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Background: According to epidemiological and experimental studies, inhalation of nanoparticles is commonly 

believed as a main trigger for several pulmonary dysfunctions and lung diseases. Concerning the transport and 

deposition of such nano-scale particles in the different structures of the human lungs, some essential questions are 

still in need of a clarification. Therefore, main objective of the study was the simulation of nanoparticle deposition 

in the alveolar region of the human respiratory tract (HRT).

Methods: Respective factors describing the aerodynamic behavior of spherical and non-spherical particles in the 

inhaled air stream (i.e., Cunningham slip correction factors, dynamic shape factors, equivalent-volume diameters, 

aerodynamic diameters) were computed. Alveolar deposition of diverse nanomaterials according to several known 

mechanisms, among which Brownian diffusion and sedimentation play a superior role, was approximated by the use 

of empirical and analytical formulae. Deposition calculations were conducted with a currently developed program, 

termed NANODEP, which allows the variation of numerous input parameters with regard to particle geometry, 

lung morphometry, and aerosol inhalation. 

Results: Generally, alveolar deposition of nanoparticles concerned for this study varies between 0.1% and 12.4% 

during sitting breathing and between 2.0% and 20.1% during heavy-exercise breathing. Prolate particles (e.g., 

nanotubes) exhibit a significant increase in deposition, when their aspect ratio is enhanced. In contrast, deposition 

of oblate particles (e.g., nanoplatelets) is remarkably declined with any reduction of the aspect ratio.

Conclusions: The study clearly demonstrates that alveolar deposition of nanoparticles represents a topic 

certainly being of superior interest for physicists and respiratory physicians in future.
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Introduction 

By definit ion, nanoparticles are characterized by 
one particle dimension not exceeding 100 nm (1-3). 
Nanoparticles form a subcategory of ultrafine particles 
(UFP), which are contained in the ambient air together with 
particulate matter (PM) of both intermediate (≤2.5 µm)  
and large (≤10 µm) size. Sources of nanoparticles found in 
the atmosphere include incomplete combustion that takes 
place during industrial production processes and, even 
more important, in diesel engines. Carbonaceous aerosols 
of nano-scale size resulting from incomplete combustion 

may penetrate the indoor environment and unfold their 
unwholesome potential (4,5). However, nanoparticles are 
also produced by several kinds of indoor activities such as 
smoking, cooking, candle-burning or other combustion-
related processes. Artificial nanoparticles such as nanotubes, 
nanowires, quantum crystals or nanodots are products of 
nanotechnology, which developed to one of the leading 
fields in material science and industry in the past decades (6). 
Meanwhile production of nanomaterials including several 
processes (gas-phase, vapour deposition, attrition, and 
colloidal) has advanced to a higher industrial level, with a 
high number of workers being included in the development 
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and large-scale synthesis (6-8). As found by epidemiological 
studies, exposure to both primary nanoparticles and 
secondary ones formed by agglomeration represents a 
serious topic in occupational hygiene, whereby particle 
uptake may take place by inhalation, ingestion or via dermal 
paths (2). 

Medically speaking, nanoparticles exhibit some physical 
properties that make them different from other aerosol 
particles. Due to their small size they adopt the ability 
to penetrate the lung epithelium and enter the blood 
circulation within a rather short time span (9). The large 
surface area reported for nanoparticles (10) makes them 
highly susceptible to the adsorption of hazardous elements 
and substances. Finally, clearance of nanoparticles deposited 
in the bronchial airways and alveoli partly takes place via 
transepithelial routes, along which inflammatory reactions 
may be triggered by these particles (11,12). As outlined 
by Sturm (5) health effects resulting from the deposition 
of inhaled nanoparticles and UFP include epithelial cell 
damage, pulmonary edema, and fibrosis. Other clinical 
outcomes in association with nanomaterial exposure 
are an increased viscosity of the blood plasma due to 
enhanced sulfur dioxide and particulate levels (13) as well 
as a decline of peak expiratory flow in asthmatics (14).  
In patients suffering from cardiovascular disease, 
overloads of nanoparticles may cause disproportionate 
inflammatory response and a subsequent increase in blood  
coagulability (15). As found by clinical studies (16) 
nanoparticles play a specific role in provoking malignant 
transformations which finally result in the formation of 
lung carcinomas. Particularly soot particles being attached 
by carcinogens such as benzopyrenes are proven to act as 
potential triggers of cancer.

