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Introduction

The ambient atmosphere normally includes numerous 
airborne particles belonging to different size and shape 
categories (1-3). Besides spherical particles representing 
only a small fraction of the total particulate mass 
transported in the air, also non-spherical particles as well 
as various aggregates and agglomerates may occur as 

respective aerosols. With regard to non-spherical particles, 
platelet-like geometries may be distinguished from fiber-
like and completely irregular shapes (4,5). Within the class 
of platelets all kinds of dusts originating from numerous 
mechanical processes (e.g., crushing, milling, abrading, 
polishing) have to be evaluated as most prominent. Dust 
particles may be composed of a multitude of materials, 
whereby mineral dust primarily produced in mining 
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companies significantly differs from those dusts representing 
by-products of wood processing, cotton milling or meal 
production (6,7). Whilst most dust particles, which result 
from the processes noted above, are characterized by sizes 
falling within the micrometer scale, so-called graphene 
nanoplatelets (GNP) have a thickness of only 10 to  
100 nm and thus may be attributed to the category of nano-
scale particles (8-10). These particulate bodies, however, 
stand in the focus of modern nano-technology. Although 
they are produced under strict safety measures, they may be 
accidentally released into the atmosphere, where they may 
come into contact with the population (11).

From a medical point of view, inhalation of dust 
particles retrospects on a long scientific tradition (12), 
whereas investigations on the intrapulmonary behavior 
of GNP are still standing at the very beginning (8-10). 
Extensive inhalation of dusts, representing a negative 
side-effect at many industrial work places, may result in 
the development of respiratory diseases such as chronic 
bronchitis, bronchiectasis, silicosis or pneumoconiosis. In 
most of these cases metabolism in the lung tissues as well as 
processes related to gas exchange are irreversibly affected, 
which commonly leads to a significant decline of live quality 
(13-15). Inhalation of GNP is generally associated with 
several specificities. According to previous studies (8-10) 
these particles may penetrate in high numbers to the lung 
periphery, where they are preferentially deposited in the 
alveoli. Due to their extreme biopersistence and largely 
anisometric geometry, they mostly escape from macrophage 
clearance and enter the alveolar interstitial (16), where they 
may induce a multitude of intra- and extracellular reactions. 
Although a direct relationship between GNP deposition 
and lung cancer is devoid of any scientific basis hitherto, 
some references indicate a noxious potential of these 
particles, which is similar to that of asbestos fibers, man-
made vitreous fibers (MMVF), and carbon nanotubes (CNT) 
(17-20).

Epidemiological and experimental studies describing the 
health effects of dust inhalation exist in sufficient number 
(6,7,12), whilst our knowledge on the behaviour of GNP 
is restricted to a few experiments with laboratory animals 
(8,9). Experimental work starting in the 1970s and 1980s 
was always accompanied by theoretical research setting 
its focus on the development of particle transport and 
deposition models (1-5,17-20). Meanwhile, mathematical 
approaches and related computer programs have attained 
a developmental stage, where respective predictions are 
marked by both high accuracy and increased reliability. 

Computer codes working with numerical and stochastic 
concepts are able to consider a multiplicity of frame 
conditions, among which non-spherical particle geometry is 
due to high significance (21-25).

In the present contribution intrapulmonary transport 
and deposition of variably sized platelets is examined 
in greater detail. For this purpose, particles ranging in 
thickness from 10 nm to 1 µm and in diameter from 1 to 
30 µm were modeled with regard to their behaviour in the 
airways (extrathoracic air passages, airway generations 1 to 
25) of the respiratory tract. The study among other pursues 
the goal to find a relationship between hitting probabilities 
on the one side and particle properties on the other, so that 
appropriate risk assessments with regard to the inhalation of 
platelets can be carried out on future.

