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Nomenclature

A surface area of the cell layer at the ALI or in the lung
A(i) wall area of a bronchial tube in lung generation i 
AL indicator for the alveolar lung region
ALI air-liquid interface
AMTD activity-median thermodynamic diameter
C mass or number concentration parameter for a size distribution
CMD count median diameter of a particle number distribution
Cp particle number or mass in a bin of a particle sizer
D(i), L(i), N(i) diameter, length and number of tubes in lung generation i 
DE deposition fraction, also “deposition”
DA deposition per cell surface area, also “surface deposition”
Dp diffusion constant of a particle 
d0 constant in ALI deposition model equation
dp particle diameter
dae aerodynamic particle diameter
f factor for lung volume adjustment in the HPLD model (equation 2B)
ET, TB, AL, TL indicate extra-thoracic, tracheo-bronchial, alveolar and total lung 

region, respectively (Table 2)
FRC functional respiratory capacity
GSD geometric standard deviation of a lognormal distribution
HPLD Hygroscopic Particle Lung Deposition model
ht distance of the trumpet from the cells (Figure 1B)
HW half-width of a distribution (definition in Table 6)
i index of a lung generation (Table 2 and Figure 2)
LV lung volume
LVM measured lung volume
m0 constant in the ALI deposition model equation
MMD mass median diameter of a particle mass distribution
Q flow rate
r index for the lung regions: ET, TB, AL and TL
R radius of a tube
RH relative humidity
Ri radius of the inlet of the “trumpet” (Figure 1B)
RT respiratory tract
Rw radius of the surface area of the cell layer in a well-insert at the ALI
t residence time
TB indicator for the tracheo-bronchial lung region
TD particle mass or number delivered per surface area 

(“tissue-delivered dose” or 
“dose rate”, if normalized with the experiment time)

TL indicator for the total lung
te exposure duration (time)
VT tidal volume
υp particle velocity

    constants in ALI deposition model equation
Δ parameter for the deposition by diffusion in a tube
κ particle shape factor
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μ parameter for the deposition by sedimentation in a tube
ρp particle density
σg geometric standard deviation 

Introduction

Particle exposure of cell culture tissue at the air-liquid interface (ALI) is 

frequently used to assess toxicological endpoints and can be considered as an indicator 

for adverse health effects (Upadhyay and Palmberg 2018). The benefits of cell 

exposures at the ALI include reproducibility, physiological relevance in respiratory 

research and short-term or acute to mid-term exposures. Additionally, cellular 

parameters like genomics, proteomics and metabolomics are available for more in-depth 

molecular-toxicological and mechanistic studies. Thereby, the comparability of an ALI 

experiment with human exposure is an important question. A parameter to compare 

both is the mass or number of particles deposited on a cell surface area. It can be 

modeled by computer for both ALI and human respiratory tract (RT). The outcome is of 

interest for pre-experimental considerations as well as for the evaluation of 

experimental data. The amount of particles available for particle-cell interaction is the 

driving parameter behind all biological results. 

The ALI exposure technique (Figure 1A and B) has been developed in the recent 

years (Tippe et al. 2002; Aufderheide and Mohr 2004; Bitterle et al. 2006; Mülhopt et 

al. 2008; Savi et al. 2008; Paur et al. 2011; Aufderheide et al. 2013). A confluent 

monolayer of epithelial cells on a semipermeable membrane is exposed at 37 °C and 

85% relative humidity (Mülhopt et al. 2016). Thereby the cells are in contact with the 

aerosol from the apical side and with the culture medium from the basolateral side. In 

the stagnation point setup (Figure 1B) the flowrate (100 cm3 min-1) is too low for 

particle impaction. Consequently, deposition is limited to diffusion and sedimentation. 
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Other ALI concepts (Phillips et al. 2005; Savi et al. 2008; Bisig et al. 2018) choose 

different setups, for instance for minimum air velocity at the cell surface to mimic the 

situation in the alveolar space of the lungs more closely, thereby avoiding the cell stress 

from the radial shear flow in the stagnation point setup. 

Several deposition models are available to estimate the particle deposition 

probability at the ALI (Comouth et al. 2013; Grabinski et al. 2015; Lucci et al. 2018). 

The model of Comouth et al. (2013) fits a mathematical function to data measured by 

electron micrograpy. It is used here, as it was verified with the ALI system similar to 

ours (Mülhopt et al. 2016; Krebs 2019). The model of Grabinski et al. (2015) is derived 

from finite element considerations together with deposition experiments and includes a 

mechanism for the electrically enhanced deposition of charged particles. The model of 

Lucci et al. (2018) uses pure physical parameters and therefore does not rely on 

mathematical functions fitted to measured data points. 

Deposition in the human respiratory tract can be calculated using the ICRP 

model (ICRP 1994), which itself approximates experimental data on the total and 

regional lung deposition and the clearance in humans. The lung is functionally 

subdivided into the extrathoracic (ET), tracheo-bronchial (TB) and alveolar (AL) region. 

Here, regional information is available for volume, but not for wall surface area. 

Physical models do not have this limitation as they use a lung structure and airway 

deposition equations to calculate local and total particle deposition (Findeisen 1935; 

Landahl 1950; Beeckmans 1965; Gerrity et al. 1979; Yeh and Schum 1980; Ferron et al. 

1988a; Ferron et al. 1988b; Hofmann and Koblinger 1990; Stapleton et al. 1994; 

Anjilvel and Asgharian 1995). The lung structure model allows the calculation of the 

surface area in each airway generation and the mean surface deposition in an airway.
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Aerosol particle loss occurs during the transport inside an ALI device. It is 

modeled as the transmission in a series of tubes and bends (Karg 1993; Brockmann 

2011) for the ALI. Particle inhalability is reviewed by Brown et al. (2013) and ICRP 

(1994) for the RT. Since deposition depends on particle size, density and shape, a 

substantial change in transmitted exposure size distribution has to be considered for 

aspiration to the ALI and for respiration in the lung. 