Due to several ethical reasons experimental deposition 
of nanoparticles in healthy probands has been outlined in 
a limited number of scientific studies hitherto (17-19). As 
argued by Oberdörster (20), maximal alveolar deposition 
rates of nanoparticles may be on the order of 50%, whereas 
tracheobronchial deposition may reach peak values of 
35% and extrathoracic deposition peak values of 50%. 
In patients with chronic obstructive pulmonary disease 
alveolar deposition is decreased, whilst extrathoracic and 
tracheobronchial deposition are subject to an increase. 
Theoretical investigations on nanoparticle deposition in 
the human respiratory tract (HRT) are based on the use 
of a close-to-realistic lung model and latest discoveries 
regarding the behavior of nanoparticles in bronchial and 
alveolar structures (5,21-24). Most current questions 

deal with nanoparticle agglomeration in the airways (25), 
intrapulmonary changes of particle cluster sizes due to 
increased hygroscopicity and an improved modeling 
approach to extrathoracic nanoparticle deposition.

In the study presented here, the main focus is set on the 
theoretical deposition of nanoparticles in the alveoli of the 
HRT, since this lung compartment is most susceptible for 
nanoparticle-induced insufficiencies. Besides the influence 
of inhalation flow (expressed by different breathing 
conditions) also the role of particle geometry and density 
with regard to alveolar deposition is subjected to a detailed 
investigation.

Methodology

Theoretical approximation of the particle shape

Due to their different sources and mechanisms of formation 
nanoparticles generally exhibit significant variations 
regarding their geometries. Besides particles with spherical 
or close-to-spherical shape there are also ones adopting the 
shapes of cylinders and platelets or disks (25-27). According 
to numerous experimental and theoretical studies transport 
of non-spherical particles within the inspired air stream 
may significantly differ from that performed by particles 
with ideal, spherical geometry. This specific circumstance is 
considered by the aerodynamic diameter concept, which was 
introduced in the 1960s (28). The aerodynamic diameter 
may be understood as the diameter of unit-density sphere 
that has exactly the same aerodynamic properties as any 
non-spherical particle of interest (29-31). The mathematical 
formulation of this essential parameter, termed dae, is as 
follows:
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( )0
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ae ve
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C d
d d

C d
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χ ρ
= ⋅ ⋅ ⋅ [1]

In the equation noted above, dve represents the volume-
equivalent diameter, which corresponds to the diameter of 
a sphere with exactly the same volume as the non-spherical 
particle of interest. Further, χ denotes the dynamic shape 
factor, ρp the density of the particle, ρ0 unit-density (1 g/cm³),  
Cc(dae) the Cunningham slip correction factor related to 
dae, and Cc(dve) the Cunningham slip correction factor 
related to dve. As already clarified in earlier contributions, 
Cunningham slip correction allows the application of 
deposition formulae defined for the continuum flow regime 
to particles that are transported in the free-molecular flow 
regime. Within this regime gas molecules interact with the 
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particles by a continuous sequence of collisions (32-34).  
For an appropriate mathematical expression of the 
dynamic shape factor, non-spherical particle shapes have 
to be subdivided into three subcategories, i.e., fibrous 
or prolate geometries, disk-like or oblate geometries, 
and shapes resulting from the agglomeration of small 
particulate components. Within the last category chain-
shaped aggregates may be distinguished from clusters, 
where spherical components are combined in a more three-
dimensional fashion (26,32,35).