Methods

Modeling aerodynamic properties of platelet-like particles

Theoretical description of the aerodynamic characteristics 
of inhaled platelets with different sizes was conducted 
according to the procedure outlined by Sturm (10) as 
well as Schinwald and co-authors (9). As proposed in 
these publications, irregularly shaped particles can be 
among other approximated by the so-called projected-area 
diameter. This hypothetical measure simply represents the 
diameter of a circle with identical area as the image of the 
particle projected on a horizontal plane. Mathematically, 
the projected-area diameter (dproj) can be expressed by the 
equation 

2
, max

, max

d
d 2 cos + sin /

4
proj

proj projd tπ ϕ ϕ π
 

= ⋅ ⋅ ⋅ ⋅ ⋅  
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 [1],
 

Where dproj,max denotes the maximal projected-area 
diameter for the case of parallel orientation between 
platelet and projection plane, whilst φ represents the angle 
between platelet and projection plane and t the thickness 
of the particle. Based upon the above formula, a minimal 
projected-area diameter is certainly obtained in the case 
of φ adopting a value of 90°. For the simulations outlined 
in this contribution a uniform orientation of the inhaled 
platelets parallel to the stream lines was assumed, so that 
the maximal projected-area diameter was applied to the 
further computations. As already stated in numerous 
previous studies (1-7), the aerodynamic diameter (dae) has 
to be understood as a key measure of theoretical particle 
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aerodynamics, because it describes the diameter of a unit-
density sphere with exactly the same aerodynamic properties 
as the particle of interest. From a mathematical point of 
view, it can be expressed by the equation 

9d
16

p
ae proj

o

d t
ρπ
ρ

= ⋅ ⋅ ⋅
 [2], 

with ρp and ρ0, respectively, denoting the density of the 
particle and unit-density (1 g/cm3). In this contribution 
particle density was supposed to adopt a uniform value of  
1 g/cm3, so that the density term in the equation noted 
above can be fully neglected.

For the theoretical computation of this study platelets 
with ideal cylindrical geometry were used. Thereby, 
thickness of the particles was varied between 0.01 and  
1 µm, whereas the cylindrical diameter ranged from 1 to 
30 µm. According to Eq. [2] aerodynamic diameters of thin 
platelets (0.01 µm) adopt values between 0.13 and 0.73 µm.  
The aerodynamic diameter of 0.1 µm thick platelets 
exhibits a variation between 0.42 and 2.30 µm. Finally, 
platelets with a thickness of 1 µm are characterized by 
aerodynamic diameters ranging from 1.33 to 7.28 µm. 
Whilst thin platelets have to be partly attributed to the 
transition flow regime, thicker particles completely belong 
to the continuum flow regime (1-5,26). In the latter case 
calculation of Cunningham slip correction factors was 
waived.

Deposition of variably sized platelets in the human 
respiratory tract

Simulation of platelet deposition in various regions of the 
human lungs was carried out by assuming (I) a stochastic 
architecture of the respiratory tract, (II) a generation of 
random particle transport paths through the bronchial 
airway structure, and (III) particle collision with bronchial 
and alveolar walls according to well-defined empirical, 
analytical, and numerical equations (27-30). Each platelet 
entering the respiratory system is immediately seized by 
four main deposition mechanisms (Brownian motion, 
sedimentation, inertial impaction, interception), whose 
intensity depends upon several physical properties of 
the particle (size, density) and the velocity of the inhaled 
aerosol in the tubular structures (27-30). For an appropriate 
statistical evaluation of the simulation results 10,000 particle 
paths and associated deposition scenarios were modelled for 
each platelet type used in this study. A significant increase 

of modeling efficiency was achieved by application of the 
Monte Carlo method and the mathematical technique of 
statistical weights (27). Besides total deposition denoting 
the overall fraction of inhaled particles captured in diverse 
structures of the respiratory tract, also regional (i.e., 
extrathoracic, bronchial, alveolar) and airway-generation-
specific deposition were simulated.