The aim of this study is to compare both the deposition of aerosol particles on 

cells at the air-liquid interface and the deposition in the human respiratory tract. A 

commercially available air-liquid interface exposure station (Krebs 2019) is selected 

where a mathematical deposition model exists which is confirmed by experiments 

(Comouth et al. 2013). Particle deposition in the human lung is calculated with a 

modified version of the Hygroscopic Particle Lung Deposition (HPLD) model (Ferron 

et al. 2013). Particle deposition probability, deposition per surface area, deposition per 

cell and transmission are calculated for both the ALI and the RT. The results are applied 

to a typical emission particle size distribution. 

Methods

Deposition (DE) is the probability for a particle to deposit on the cell layer at the 

ALI or in a human lung generation. Surface deposition (DA) is the deposition DE 

normalized by the area of the cells where the particles deposit on. The particle mass or 

number delivered to this surface area (also “tissue-delivered dose”, TD) is the particle 

mass or number deposited on the surface area of the cells located either at the ALI or in 

the regions of the respiratory tract during an experiment.
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ALI deposition model

The ALI exposure system for this study is a VitroCell® “automated exposure 

station” (Comouth et al. 2013; Krebs 2019) with a central humidifier (“reactor”, inlet 

flow rate 1 m3 h-1, air conditioning to 37 °C, 85% RH; see Table 1B) and three exposure 

modules (Figure 1A). An extra module is available for clean air reference. Each module 

contains six wells with inserts, each of them connected individually to the humidifier by 

an isokinetic sampling line (graphically sketched in Figure 1A module 3). The cells in 

each insert are exposed via a stagnation point flow setup (Figure 1B). The particle 

deposition at this air-liquid interface is, according to Comouth et al. (2013):

𝐷𝐸𝐴𝐿𝐼 = 𝛼 (𝑑𝑝

𝑑0)𝛽

+  
2 (𝛾 𝑒𝜌𝑝𝜀 +  𝑚0)2 𝑑2

𝑝 

𝑅2
𝑖

   

[1A]

where dp is the particle diameter, ρp, the density, Ri the radius of the well inlet and d0, 

m0, α, β, γ and ε are constants (Table 1A). We adjusted m0 in Table 1A by ourselves to 

match both graphs and measured data presented in Comouth et al. (2013) in their Fig. 9. 

Equation [1A] is valid for a size range of 40 nm ≤ dp ≤ 2 µm, a density of 1 g cm-3 ≤ ρp 

≤ 2 g cm-3, an airflow of 100 cm³ min-1, a temperature of 37°C and a RH of 85% 

(Table 1B).

Figure 1A

The surface area at the ALI is assumed to be equal to the surface area of the 

membrane in an insert and to the surface area of a confluent monolayer of cells in an 

insert (Figure 1B):

𝐴𝐴𝐿𝐼 =  𝜋 𝑅2
𝑤

[1B]

with Rw being the radius of the insert membrane. 
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Figure 1B
Table 1

Lung deposition model

We use a modified version of the HPLD model (Ferron et al. 1988b; Ferron et 

al. 1993; Ferron et al. 2013). It is equipped with the structure model “Typical Path Lung 

Model: Human - Whole Lung” of Yeh and Schum (1980). The structure model is a set 

of hierarchically arranged tubes, where each tube branches into two smaller daughter-

tubes with identical length and diameter, and with a defined angle between each other 

and with gravity (Figure 2A). All tubes with identical properties belong to the same 

lung generation number i. The structure is extended with a mouth or nose and an 

oropharynx (Ferron et al. 2013) with generation number i = 1 and i = 2, respectively. 

The trachea is for i = 3, the bronchi are for i = 4 to 9,  the bronchioli for i = 10 to 19 and 

the alveolar ducts for i = 20 to 26 (Table 2; Figure 2A). 

Figure 2A
Table 2

The lung structure model has been measured for a lung volume (LVM) of 

5563.88 cm³ (Yeh and Schum 1980). We use a more realistic lung volume (LV) based 

on a functional respiratory capacity (FRC) of 3300 cm³ (ICRP 1994) with a correction 

for the tidal volume (VT):

𝐿𝑉 =  𝐹𝑅𝐶 + 𝑉𝑇 2
[2A]

Equation [2B] is used to correct the length and diameter of the lung generations 

from i = 3 to 26 by a factor of f:

 𝑓 = ( 𝐿𝑉
𝐿𝑉𝑀)

1
3

[2B]
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Deposition by sedimentation and diffusion in lung generation i is calculated for a 

stable laminar flow with equations from Thomas (1958) and Gormley and Kennedy 

(1949), deposition by impaction with an equation from Zhang et al. (1997), and 

deposition in nose and mouth with the equations from Cheng (2003). We further use the 

assumption made by Gerrity et al. (1979), that the deposition in an alveolar duct with 

alveoli is well described by the diameter of the alveoli. 

The HPLD model is written in C-code and runs on Linux/Unix operating 

systems. It was updated for this study. A browser-based version is available online 

(Karg and Ferron 2012). 

Deposition in the extrathoracic (DElung(ET)), tracheobronchial (DElung(TB)) and 

alveolar (DElung(AL)) lung region r as well as in the total lungs (DElung(TL)) is:

𝐷𝐸𝑙𝑢𝑛𝑔(𝐸𝑇) =  𝐷𝐸(1) + 𝐷𝐸(2)  
[3A]

𝐷𝐸𝑙𝑢𝑛𝑔(𝑇𝐵) =  
19

∑
𝑖 = 3

𝐷𝐸(𝑖) 

[3B]

𝐷𝐸𝑙𝑢𝑛𝑔(𝐴𝐿) =  
26

∑
𝑖 = 20

𝐷𝐸(𝑖)

[3C]

𝐷𝐸𝑙𝑢𝑛𝑔(𝑇𝐿) =  ∑
𝑟 = 𝐸𝑇,𝑇𝐵,𝐴𝐿

𝐷𝐸𝑙𝑢𝑛𝑔(𝑟)  =  
26

∑
𝑖 = 1

𝐷𝐸(𝑖) 

[3D]

We assume that aerosol particles are wall-adhesive after deposition, in contrast 

to gas molecules.