Starting with prolate particle geometries, χ may be 
defined by the formulae 
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with χ⊥, χ//, and β, respectively, denoting the dynamic shape 
factor for particle orientations perpendicular and parallel to 
the direction of the air stream as well as the so-called aspect 
ratio (32). The latter parameter simply describes the ratio 
of particle length to particle diameter, being >> 1 for long 
fibers but << 1 for extremely thin disks.

In the case of oblate particle geometries, the following 
equations are commonly used for the computation of χ (32):
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As demonstrated above, Eqs. [4] and [5] only differ 
from Eqs. [2] and [3] insofar as the natural logarithm is 
substituted by an arcus-cosinus function. In order to express 
random orientation of non-spherical particles during their 
transport through the cylindrical and spherical structures 
of the HRT, χ⊥ and χ// are combined to χr according to the 
equation (32,36)

/ /

1 2 1
3 3rχ χ χ⊥

= + [6]

In the free-molecular flow regime, the definition 
of Cunningham slip correction factors represents an 
unavoidable task. By application of these factors, particle 
deposition formulae originally determined for the 
continuum flow regime can be also applied to particles 
of ultrafine size (Knudsen number >10) (32-34,37). 
Mathematically, the Cunningham slip correction factors 
may be obtained from the general formula

1 2.514 0.800 exp 0.55C
dC

d
λ

λ
  = + ⋅ + ⋅ − ⋅    

[7] 

with λ denoting the free path length of air molecules  
(0.066 µm at 20 °C) and d representing one of the two 
particle diameters introduced in Eq. [1]. 

Dynamic shape factors and aerodynamic diameters 
strongly depend on the geometry of the studied particles. 
Whilst in the case of spheres, dynamic shape factors adopt 
a value of 1, resulting in an equality of geometric, volume-
equivalent and aerodynamic diameter, dynamic shape factors 
of irregularly shaped particles and aggregates commonly 
adopt values >1, resulting in aerodynamic diameters that 
are significantly smaller than the corresponding volume-
equivalent diameters.

Modeling particle deposition in the human respiratory 
tract (HRT)

In general, calculations of nanoparticle transport and 
deposition were conducted by assuming a stochastic lung 
structure, exhibiting significant geometric variations of 
the bronchial tubes between two neighbouring airway 
generations and also within a given airway generation (38).  
With regard to alveolar deposition of nanoparticles 
Brownian diffusion and sedimentation were believed as the 
main deposition mechanisms exerting on the particulate 
substances. Inertial impaction and interception were also 
considered as mechanisms influencing particle transport 
in the tracheo-bronchial tree, but, for the sake of brevity, 
they will not be subjected to a detailed description in this 
contribution. The probability of alveolar nanoparticle 
deposition (39,40), pD, by diffusive processes may be 
expressed by the general formula 
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In Eqs. [8]-[10], R, r, and D, respectively, denote the 
radius of the alveolus, where deposition due to diffusion 
takes place, the radius of an inner sphere filled with 
inhaled, particle-loaded air, and the diffusion coefficient 
obtained from the Einstein-Bose-equation. As indicated 
by the variable r, alveolar deposition processes commonly 
require a model of mixing between the inhaled aerosolized 
air and the residual air stored in the alveoli. If no mixing 
of the two air volumes is assumed, the particle-loaded 
inhaled air enters the alveolar sphere and forms a sharply 
demarcated sphere (radius r) surrounded by the residual 
air. The intensity of any exchange processes between both 
air volumes chiefly depends on the residence time of the 
particle-loaded air in the alveoli, which is defined for large 
parts by the duration of breath-hold. If total air mixing is 
assumed, particle-loaded air and residual air fill the alveolar 
space in homogeneous fashion (r = R) and, thus, deposition 
efficiency due to diffusive processes is noticeably enhanced. 
In the model used for this study an intermediate stage 
between total air mixing on the one side and non-mixing 
on the other is hypothesized and expressed by a respective 
mixing factor ranging from 0 (no mixing at all) to 1 (total 
mixing).