Results

Total and regional deposition of platelets with variable size

Under sitting breathing conditions both total and regional 
depositions of platelets depend (I) on particle thickness and 
(II) on the maximal projected-area diameter. According 
to Figure 1A, platelets with a thickness of 0.01 µm  
deposit in the respiratory tract by 20.9% to 40.0%, with 
highest deposition probabilities being recognizable for 
smallest particles. A completely different picture can be 
drawn for platelets with thicknesses of 0.1 and 1.0 µm, 
where deposition probability is subject to a continuous 
increase with growing particle size. Concretely speaking, 
platelets with a thickness of 0.1 µm are accumulated in the 
respiratory tract by 20.9% to 78.3%, whereas platelets with 
a thickness of 1.0 µm show a deposition probability ranging 
from 54.2% to 99.6%.

With regard to extrathoracic deposition of variably sized 
platelets respective modelling results are summarized in 
Figure 1B. In general, any size-dependent trends worked 
out for total deposition can be again observed for particle 
accumulation in the extrathoracic (nasal) airways. Thereby, 
platelets with a thickness of 0.01 µm are deposited by 
4.89% to 8.88%, whilst platelets with a thickness of  
0.1 µm hit the airway walls by 5.02% to 45.80%. Platelets 
with a thickness of 1.0 µm, finally, deposit with a probability 
ranging from 21.9% to 94.8%. Deposition of variably 
sized platelets in the bronchial structures follows some 
different trends (Figure 1C). In the case of thinnest platelets  
(0.01 µm) deposition varies between 10.7% and 20.2%, 
whereby smaller particles again have the ability to produce 
higher percentages of bronchial hitting events. Platelets 
with a thickness of 0.1 µm deposit in the bronchial airways 
by 10.9% to 19.7% (positive correlation between size and 
deposition probability), and platelets with a thickness of 
1.0 µm exhibit an accumulation between 4.05% and 19.7% 
(maximum for dproj,max =3 µm). Alveolar deposition depicted 
in Figure 1D also shows a dependence on platelet thickness 
and size, whereby thinnest platelets are deposited in the air 
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sacs by 4.9% to 11.1%. Platelets with a thickness of 0.1 µm 
are distinguished by a deposition ranging from 4.98% to 
17.1%, whereas platelets with a thickness of 1.0 µm hit the 
alveolar walls by 0.77% to 16.5%.

Airway generation-specific deposition of platelets with 
variable size

Deposition computations conducted for platelets with a 
thickness of 0.01 µm and maximal projected-area diameters 
of 1, 15, and 30 µm are summarized in Figure 2A. As can 
be clearly recognized from the graph, all particles are 
characterized by deposition probabilities of less than 1% in 
airway generations 0 to 12 and 24 to 30. In the remaining 
generations 13 to 23, deposition commonly produces a 
maximum, whose intensity depends on geometric particle 

properties. Platelets with dproj,max =1 µm have their maximal 
deposition in generation 20 (3.86%), whereas platelets with 
dproj,max =15 µm indeed produce their deposition maximum at 
the same lung site but accumulate there with only 2.01%. 
Platelets with dproj,max =30 µm deposit in airway generation 20 
by 2.18%.

Platelets with a thickness of 0.1 µm and the same 
maximal projected-area diameters used above show 
rather similar deposition behaviour with respect to their 
thinner counterparts. In this case deposition maxima can 
be localized in airway generations 20 and 21. Maximal 
deposition values amount from 2.01% (dproj,max =1 µm) over 
4.21% (dproj,max =30 µm) to 4.54% (dproj,max =15 µm; Figure 2B).  
Concerning platelets with a thickness of 1.0 µm, deposition 
of particles with dproj,max =1 µm reaches a maximal value 
of 4.28% (generation 21). Particles with dproj,max =15 µm 

Figure 1 Theoretical deposition of cylindrical platelets with different thicknesses and maximal projected-area diameters under sitting 
breathing conditions. (A) Total deposition; (B) extrathoracic deposition; (C) bronchial deposition; (D) alveolar deposition.
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exhibit a maximal deposition of 1.19% (generation 19),  
whilst accumulation of particles with dproj,max =30 µm 
continuously adopts values of less than 1% (Figure 2C).