All calculations reflect a seated male adult (ICRP 1994) breathing calmly 

through the mouth or the nose with a tidal volume of 750 cm³, a respiratory frequency 

of 12 min-1, a constant airflow of 250 cm³ s-1, and an equal duration of 2.5 s for each in- 

and exhalation (Table 3). 
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Table 3

The tubular wall surface area A(i) of a lung generation i is calculated by:

𝐴𝑙𝑢𝑛𝑔(𝑖) =  𝜋  𝐿(𝑖) 𝐷(𝑖) 𝑁(𝑖) 
[4A]

where L(i) is the length, D(i) the diameter and N(i) the number of tubes in lung 

generation i. Mouth and nose are modeled as a box in generation 1 characterized by 

length L(i=1) and two diameters D1(i=1) and D2(i=1). Their wall surface is:

𝐴(1) = 2 𝐿(1) [𝐷1(1) + 𝐷2(1)] 
[4B]

The extrathoracic and bronchial surface area Alung(ET) and Alung(TB), 

respectively, are the sum of the duct wall area of the lung structure (Figure 2B). 

Alung(TL) is taken from literature (ICRP 1975). The alveolar wall area Alung(AL) is 

calculated from total and regional lung surface area: 

𝐴𝑙𝑢𝑛𝑔(𝐴𝐿) =  𝐴𝑙𝑢𝑛𝑔(𝑇𝐿) ―  𝐴𝑙𝑢𝑛𝑔(𝐸𝑇) ―  𝐴𝑙𝑢𝑛𝑔(𝑇𝐵)
[4C] 

Deposition per surface area

The surface deposition (DA) is defined as the mean deposition per surface area 

at the ALI or in a lung generation i (Table 2; Figure 2B):

𝐷𝐴𝐴𝐿𝐼(𝑑𝑝,𝜌𝑝) =  
𝐷𝐸𝐴𝐿𝐼(𝑑𝑝,𝜌𝑝)

𝐴𝐴𝐿𝐼
[5A]

𝐷𝐴𝑙𝑢𝑛𝑔(𝑟,𝑑𝑝,𝜌𝑝) =  
𝐷𝐸𝑙𝑢𝑛𝑔(𝑟,𝑑𝑝,𝜌𝑝)

𝐴𝑙𝑢𝑛𝑔(𝑟)
[5B] 

Particle transmission efficiency

The deposition model for the ALI does not account for the transport loss from 

the ambient air outside to the cells at an insert inside (Figure 1A). A typical 
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transmission function for the ALI is the product of a series of transport efficiencies for 

flow rates in vertical tubes, horizontal tubes and bends (Karg 1993; Brockmann 2011), 

ranging from the ALI inlet to one of the well trumpets in the middle of the system 

(sections in Figure 1A to module 2; Table 1C). All sampling lines are identical as 

depicted in Figure 1A module 3.

For human inhalation, the inhalability function follows the ICRP (1994) 

convention for particle inhalation from calm air (Brown et al. 2013). The transport loss 

inside the lung depends on particle size, and it changes the transmitted size distribution 

during in- and exhalation. It is estimated from the HPLD model for mouth and nose 

breathing.

Particles deposited on the surface area

The particle number or mass deposited per surface area (TD) is the convolution 

of both size distribution and surface deposition. It is calculated for monodisperse 

particles by: 

[6A]𝑇𝐷 = 𝑄  𝑡𝑒  𝐶𝑝  𝐷𝐴,

for polydisperse particles at the air-liquid interface by:

 𝑇𝐷𝐴𝐿𝐼(𝑑𝑝,𝜌𝑝) =   𝑄 𝑡𝑒 ∑
𝑑𝑝

𝐶𝑝(𝑑𝑝,𝜌𝑝) 𝐷𝐴𝐴𝐿𝐼(𝑑𝑝,𝜌𝑝) 

[6B]

and for the respiratory tract by:

𝑇𝐷𝑙𝑢𝑛𝑔(𝑟,𝑑𝑝,𝜌𝑝) =   𝑄 𝑡𝑒∑
𝑟
∑

𝑑𝑝

𝐶𝑝(𝑑𝑝,𝜌𝑝) 𝐷𝐴𝑙𝑢𝑛𝑔(𝑟,𝑑𝑝,𝜌𝑝) 

[6C]

where Cp(dp,ρp) is the concentration in a particle sizer bin, te is the exposure duration 

and Q is either the flow rate through the ALI well (Table 1B) or the breathing minute 
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volume (Table 3). Note that Cp does not distinguish between number, length, surface, 

volume or mass and allows calculating TD for all the respective moments. Note also, 

that the expression “dose rate” commonly refers to the ratio  , e. g. to the 𝑇𝐷 𝑡𝑒

deposited mass per hour. 

Cell size and properties

Data for cell-count and -size are given in Table 4. Three of the most commonly 

used cell lines in ALI studies are A549, BEAS-2B and 16HBE, which are derived from 

from alveolar, bronchial and human-bronchial-epithelial cells, respectively (ATCC 

2018a; b; Merck 2019). All these cell lines retain many features of type-II pneumocyte 

cells, e.g. size or secretion of alveolar lining fluid. Type-I and type-II pneumocytes are 

cells of the alveolar epithelium, covering 94% and 6% of the alveolar space, 

respectively (Stone et al. 1992; ICRP 1994). We assume that the cells of the ET and TB 

region are similar in size to type-II pneumocytes, which themselves are close in size to 

A549 and in between both BEAS-2B and 16HBE (Table 4). In contrast, the surface area 

of type-I pneumocytes is 27-fold larger than the one of type-II pneumocytes.