For alveolar deposition of nanoparticles due to 
sedimentation, two extreme cases have to be distinguished: 
If total alveolar mixing is assumed, respective deposition 
probability, pS, may be computed according to the formula

21 3
2 2 2

s s
S

v t v tp
R R
  = −  

   
[11]

with vs, t, and R, respectively, representing the terminal 
settling velocity of the particle (m/s), the time of the particle 
residing in the alveolar space, and the alveolar radius (m). By 
definition, Eq. [11] provides values <1 for t <2R/vs, but, on 
the other hand, adopts a constant value of 1 for t ≥2R/vs (39). 
If alveolar mixing between inhaled and residual air volume 
is completely excluded (39,40), probability of nanoparticle 
deposition by sedimentation is given by the equation 
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In Eq. [12], pS adopts the value 0 for t ≤ (R − r)/vs and the 
value 1 for t ≥ (R + r)/vs. If, on the other hand, (R − r)/vs < t 
< (R + r)/vs, deposition probability plots within the interval 
]0, 1[.

In the model used for this contribution, computations 
of deposition probabilities are based on the aerodynamic 
diameter concept introduced above. In Eqs. [8]-[14], 
information on particle size is hidden in the diffusion 
coefficient as well as the terminal settling velocity. If 
diffusion and sedimentation exert on a nanoparticle 
with given aerodynamic diameter at the same time, total 
deposition probability, pT, is simply calculated by summing 
up the individual deposition probabilities (i.e., pT = pD + pS).

The computer program NANODEP for nanoparticle 
deposition calculations

Simulation of nanoparticle deposition in the human alveoli 
was conducted by using a computer software that was 
specifically developed for particles of the nano-scale. In 
general, the program consists of an information and input 
part (Figure 1) and an output part (Figure 2). In the input 
forms, numerous particle characteristics may be selected. 
Additionally, an individual scaling of the lungs as well as 
a setup of specific inhalation parameters may be carried 
out. In the output forms, all input data used for deposition 
simulation are summarized. The user may select between 
numerical output data, being situated on the left parts 
of the forms, and their graphical presentation covering 
the remaining area of the forms. Besides a computation 
of regional deposition data, where particle fractions 
accumulated in the extrathoracic airways, the bronchial 
region, the alveolar ducts, and the alveoli themselves are 
presented, also airway generation-specific deposition data 
are provided. These data give a more detailed insight into 
the local deposition behavior of single nanoparticles.

For this study, spherical particles with a uniform diameter 
of 10 nm, cylindrical particles with a diameter of 10 nm 
and aspect ratios of 10, 100, 500, and 1,000 as well as disk-
shaped particles with a diameter of 10 nm and aspect ratios 
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of 0.1, 0.01, 0.005, and 0.001 were used. In addition, two 
different breathing conditions were selected: beside sitting 
breathing with a tidal volume of 750 mL, a breath-cycle 
length of 4.2 s (breath-hold: 1 s) and nasal inhalation, also 
heavy-exercise breathing with a tidal volume of 1,900 mL,  
a breath-cycle time of 2 s, and oral inhalation was applied. 
All calculations were conducted for a male standard lung 
with a functional residual capacity of 3,300 mL (41). 

Results

Model validation

For checking the predictive accuracy of the model, 
output data produced by NANODEP were compared 
with respective results generated with a numerical model 
of carbon nanotube (CNT) deposition (3). Concretely 
speaking, deposition behavior of two specific CNT 

A B C

A B

C D

Figure 1 Entrance and input window of the computer program NANODEP, which was used for the theoretical calculations presented in 
this study. (A) Entrance window offering additional information on nanoparticles; (B) input of particle properties used for modeling; (C) 
input of specific lung parameters; (D) input of selected inhalation parameters.

