
pathway exceeds that in the oral pathway by a factor of 1.5 
to 2.0. Aggregates ranging in size from 10 to 100 nm are 
marked by two properties: first, their total deposition in 
the human respiratory tract is significantly declined with 
respect to smaller particles; Second, their probability to 
penetrate to deeper lung regions is remarkably increased 
(32-35).

An interesting problem concerns the modification of 
aggregate deposition with increasing tidal volume and 
inhalative flow rate. As could be already demonstrated 
for ideal spherical particles, any enhancement of both the 
breathing frequency and the tidal volume has two major 
effects: first, inertial impaction and interception of larger 
particles (dae >100 nm) are significantly increased, causing 
a deposition concentration of these particles in the 
uppermost parts of the human respiratory tract. Second, 
Brownian diffusion mostly affecting nanoscale particles is 
subject to a noticeable dislocation to more distal regions 
of the pulmonary system (21-24). As demonstrated in 
Figures 5,6, these essential findings obtained for spheres 
may be also transferred to irregularly shaped particle 
aggregates.

This contribution confirms the widely accepted 
paradigm, according to which biopersistent aggregates 
may represent remarkable health hazards (36-39). 
Results of the comprehensive computations clearly 
show that under breathing conditions resulting from 
physical strain smallest aggregates (dae <10 nm) have 
an enhanced ability to penetrate to the upper bronchi 
and even deeper parts of the lungs (i.e., the respiratory 
bronchioli and alveoli),  where they are subject to 
different clearance processes (23). A certain fraction is 
stored in the lung parenchyma, where it may induce 
numerous lung diseases and, in the worst case, may act 
as severe carcinogen. Under conditions of rather slow 
inhalation (e.g., sitting breathing) nano-scale aggregates  
(dae <10 nm), on the other hand, are almost completely 
filtered in the uppermost parts of the human respiratory 
system, where most of them are cleared by fast clearance 
mechanisms such as the mucociliary escalator (28). 
Nevertheless,  also bronchial  s ites  with increased 
accumulation of carcinogenic material (i.e., the carinal 
ridges of bronchial bifurcations) may be affected by 
pathological modifications, at the end of which stands the 
formation of various malign tumours (Figure 7) (36-39).

From the results provided in this study it may be 
concluded that nanoscale particle aggregates may become 
serious health hazards and, in the worst case, also triggers 
of malign transformation. This circumstance depends 
upon the (I) effective size of the aggregates and (II) 
the intensity of particle inhalation. Although particle 
deposition scenarios are simulated with high accuracy 
in the meantime, further refinements of respective 
deposition models have to be done in near future.
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