Table 4

Particle size distribution for an exposure scenario

To demonstrate TD calculation, a lognormal particle size distribution is used 

which mimics an emission aerosol measurement. We approximate a diesel emission 

aerosol with a count median diameter (CMD) of 100 nm and a mean geometric standard 

deviation (GSD) of 1.6, which is typical for an emission aerosol (Table 5). Particles are 

spheres of unit density and not aggregated soot particles. The mass median diameter is 

calculated from count median diameter by the Hatch-Choate equations (Hatch and 

Choate 1929; Hinds 1999). 
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Table 5

Results 

Deposition in the lung

The figures 2A and 2B show data from the lung structure model of Yeh and 

Schum (1980) for a mean lung volume of 3675 cm³ (equation [2A]; Table 3). Figure 2A 

presents the structural parameters number, length, diameter and angle for a lung 

generation i. Figure 2B presents the calculated parameters such as tube wall surface 

area, volume, average flow velocity and residence time. 

In Figure 2C and Figure 2D the deposition is calculated as a function of both 

particle size and lung generation, for particles with a density of 1 g cm-3, for the 

respiration conditions in Table 3, and for mouth and nose breathing, respectively. 

Compared to mouth breathing, both nano- and micron-sized particles deposit almost 

quantitatively in the nose.

Figure 2C, Figure 2D side by side

Comparison of ALI and lung deposition

Figure 3A shows the deposition for the ALI and for the RT regions, i. e. the 

output from equation [1A] and from the HPLD model. The deposition on the cells in the 

ALI is significantly lower than the deposition in most lung regions. Also the slopes 

differ significantly. The minimum of deposition is at 240 nm for the ALI and between 

320 nm and 600 nm for the RT regions.  

To compare ALI and lung deposition, Figure 3B shows the ratio DElung(r) / 

DEALI, i. e. the difference between regional lung deposition and ALI deposition. At the 

deposition minimum DElung(r) is up to 200 fold higher than DEALI.  The differences can 
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be explained mainly by the differences in geometry between ALI and lung airways: The 

distance for a particle to hit a wall is considerably shorter in most lung generations than 

at the ALI (Figure 2A, Table 1B, Table 3). For the ET region, the ratio is close to 1 as 

the airways are wide. 

Around the deposition minimum the ratio DElung(r) / DEALI  is relatively 

constant. We define the half-width (HW) as the diameter range with the ratio between 

50% and 100% of the maximum. The HW for the lung regions and TL is listed in 

Table 6. A mean range is found between 40 nm and 450 nm.

Figure 3A, Figure 3B side by side
Table 6

Deposition per surface area

Figure 4A shows the surface deposition DA at the cell layer of the ALI and in 

the human respiratory tract. DA is considerably higher for the ALI than for any lung 

region because the cell area at the ALI is 4.7 cm2 and the smallest surface area in a lung 

region is 90 cm2 (Table 2). 

 The ratio DAlung(r) / DAALI in Figure 4B shows the difference between ALI and 

lung. All ratios are <<1 with DAlung(AL) being more than three orders of magnitude 

smaller than DAALI (Table 6).

The half-width size range of DAlung(r) / DAALI for the RT regions (Figure 4B) is 

identical with the half-width size range of the deposition ratio DElung(r) / DEALI 

(compare with Figure 3B) as the normalizing surface area is constant for each region.

Figure 4A, Figure 4B side by side

Particle transmission efficiency

Figure 5 displays the transport efficiency for particles from calm ambient air to 

an ALI cell layer (aspiration) and to the human lungs for both mouth and nose 
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(respiration). The ALI aspiration efficiency is higher than 0.5 for the particle size range 

between 1 nm and 7 µm (Table 7). The inhalability for the human respiratory tract is 

higher than 0.5 for the particle size range from 1 nm to 50 µm (ICRP, 1994). Based on 

calculations with the HPLD model the transmission of aerosol particles is determined 

after passing the ET and TB region for both mouth and nose breathing. More than 50% 

of the particles in the size range from 1.6 nm to 12 µm pass the ET region during mouth 

breathing. More than 50% of the particles in the size range from 9 nm to 7 µm pass the 

TB region (Table 7). The corresponding values for nose breathing are 2 nm to 4 µm and 

11 nm to 3 µm, respectively.

Figure 5
Table 7

Particles delivered to the cells

In Figure 4A additional ordinates are added on the right side showing the results 

for the size-resolved TD calculation. They follow equation [6A] for monodisperse 

particles. The first ordinate represents TDALI calculated for an exposure number 

concentration of 1 cm-3 or a mass concentration of 1 µg m-3, an exposure time of 1 hour, 

and the ALI flow rate of 100 cm3 min-1. The second ordinate represents TDlung 

calculated for the same number and mass concentration, an exposure time of 1 hour, and 

the breathing conditions in Table 3.

Figure 6A displays the TD model results for the polydisperse diesel-like 

emission mass distribution (Table 5). Calculations are performed with the 

equations [6B] and [6C]. Results show the TD deposited per hour per surface area. DA 

is mainly responsible for the difference between the ALI and the lung regions. 

Deposition is comparable within one order of magnitude for ALI, ET and TB region, but 

is smaller by more than one order of magnitude for the AL region and the total lung. 
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Figure 6B shows the particle number deposited on a single cell. ALI and AL 

region are better comparable here, as the human type-I pneumocytes are 27-fold larger 

than the other cells (see Table 4).  

Figure 6A, Figure 6B side by side

Discussion

ALI deposition model 

The right part of equation [1A] consists of two terms. The first term specifies 

diffusional deposition and depends on particle size but not on density. The second term 

describes sedimentation and depends on both particle size and density. Equation [1A] 

applies solely to the conditions in Table 1B. For highly aggregated particles 

(ρp << 1 g/cm³) virtually no sedimentation is expected and the second term should be 

constant or approach zero. According to equation [1A], however, it yields a rising 

deposition for a rising dp, which is unrealistic. Additionally, one expects the 

sedimentation to depend on the square of the aerodynamic diameter. 