Figure 2 Output generated by the computer program NANODEP. (A) Summary of the selected input data; (B) numerical and graphic 
presentation of regional deposition data, thereby distinguishing between extrathoracic, bronchial, ductal, and alveolar compartment; (C) 
numerical and graphic presentation of airway generation-specific deposition data, thereby distinguishing between bronchial and alveolar 
deposition.
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(diameter of 10 nm, β =100; diameter of 10 nm, β =1,000) 
in the airway generations 0 (= trachea) to 16 (= terminal/
respiratory bronchioles) was simulated under assumption of 
light activity breathing conditions (tidal volume: 1,250 mL,  
breath-cycle time: 3 s). Concerning the shorter CNT  
(β =100), deposition trends predicted by both models are 
quite similar. Therefore, CNT deposition is increased 
from central to peripheral airway generations (Figure 3A). 
Values of the stochastic model steadily plot below the values 
of the numeric model, resulting in a correlation of the 
model values with R2=0.897 (Figure 3B). With regard to the 
long CNT (β =1,000) a rather similar picture is obtained, 
whereby discrepancies between the models become smaller 
(Figure 3C). This circumstance results in a good correlation 
of the model data with R²=0.962 (Figure 3D). 

Alveolar deposition of different nanoparticles

Under sitting breathing conditions, deposition efficiency 

of variously shaped nanoparticles in the alveoli ranges from 
1.01×10−3 (one of 1,000 particles is deposited) to 1.24×10−1 
(124 of 1,000 particles are deposited; Figure 4). Alveolar 
deposition of 10-nm spheres adopts a value of 8.42×10−2 
and is excelled by the deposition of prolate particles  
(d =10 nm) with different aspect ratios by a factor of about 
50%. As an interesting observation, alveolar deposition 
does not exhibit a positive correlation with the aspect 
ratio, but remains nearly constant for nanotubes with  
β =10 and nanotubes with β =1,000. Concerning the 
alveolar deposition of prolate nanomaterials taken up 
during sitting breathing, more remarkable trends may be 
observed insofar as deposition significantly declines with 
decreasing aspect ratio. With respect to 10-nm spheres, 
round platelets with a diameter of 10 nm and an aspect 
ratio of 0.1 exhibit a decrease in deposition of about 20%, 
whereas platelets with identical diameter and an aspect 
ratio of 0.001 show a respective decrease in deposition of 
98.5% (Figure 4).

Figure 3 Comparison between the stochastic model (ST) and a numerical model (NUM) of CNT deposition (3). (A) Generation specific 
deposition of CNT with a diameter of 10 nm and β =100 under assumption of light activity breathing conditions; (B) correlation of model 
data presented in graph (A); (C) deposition of CNT with a diameter of 10 nm and β =1,000 under assumption of light activity breathing 
conditions; (D) correlation of model data presented in graph (C).

D
ep

os
iti

on
 e

ffi
ci

en
cy

D
ep

os
iti

on
 e

ffi
ci

en
cy

N
um

er
ic

al
 m

od
el

N
um

er
ic

al
 m

od
el

Airway generation

Airway generation

Stochastic model

Stochastic model

A B

DC

0.06

0.05

0.04

0.03

0.02

0.01

0

0.1

0.01

0.001

0.1

0.01

0.001

0.06

0.05

0.04

0.03

0.02

0.01

0

0         2         4         6         8        10       12       14      16 0          0.01       0.02       0.03        0.04       0.05       0.06

0          0.01       0.02       0.03        0.04       0.05       0.060         2         4         6         8        10       12       14      16

ST

ST

NUM

NUM

y =1.766x
R2 =0.897

y =1.766x
R2 =0.897



Annals of Translational Medicine, Vol 3, No 19 November 2015 Page 7 of 11

© Annals of Translational Medicine. All rights reserved. Ann Transl Med 2015;3(19):281www.atmjournal.org