Dependence of platelet deposition on inhalation flow rate

In general, deposition of particles in the human respiratory 
tract is controlled to a high extent by the intensity of 
breathing. Therefore, light-work and heavy-work breathing 
conditions produce other particle deposition patterns than 
sitting breathing scenarios. For platelets with different 
thicknesses and maximal projected-area diameters this 
phenomenon is summarized in Figures 3-6. Basically, 
any intensification of inhalation, which is expressed by 
higher tidal volumes and flow rates of the inspired air, is 
characterized by a decrease of total deposition for platelets 
adopting a thickness of 0.01 µm and by an increase of total 
deposition for the other two thickness categories used in 
this study. Similar observations as for total deposition can 
be commonly made for extrathoracic deposition. In the case 
of bronchial and alveolar accumulation of platelets with 
thicknesses of 0.1 and 1.0 µm, respective trends documented 
for sitting breathing conditions are significantly intensified 
during light-work breathing, but become again attenuated 
during heavy-work breathing. Bronchial and alveolar 
deposition of platelets with a thickness of 0.01 µm, on the 
other hand, is subject to a continuous reduction with any 
intensification of the inhalation flow rate (Figures 3,4).

The dependence of regional particle deposition on 
breathing conditions is also reflected in the airway-generation-
specific deposition patterns exhibited in Figures 5,6.  
Concretely speaking, platelets with a thickness of  
0.01 µm undergo a continuous reduction of deposition with 
increasing inhalation flow rate. This diminution has very 
similar extents for small (dproj,max =1 µm) and large particle 
(dproj,max =30 µm). Platelets with thicknesses of 0.1 and 1.0 µm,  
respectively, are marked by enhanced accumulation in the 
airways after transition from sitting to light-work breathing, 
whereas transition from light-work to heavy-work breathing 
is again associated with a decrease in deposition of the 
inhaled particles.

Discussion

As demonstrated in numerous scientific publications  
(1-10,31-37), airborne particles adopting platelet-like geometry 

Figure 2 Airway-generation-specific deposition of platelets with 
maximal projected-area diameters of 1, 15, and 30 µm under sitting 
breathing conditions. (A) Thickness of 0.01 µm; (B) thickness of  
0.1 µm; (C) thickness of 1.0 µm.
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may occur with high concentrations in the environmental 
atmosphere. This circumstance mainly concerns particles of 
the micrometer scale, because many mechanical processes of 
the industrial-scale produce irregularly shaped dusts of this 
size category that are spread into the air in high amounts. 
With regard to platelets of the nano-scale the situation is 
represented differently insofar as respective particles such as 
graphene GNP are generated in hermetically sealed areas, 
from where they can be only released into the atmosphere by 
accident (8-10). Although GNP do not play an essential role 
in occupational medicine yet, possible health effects of these 
particles after their theoretical inhalation are nevertheless of 
invaluable asset (8-10).

The hypothetical simulations presented in this 
contribution could clearly demonstrate that platelet-shaped 

particles may occupy all regions of the respiratory tract. 
The amount of platelets being accumulated in a certain 
lung structure such as the extrathoracic airways, bronchi 
and bronchioles or alveoli depends upon a multiplicity of 
physical and physiological factors. Among the physical 
determinants particle size, represented by the aerodynamic 
diameter, has the most significant effect on total, regional 
and local deposition of the platelets. As found by a multitude 
of studies published in the distant and recent past (12,17-20), 
relationship between total particle deposition and particle 
size is commonly expressed by a U-shaped curve with high 
deposition values occurring for very small (<10 nm) and 
large particles (>5 µm), but low deposition being observable 
for particulate substances of intermediate size (0.1–1 µm). 
Platelets and ideal spheres with identical circular diameter 