Equation [1A] does not include a variable for the flow rate. Therefore we point 

out some aspects how the deposition depends on the airflow. The flow in the ALI is 

highly laminar (Re < 25). So one can expect that the typical parameters for diffusion 

and sedimentation of aerosol of particles from a stable laminar flow are valid . These 

parameters include residence time or air flow. As the flow in the ALI is highly laminar 

the typical parameters in the deposition equations for diffusion (Gormley and Kennedy 

1949) from a laminar flow in a horizontal tube and sedimentation (Thomas 1958; Pich 

1972),  and , respectively, are expected:

∆ =  
𝐷𝑝 𝑡

4 𝑅2 ~ 
1

𝑑𝑝 𝑄 

[7A]
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𝜇 =  𝜐𝑝 
𝑡
𝑅 ~ 𝑑2

𝑎𝑒 
𝑡
𝑅  ~ 

𝑑2
𝑎𝑒

𝑅 𝑄 

[7B]

where υp is the velocity of a particle by gravity, t is the residence time, dae is the 

aerodynamic particle diameter, R is the radius of the tube and Dp is the diffusion 

constant of the particle. 

Additionally, we state a problem with the constants given in Comouth’s Table 1 

for the second term of equation [1A]. We could not reproduce the deposition in 

Comouth et al. (2013), their Figure 9, with the parameter m0 given in their Table 1. We 

replaced their value for our calculations with the one given in Table 1A to get the 

correct approximation.

Lung deposition model

The HPLD model (see Ferron et al. (1988b), their Figure 7) is based on a model 

published by Lee et al. (1979) and Gerrity et al. (1979). It has been compared with 

experimental data (Heyder et al. 1986) for the tracheo-bronchial and alveolar lung 

deposition, three different respiratory conditions, tidal volumes of 500, 1000 and 

1500 cm3 and equal in- and exhalation times of 2, 4 and 2 s, respectively. The 

differences were less than 7% of the inhaled particle concentration in the particle size 

range from 100 nm to 10 µm.

The ICRP (1994) model (their Figures 12 to 15) studies the influence of age, 

gender and respiration conditions (their Annexe D), and reviews lung parameters of 

different ethnic groups (their Table 9). Differences less than 10% are found for adult 

female, adult male, girl and boy of an age of 15 years. Differences up to a factor of three 

are found between younger children and adults. It reviews the literature on spontaneous 

breathing showing changes in TL by 20% of the inhaled concentration. More recently 
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Molgat-Seon et al. (2018) published a study on additional lung parameters of 

specialized population groups.

We studied the degree of consistency between the data calculated with the ICRP 

model and our deposition model. Data for the ICRP model Annex F (1994) are for a 

male adult and different respiration conditions as a function of the activity median 

thermodynamic diameter (AMTD). This diameter can be set equal to the particle 

diameter dp assuming a homogeneous distribution of the activity in the particle. Further 

the particles have a density of 3 g cm-3 and a shape factor of 1.5. Considering the 

aerodynamic diameter of such a particle, it can be approximated by a spherical particle 

with a density of 2 g cm-3 (Schmid et al. 2007). We restrict our consistency check to a 

particle size of 130 nm, which is in between the size range of 40 nm to 450 nm 

(Figure 3B and 4B). The nearest value in Annexe F is a particle with an AMTD of 

100 nm. A summary of deposition values for this diameter is listed in Table 8 together 

with the corresponding HPLD data for a breathing rate of 0.54 m3 h-1 and a GSD of 1.5. 

Differences in the output of both models for the deposition in TB, AL and TL are less 

than 20%. 

A summary of deposition values for this diameter is listed in Table 8 together 

with the corresponding HPLD data for a breathing rate of 0.54 m3h-1 and a GSD of 1.5. 

Differences in the output of both models for the deposition in TB, AL and TL are less 

than 12%. The corresponding differences for the other respiration conditions are 

0.040 to 0.082, 0.20 to 0.21 and 0.28 to 0.35 less than a factor of 2.1. 

For our calculations we use the lung structure model of Yeh and Schum (1980) 

as other models do (Anjilvel and Asgharian 1995; Winkler-Heil et al. 2014). Yu and 

Diu (1982) calculated the deposition for four different lung structure models including 

the structure used here and found a variation less than 10% of the inhaled particle 
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concentration; an exception was the lung structure of Weibel (1963), where the 

difference was up to 20%.

Table 8

Comparison of ALI and lung deposition

Figure 3A shows large differences between the ALI and the lung regions for 

deposition values and slopes of the curves. The values for the ratio DElung(r) / DEALI  

differ for the AL region by a factor of 135 at the peaks (Figure 3B; Table 6). Near the 

peaks the ratio is relatively constant and a half-width range (HW) is defined where the 

ratio is between 50% and 100% of the maximum. Outside this range the ratio drops 

rapidly to one and below (Figure 3B). HW marks the particle size range, where ALI and 

lung TD can be compared reliably.

The ratio DAlung(r) / DAALI  in Figure 4B estimates the difference between the 

deposited dose TD in the lung region r and the ALI. The surface deposition for the ET, 

TB and AL region is more than a factor of 10, 17 and 1180 lower than at the ALI, 

respectively. The factors vary only 2-fold within the HW range from 40 nm to 450 nm 

(Table 6). They are valid for quiet respiration conditions compared with the VitroCell 

ALI system. 

For the biological (toxicological) dose, clearance processes in the TB and AL 

region have to be considered additionally, and also the difference in sensitivity between 

the ALI cell lines and the cells in the human lung regions.

Particle transmission efficiency

The ALI transmission efficiency (Figure 5) is a first guess by standard equations 

for particle transmission in tubes and varies noteworthy with tube length, diameter, 

curvature, angle with gravity and particle charge. It is calculated for a well in exposure 
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module 2 (Figure 1A). The 50% transmission efficiency ranges from 1 nm to 7 µm. This 

is much broader than the HW for the deposition ratio in Figures 3B and 4B. Note, 

however, that – according to Figure 5 – the ALI system is not capable of transferring 

particles larger than 7 µm to the cells. This has to be kept in mind, if – for instance – 

particles from mechanical grinding are used as an exposure aerosol. For standard-use, it 

is advisable to add a ~4 µm pre-impactor to the humidifier inlet to stabilize the aerosol 

distribution and to avoid excessive internal contamination.