By changing the breathing conditions from sitting 
inhalation to heavy-exercise inhalation several changes 
regarding nanoparticle deposition in the alveoli may 
be recognized. In principle, deposition is subject to a 
noticeable increase, thereby ranging from 1.96×10−2 in the 
case of extremely oblate particles to 2.01×10−1 in the case 
of nanotubes with β =10 (Figure 5). Among the prolate 
nanoparticles, a slight decrease of alveolar deposition 
with increasing aspect ratio may be attested, whilst oblate 
particles exhibit a significant decrease in deposition with 
declining aspect ratio. Alveolar deposition of nanotubes 
with an aspect ratio of 1,000 amount to 80% with respect 
to the deposition value computed for nanotubes with an 
aspect ratio of 10. Alveolar deposition of nanodisks with an 
aspect ratio of 0.001, on the other hand, amounts to 12% 
compared to the deposition value obtained for nanodisks 
with an aspect ratio of 0.1 (Figure 5).

Nanoparticle deposition in single alveolar lung generations

In order to get a more detailed insight into the deposition 
of nanoparticles in the alveolar lung region, generation-
specific deposition graphs have been generated with the 
help of the computer program (Figures 6,7). In order to 
reduce the complexity of the graphs, only two anisometric 
particles were plotted together with 10-nm spheres: Among 
the nanotubes, particles with β =10 and β =1,000 were 
selected, whereas among the nanodisks, particles with β =0.1 
and β =0.001 were used for graphical presentation. Under 
sitting breathing conditions, alveolar deposition of 10-nm 
spheres commonly adopts values >1.00×10−4 from airway 
generation 11 to generation 23. The maximum of the bell-
shaped deposition curve is located in airway generations  
16-18 and reaches a value of 1.40×10−2 (Figure 6). 
Deposition of nanotubes is characterized by (I) higher 
intensity and (II) a translocation to more distal airway 
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Figure 5  Total alveolar deposition of variously shaped 
nanoparticles under the assumption of heavy-exercise breathing 
conditions. (A) Deposition data for 10-nm spheres and nanotubes 
with a cylindrical diameter of 10 nm and different aspect ratios; (B) 
deposition data for 10-nm spheres and nanodisks with a cylindrical 
diameter of 10 nm and different aspect ratios.
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generations with respect to the deposition of nanospheres. 
Both nanotubes depicted in the graph of Figure 6A 
exhibit a valuable deposition from airway generation 12 
to generation 24. The deposition maximumof short tubes  
(β =10) is located in generation 19 (1.98×10−2), whereas the 
deposition maximum of extremely long tubes (β =1,000) 
occurs in generation 20 and adopts a value of 1.70×10−2. 
Deposition of nanodisks is marked by (I) lower intensity 
and (II) limitation to a smaller range of airway generations. 
Nanodisks with β =0.1 deposit in the alveoli from generation 
12 to generation 23, with maximal deposition occurring in 
generation 17 (1.21×10−2). Extremely thin nanodisks, on 
the other hand, exhibit alveolar deposition from generation 
13 to generation 17, with the respective maximum being 
located in generation 15 (2.45×10−4; Figure 6B).

An increase of the inhalation flow rate, as it is produced 
by the switch from sitting breathing to heavy-exercise 
breathing, has two main consequences for the alveolar 

deposition of variously shaped nanoparticles: Firstly, the 
overall intensity of deposition is noticeably increased 
and, secondly, the range of airway generations covered 
by particle deposition is subject to an enhancement. 
Regarding 10-nm spheres the alveolar deposition pattern 
runs from generation 11 to generation 25, with maximal 
deposition being located in generation 19 (3.13×10−2). 
This corresponds to an increase of 130 % with respect to 
sitting breathing. Deposition of short and extremely long 
nanotubes covers the same range of airway generations as 
does the deposition of nanospheres. Deposition maxima 
are located in airway generation 19 and 20, thereby 
adopting values of 2.91×10−2 (β =10) and 2.22×10−2  
(β =1,000; Figure 7A). In the case of nanodisks heavy-
exercise breathing has a much stronger effect on alveolar 
deposition than documented for nanotubes. Deposition 
of nanodisks with β =0.1 ranges from airway generation 
10 to generation 24, with the respective maximum being 