Figure 3 Theoretical deposition of cylindrical platelets with different thicknesses and maximal projected-area diameters under light-work 
breathing conditions. (A) Total deposition; (B) extrathoracic deposition; (C) bronchial deposition; (D) alveolar deposition.
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(e.g., 10 µm) partly exhibit immense differences with regard 
to their aerodynamically relevant size: Whilst the spherical 
particle shows an aerodynamic diameter of 10 µm, a platelet 
with a thickness of 10 nm disposes of an aerodynamic 
diameter of only 0.42 µm and thus represents a preferred 
target for forces taking place on the molecular level  
(1-4,26). A complete picture, however, is drawn for platelets 
with a thickness of 1 µm, which adopt an aerodynamic 
diameter of 4.2 µm and are therefore preferentially seized 
by mass-related forces (10-12). In general, thin platelets 
with small diameters are mainly deposited in the upper parts 
of the respiratory tract. Any increase of the lateral particle 
dimensions results in a dislocation of deposition towards the 
lung periphery (10). For platelets with intermediate (0.1 µm)  
and enhanced thickness (1 µm) reverse deposition effects 

may be recognized: whilst particles with small diameters 
are characterized by high deposition intensities in central 
and distal lung structures, platelets with large diameters 
again tend to be accumulated in the upper airways of the 
respiratory tract. Concerning their deposition behaviour 
thin platelets share some commonalities with CNT, where 
single-walled representatives are preferably deposited in the 
upper lung, multi-walled representatives, on the other hand, 
more likely penetrate to the deeper lung (17-21).

The influence of breathing physiology on platelet 
deposition in the respiratory tract is best portrayed in terms 
of the tidal volume and the time used for inhalation of this 
air capacity (18-21). Previous investigations carried out 
on variably sized and shaped particles (2-4,36,37) could 
already demonstrate that any increase of the inhalation 

Figure 4 Theoretical deposition of cylindrical platelets with different thicknesses and maximal projected-area diameters under heavy-work 

breathing conditions. (A) Total deposition; (B) extrathoracic deposition; (C) bronchial deposition; (D) alveolar deposition.
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Figure 6 Airway-generation-specific deposition of platelets with 
maximal projected-area diameters of 1, 15, and 30 µm under heavy-
work breathing conditions. (A) Thickness of 0.01 µm; (B) thickness 
of 0.1 µm; (C) thickness of 1.0 µm.

Figure 5 Airway-generation-specific deposition of platelets with 
maximal projected-area diameters of 1, 15, and 30 µm under light-
work breathing conditions. (A) Thickness of 0.01 µm; (B) thickness 
of 0.1 µm; (C) thickness of 1.0 µm.
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flow rate causes a dislocation of small particle deposition 
towards more peripheral structures of the lung. In the case 
of intermediately sized and large particles a reverse effect 
with enhanced deposition in the upper airway structures 
was described. In the case of platelets belonging to three 
thickness categories, breathing intensity has different 
influences on particle deposition. Very thin platelets  
(0.01 µm) commonly undergo a reduced deposition, whereas 
platelets with intermediate to enhanced thickness are 
characterized by a reverse effect. This phenomenon equally 
concerns total, regional, and airway-generation-specific 
deposition. The theoretical results are largely confirmed by 
experiments, which have used small to intermediately sized 
particles and different breathing conditions (12). In general, 
particles belonging to the nanometer scale are mainly 
affected by Brownian motion, whose effectiveness declines 
with the velocity of the inhaled air stream (12). Larger 
particulate bodies, on the other side, are chiefly influenced 
by mass-related deposition mechanisms, whose efficiency 
positively correlates with the volume and flow rate of the 
inspired air (27-30).

Conclusions

From the results presented in this contribution it may 
be concluded that platelets bear the potential of serious 
accumulation at different lung sites, whereby alveolar 
deposition, being of high interest in medical respects, can 
adopt rather high percentages. The number of particles 
hitting the alveolar walls, however, depends on both 
physical and physiological factors and thus has to be 
subjected to further detailed analyses in near future.
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