According to Figure 5 and Table 6B the 50% transmission efficiency for aerosol 

particles to the lung ranges from <1 nm to >50 m for inhalation (ICRP, 1994). For 

nose breathing it ranges from 2.5 nm to 3.5 m and from 10 nm to 3.5 m for entering 

the TB and AL regions, respectively. The exhaled range is 40 nm to 3 m for both nose 

and mouth breathing. All particles in this size range are suitable for exposure 

experiments at the ALI.  

Fate of particles after deposition

A major difference between ALI and the human lungs is the clearance, e. g. by 

ciliary activities in the lungs. A summary of the clearance of aerosol particles has been 

given in ICRP (1994). Particles are commonly cleared within several minutes from the 

trachea and within a day from the bronchioli. However uneven clearance has been 

reported in the upper airways and some areas are not cleared at all, e. g. near to the 

junction of a bifurcation (“hot spot”). Particles in the alveolar region may stay for a 

much longer time until they are encapsulated or phagocytized by macrophages. 

Additionally, particle solubility has to be considered. Lung clearance is beyond the 

scope of this paper. We restrict our considerations to pure particle deposition onto the 

geometric surface area.   
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Deposition of gas molecules

A particle size below 1 nm is commonly attributed to the transition zone 

between particles and gas- or vapor-molecules. Consequently, the deposition behavior 

of gas molecules has to be taken more and more into account for model calculations 

below 1 nm. Molecules do not adhere to the tissue any more when they touch down 

onto cell surface unless they are highly reactive like formaldehyde. Gases can also exert 

a back pressure from tissue side after some duration of exposure, with a lower 

deposition probability as a consequence. 

Figure 2C and 2D indicate that the first generations are primarily exposed to 

these sub-nanometer particles. Due to high diffusivity hardly any of them reaches a lung 

generation i > 10. Only particles of the ultrafine and fine size range can penetrate further 

on. As a consequence, reactive gas or vapour molecules can reach the deep lung only 

when adsorbed on a fine particle or when there is already a backpressure from tissue 

side. 

The ALI exposure system does not trap nano particles or gases like the ET and 

TB regions do. According to Figure 4B the ALI overrates reactive gas or vapor 

deposition by orders of magnitude compared to the lung. 

A more detailed discussion of the effects of gas molecule goes beyond our 

scope. The model outcomes for sub-nanometer particles, however, may be useful for the 

design of ALI systems in future, which might also mimic the gas-to-particle relationship 

of semi-volatile aerosols in the RT. 

Airway bifurcation

At airway bifurcations, the deposition pattern differs considerably from the 

average. Impaction and interception at the walls lead to uneven clearance. There are 
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numerous studies on flow pattern and deposition, and on the parameters governing them 

(Zhang et al. 2002; Zhang and Papadakis 2010; Zierenberg et al. 2013).  Balásházy et 

al. (1999) modeled particle deposition for various spots in the vicinity of a bifurcation 

and defined enhancement factors for excess deposition. Their analysis yielded strong 

inhomogeneities with particle size and bifurcation geometry. They found enhancement 

factors up to about 100 in the upper bronchial airways. Especially for small (100 µm²) 

scanning elements the enhancement factors increased with decreasing spot size. 

According to Figure 6A, the deposited mass at the ALI is comparable or lower 

than in the TD in the TB region. Therefore, electrical or phoretical particle deposition 

enhancement during an ALI experiment can be used to mimic the enhanced deposition 

of aerosol particles in the ET and TB region and at an airway bifurcation. 

Factors influencing TD

The surface deposition DA in equation [6] explains the discrepancy between ALI 

and lung regions (Figure 4A and B), as it combines both deposition and surface area 

effects. Tippe et al. (2002) state the particle deposition being nearly independent of 

particle size (p. 215); more recent papers (Desantes et al. 2006; Comouth et al. 2013; 

Grabinski et al. 2015; Lucci et al. 2018) state a clear size dependency. The average 

deposition of more than 1% seems clearly too high; for accumulation mode particles 

(~200 nm) Desantes et al. (2006) estimate 0.65% for particles with ρ = 1.2 g cm-3 and 

Comouth et al. (2013)  calculate 0.1% for unit density particles. In Figure 3A, a 

deposition probability >1% is found for particles < 30 nm and > 1.3 µm.

The exposure term Q te represents the exposure air volume. It is about 90-fold 

larger for the lung than for the ALI system (Figure 4A; Table 1B; Table 3). It partly 

compensates the differences in surface deposition between ALI and lung. As the 
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exposure conditions are usually kept constant by the experimenters, Q te is mostly a 

constant factor.  

The size of cells influences the amount of particles being deposited on a single 

cell. A549 cells are frequently used as a model for the AL region and BEAS-2B for TB. 

Both are roughly comparable in size with each other and with the alveolar type-II 

pneumocytes, but are 27-fold smaller than type-I pneumocytes of the alveolar 

epithelium (Table 4). The different cell size of type-I pneumocytes in the lung and of 

A549 at the ALI makes the TD per single cell comparable (Figure 6B) and would – 

from this point of view – legitimize the ALI as a reasonable model design to mimic the 

cell-delivered dose in the AL region. 

Application to particle size distribution

If only PM (particulate matter) filter samples are available, equation [6A] can be 

used for a quick estimation of TDALI from averaged data. The deposition per surface 

area DA is determined with respect to the predominant exposure particle size and TDALI 

calculated from the mass concentration Cp and Q te. The weighted average of the GSD 

range (16% to 84%) of our example distribution in Table 5 (i. e. from 62 nm to 160 nm) 

yields a DE of about 0.2%. TD from PM2.5 filter samples was readily calculated to 

estimate an upper limit for exposure dose elsewhere (Oeder et al. 2014; Oeder et al. 

2015). 