Figure 6 Generation-specific alveolar deposition of variously 
shaped nanoparticles under the assumption of sitting breathing 
conditions. (A) Deposition data for 10-nm spheres and nanotubes 
with a diameter of 10 nm and aspect ratios of 10 and 1,000; (B) 
deposition data for 10-nm spheres and nanodisks with a diameter 
of 10 nm and aspect ratios of 0.1 and 0.001.

Figure 7 Generation-specific alveolar deposition of variously 
shaped nanoparticles under the assumption of heavy-exercise 
breathing conditions. (A) Deposition data for 10-nm spheres and 
nanotubes with a diameter of 10 nm and aspect ratios of 10 and 
1,000; (B) deposition data for 10-nm spheres and nanodisks with a 
diameter of 10 nm and aspect ratios of 0.1 and 0.001.
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situated in generations 19 and 20 (2.70×10−2). With regard 
to extremely thin disks (β =0.001) alveoli of generations  
10-20 are characterized by respective particle deposition. 
The deposition maximum is situated in airway generation 
15 and adopts a value of 4.82×10−3. In this specific case, 
maximal deposition is subject to a 20-fold increase with 
respect to sitting breathing (Figure 7B).

Discussion

In the past two decades nanotechnology became a broad 
interdisciplinary area of research, development, and 
industrial activity. The main objective of nanotechnology 
consists in the production of nanoparticles by a wide variety 
of physical, chemical, and biological processes. Some of 
these processes are highly innovative, whereas others are 
commonplace. As reported by Aitken and co-workers (6), 
only gas-phase production processes bear the potential 
to cause exposure to primary nanoparticles by inhalation 
during the synthesis stage. All production processes may 
give rise to exposure to agglomerated nanoparticles by 
inhalation, dermal uptake, and ingestion during recovery, 
powder handling, and product processing. Although 
artificial nanoparticles are not part of the outdoor and 
indoor environment of most people, many workers may 
be exposed to such materials via incidental production 
in processes such as welding and refining. Therefore, 
comprehensive knowledge on the behavior of nanomaterials 
in the human body and especially in the respiratory system 
has become highly essential in the meantime. Besides 
epidemiological studies, running over long periods of time, 
and experiments using laboratory animals, theoretical 
models significantly contribute to the acquisition of this 
knowledge.

In the present study alveolar deposition of nanoparticles 
with different geometries (spheres, cylinders, disks) was 
simulated by using a computer program that was specifically 
developed for this purpose. As clearly demonstrated by the 
results generated with this program, alveolar deposition of 
nanoparticles depends on both particle shape and breathing 
conditions. Under sitting breathing conditions, where 
one breath-cycle has a duration of 4.2 s and 750 mL of 
air are inhaled, prolate nanoparticles deposit with highest 
numbers in the alveoli, followed by 10-nm spheres and 
oblate nanoparticles. Whilst alveolar deposition of prolate 
nanoparticles does not exhibit a noticeable dependence on 
the particle’s aspect ratio, a completely contrary situation is 
given for oblate nanoparticles, where deposition intensity 

declines with decreasing thickness of the disks. According to 
the concept of the aerodynamic diameter thin disks generate 
much lower equivalent-volume diameters than long cylinders 
with identical equatorial diameter. Since the dynamic shape 
factors of both particle types are similar, aerodynamic 
diameters of long cylinders exceed those of thin disks by 
one or two orders of magnitude (29-31). As a consequence 
of these results, the motion of disks within the inhaled 
air stream is much more controlled by diffusive processes 
(diffusive force and diffusive torque) than the motion of 
cylinders, for which gravitational settling represents an 
alternative deposition mechanism (36,40,41). As confirmed 
by numerous theoretical (21-25) and experimental studies 
(17-19), inhalation of nano-scale particles with low flow 
rates commonly results in a diffusive deposition of high 
particle fractions in the airways of the extrathoracic region. 
If inhalation is carried out through the nose, this filtering of 
nanoparticles is subject to a further intensification (24,41).

Increase of the inhalation flow rate bears the interesting 
phenomenon of alveolar deposition intensification of most 
particles used in this study or, with other words, the dose of 
nanoparticles attaining to the alveolar region increases with 
the intensity (i.e., tidal volume and breathing frequency) 
of inhalation. This essential finding is underlined by both 
theoretical and experimental investigations (17,20,21) 
dealing with UFP and is founded on the circumstance that 
any increase of the intrapulmonary flow velocity enhances 
the axial transport distance of the inhaled nanomaterials, 
before they deposit on the bronchial and alveolar walls due 
to lateral diffusion (24,25). Hence, extrathoracic filtering 
is subject to a partly significant decline, if the inhalation 
uptake of nanoparticle-loaded air is intensified.

Presentation of alveolar deposition as a function of airway 
generation clearly exhibits bell-shaped deposition patterns 
in most cases, with highest deposition efficiencies occurring 
in airway generations 15-20 or, in the case of extremely thin 
nanodisks, in generations 13-15. By intensifying the process 
of particle uptake by inhalation, as it is given in the case of 
heavy exercise, local deposition efficiencies are enhanced 
and deposition maxima are slightly translocated towards 
more distal airway generations. This phenomenon results 
in a partly dramatic increase of the dose of nanoparticles, 
which are directly transferred to the alveoli and accumulated 
therein. A rather complex question concerns the further 
destiny of the deposited particle mass that chiefly depends 
on two properties of the inspired nanomaterials: (I) their 
length compared to the size of alveolar macrophages 
and (II) their behavior with regard to intracellular lytic  
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processes (42). In principle, like all other substances 
deposited in the alveoli also nanoparticles undergo a 
clearance process, within which particle removal from the 
alveolar surface due to phagocytosis and endocytosis plays a 
superior role (42-45). These clearance mechanisms become 
remarkably limited or even prohibited, if particle length 
exceeds a certain threshold value (15 µm) and particles are 
not characterized by any biosolubility (24,46). In this case, 
nanoparticles and especially nanotubes may remain on the 
alveolar surface or, after being encapsulated by fibrocytes, in 
the interstitium for a period of several years (41).

At last, main hygienic consequences resulting from 
the long-term storage of nanoparticles in the alveolar 
compartment have to subjected to a brief discussion. As 
already mentioned in the introduction, possible health effects 
induced by nanoparticles are manifold but not completely 
understood hitherto. Long and biopersistent particles are 
commonly thought to behave similar to asbestos fibers. 
Therefore, the may provoke a comprehensive remodeling 
of the subepithelial connective tissue due to the activation of 
fibroblasts, monocytes, and neutrophils, finally resulting in an 
alveolar fibrosis (13,20). On a more cellular level nanomaterials 
may trigger the enhanced production of reactive oxygen 
species (ROS) and reactive nitrogen species (RNS), which 
have the ability of influencing DNA transcription and DNA 
replication and, thus, may induce malignant transformations. 
Since our current knowledge on nanoparticle exposure has 
to be evaluated as insufficient, respective risk assessments for 
this particle group are still under construction and depend on 
the establishment of appropriate health databases and other 
information resources (1,2,5,6).

Based on the results of this study, it may be concluded 
that deposition of nanoparticles in the alveolar zone 
of the respiratory tract may advance to a key topic of 
nanomedicine, as particle doses attaining to the alveoli can 
reach significant extents. These doses being accumulated 
in the alveolar structures are mainly controlled by particle 
geometry and the mode of breathing. These findings, 
however, should be considered in future risk assessments.
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