For aggregated emission particles the particle concentration term Cp has to 

consider the effects of the aerodynamic diameter (dp, p, shape factor and Cunningham 

slip correction). For diesel emissions (Kittelson et al. 2002; Park et al. 2003; Pagels et 

al. 2009) or wood combustion emissions (Leskinen et al. 2014), the mass-mobility 

relationship is to be considered. It additionally results in a considerably lower DE, 
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especially for highly aggregated particles (ρp << 1 g cm-3). In this case equation [1A] is 

not applicable and another ALI deposition model must be applied. 

For the lognormal exposure distribution (Table 5), the differences in TD between 

ALI and lung are less obvious (Figure 6A) as exposure particle concentration and 

particle deposition act to compensate each other: while the concentration maximum is at 

the deposition minimum, the rising deposition probability for nano- and micron-sized 

particles enhances the contribution of the exposure distribution tails. 

Conclusions

 A particle size range of 40 nm to 450 nm is identified, where the ratio of both 

the deposition in a lung region and the deposition in the ALI varies by less than 

a factor of two (Figure 3B). Inside the range, the mean absolute ratio is up to 177 

(Table 6). Outside the range the ratio drops down to 1 and lower. This ratio is 

important to compare ALI and lung deposition. The limitation of the size range 

is caused by the loss of particles inside the lungs before the particles reach the 

TB or AL region.

 The same size range is found for the ratio of the deposition per surface area in a 

lung region and at the ALI (Figure 4B). This factor is important to compare the 

particle load onto the cells. Particle load for a lung cell is more than 10-, 17- and 

1180-fold lower compared to a cell at the ALI for the extrathoracic, tracheo-

bronchial and alveolar lung region, respectively (Table 6). The ratio can be 

lower than of 10-5 outside the range. 

 The mass delivered per surface area for the diesel emission example differs less 

than 10-fold between ALI, extra-thoracic and bronchial lung region. It is more 

than 10-fold smaller for the alveolar region and the total lung (Figure 6A). This 
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has to be considered when selecting cell lines for exposure experiments. For 

bronchial cell lines, the particle load for ALI should be slightly enhanced, e. g. 

electrically, as the bronchial lung dose is nearly comparable. For alveolar cell 

lines, a 10-fold deposition reduction should be applied to the ALI to match the 

particle load for both systems.

 The particles delivered to a single cell at the ALI for the diesel emission 

example is about the same as in the alveolar region, since the type-I 

pneumocytes of the alveolar epithelium are about 27-fold larger than the cells 

used in the air-liquid interface. The cell surface area of alveolar type-II 

pneumocytes and of the commonly used cell lines is roughly comparable 

(Figure 6B). 

 The transmission efficiency for aerosol particles to both the ALI and the lung is 

close to one for the particle size range from 40 to 450 nm (Figure 5).

 The transmission to the lung generations becomes more limited with lung depth 

(Figure 5). This has to be considered in the design of ALI exposure experiments 

to avoid effects measured only in the ALI for particles that cannot reach the 

respective lung regions. This is especially the case for accompanying exposure 

gases. 

In summary we conclude: The comparison of the aerosol particle dose between the ALI 

and the human lungs is possible, especially for the particle HW size range from 40 to 

450 nm, where the ratio of ALI and lung deposition does not change more than a factor 

of 2. The corresponding dose correction factors for this range can be found in Table 6.
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Figure Captions

Figure 1A. Scheme of a VitroCell automated exposure station (air-liquid interface 

exposure system). The aerosol path from outside to the exposure site is kept at a 

temperature of 37°C by the system containment heater and circulation. It is conditioned 

to a relative humidity of 85% in the humidifier. The particles are isokinetically sampled 

from the humidifier and transported to the exposure wells in horizontal sampling lines. 

Flow rate through the well is controlled for 100 cm3 min-1. Six wells are grouped into an 

exposure module. The system holds three modules with identical properties. One 

exposure module is used for clean air reference. The section numbers indicate the 

calculation steps for particle loss estimation (Table 1C).  

Figure 1B. Scheme of the air-liquid interface (ALI) exposure setup. The aerosol is 

delivered to the ALI via a trumpet-shaped flow-guiding element. Particles deposit onto 

the cells by diffusion and sedimentation. The well keeps the insert in place. Cells grow 

on a membrane in the insert with the medium from the basolateral and the exposure 

aerosol from the apical side. Ri is the inlet radius, Rw the radius of the membrane of an 

insert in a well and ht the distance of the trumpet from the cell membrane (see Table 1B)

Figure 2A. Parameters of the lung structure model of  Yeh and Schum (1980) corrected 

for a mean lung volume of  3 675 cm³ with equation [2B]. The model is extended with  

a nose or mouth and an oropharynx (Ferron et al. 1988a; Ferron et al. 1988b). Data are 

presented as a function of the lung generation i. Nose or mouth is i = 1, the oropharynx 

i = 2, the trachea i = 3, the main bronchi i = 4, the last bronchi i = 11, the bronchioles 

i = 12 to 19 and the alveolar ducts i = 20 to 26 (ICRP 1994). Background colors indicate 

the extra-thoracic (ET, green), tracheo-bronchial (TB, blue) and alveolar (AL, red) lung 

region.

Figure 2B. Parameters calculated from the lung structure model of Yeh and Schum 

(1980) (Figure 2A). Surface area Alung(i) of a lung generation i is calculated with 

equation [4].
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Figure 2C. Lung deposition calculated with the HPLD model as a function of lung 

generation and particle size. Blue color marks nearly zero deposition, red color 

maximum deposition. Calculation is performed for spherical particles with a density of 

1 g cm-3 and for a sitting male adult breathing by mouth with a tidal volume of 750 cm³, 

a constant respiration airflow, an equal in- and exhalation time (Table 3). 

Figure 2D. Same as Figure 2C, but for nose breathing. 

Figure 3A. ALI and regional lung deposition. Deposition at the ALl is calculated with 

equation [1A] as a function of particle size. Total and regional lung deposition is 

calculated with the HPLD model for mouth respiration. Modeling conditions are listed 

in Table 1A and Table 3 for ALI and lung, respectively. 

Figure 3B. Ratio DElung(r) / DEALI of the regional lung deposition and the ALI 

deposition (Figure 3A. The horizontal bars show the half-width for the ET (green), TB 

(blue), AL (red) and TL (yellow) region (Table 6).

Figure 4A. Deposition per surface area for the ALI and for the lung regions. Mean 

surface deposition in the ALl is calculated with equation [5A] as a function of particle 

size. Total and regional lung surface deposition is calculated with the HPLD model for 

mouth respiration using equation [5B] (see Table 1, 2 and 3). The ordinates on the right 

show the corresponding particle number and mass delivered per surface area at the ALI 

and in the lung regions. They are calculated with equation [6B] and [6C], respectively. 

Ordinates represent simultaneously the TD for an exposure number concentration of 

1 cm-3 and for an exposure mass concentration of 1 µg m-3. Thereby te is set to 1 h for 

both ALI and lung and Q to 100 cm3 min-1 (Table 1B) for the ALI and to 0.54 m3 h-1 for 

the lung, what results in a constant factor of 6 × 103 and 540 × 103, respectively. 

Figure 4B. Ratio DAlung(r) / DAALI of the regional lung surface deposition and the ALI 

surface-deposition (Figure 4A). The horizontal bars show the half-width for the ET 

(green), TB (blue), AL (red) and TL (yellow) region (Table 6).
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Figure 5. Particle transmission to the site of deposition as a function of particle size. 

ALI transmission is calculated (without any pre-impactor) from the ALI inlet to a well 

(see Table 1C and Figure 1A). Human inhalability follows the ICRP convention (Brown 

et al. 2013). Mouth and nose transmission is calculated with the HPLD model, showing 

the particle transfer to the beginning of the tracheo bronchial tract (TB, i > 2) and to the 

beginning of the alveolar space (AL, i > 19). The transmission efficiency for exhaled 

particles is added. The expression „mouth to TB“ is used as a shortcut for “mouth 

breathing to enter the tracheo-bronchial region”, and „mouth to AL“ as a shortcut for 

“mouth breathing to enter the alveolar region”.

Figure 6. Surface-delivered particle mass (A) and cell-delivered particle number (B) at 

the ALI and in the lung regions. The airborne exposure concentration is 1 mg m-3 in (A) 

and 106 cm-3 in (B). A lognormal emission distribution is applied (see Table 5). Part (B) 

compares the load for cells in different lung regions. The corresponding cell counts 

(cells per cm²) are indicated in the columns. For the ALI, the size of A549 cells is 

assumed, for ET and TB region the cell size is assumed to be identical with type-II 

pneumocytes. For the AL region the size of type-I pneumocytes and for TL the weighted 

average of type-I and type-II cells is assumed (Table 4).  
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Figure 1A. Scheme of a VitroCell automated exposure station (air-liquid interface exposure system). The 
aerosol path from outside to the exposure site is kept at a temperature of 37°C by the system containment 

heater and circulation. It is conditioned to a relative humidity of 85% in the humidifier. The particles are 
isokinetically sampled from the humidifier and transported to the exposure wells in horizontal sampling 

lines. Flow rate through the well is controlled for 100 cm3 min-1. Six wells are grouped into an exposure 
module. The system holds three modules with identical properties. One exposure module is used for clean 
air reference. The section numbers indicate the calculation steps for particle loss estimation (Table 1C).   
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Figure 1B. Scheme of the air-liquid interface (ALI) exposure setup. The aerosol is delivered to the ALI via a 
trumpet-shaped flow-guiding element. Particles deposit onto the cells by diffusion and sedimentation. The 

well keeps the insert in place. Cells grow on a membrane in the insert with the medium from the basolateral 
and the exposure aerosol from the apical side. Ri is the inlet radius, Rw the radius of the membrane of an 

insert in a well and ht the distance of the trumpet from the cell membrane (see Table 1B) 
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Figure 2A. Parameters of the lung structure model of  Yeh and Schum (1980) corrected for a mean lung 
volume of  3 675 cm³ with equation [2B]. The model is extended with  a nose or mouth and an oropharynx 
(Ferron et al. 1988a; Ferron et al. 1988b). Data are presented as a function of the lung generation i. Nose 
or mouth is i = 1, the oropharynx i = 2, the trachea i = 3, the main bronchi i = 4, the last bronchi i = 11, 

the bronchioles i = 12 to 19 and the alveolar ducts i = 20 to 26 (ICRP 1994). Background colors indicate the 
extra-thoracic (ET, green), tracheo-bronchial (TB, blue) and alveolar (AL, red) lung region. 
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Figure 2B. Parameters calculated from the lung structure model of Yeh and Schum (1980) (Figure 2A). 
Surface area Alung(i) of a lung generation i is calculated with equation [4]. 
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Figure 2C. Lung deposition calculated with the HPLD model as a function of lung generation and particle size. 
Blue color marks nearly zero deposition, red color maximum deposition. Calculation is performed for 

spherical particles with a density of 1 g cm 3 and for a sitting male adult breathing by mouth with a tidal 
volume of 750 cm³, a constant respiration airflow, an equal in- and exhalation time (Table 3). 
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Figure 2D. Same as Figure 2C, but for nose breathing. 
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Figure 3A. ALI and regional lung deposition. Deposition at the ALl is calculated with equation [1A] as a 
function of particle size. Total and regional lung deposition is calculated with the HPLD model for mouth 

respiration. Modeling conditions are listed in Table 1A and Table 3 for ALI and lung, respectively. 
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Figure 3B. Ratio DElung(r) / DEALI of the regional lung deposition and the ALI deposition (Figure 3A. The 
horizontal bars show the half-width for the ET (green), TB (blue), AL (red) and TL (yellow) region (Table 6). 
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Figure 4A. Deposition per surface area for the ALI and for the lung regions. Mean surface deposition in the 
ALl is calculated with equation [5A] as a function of particle size. Total and regional lung surface deposition 

is calculated with the HPLD model for mouth respiration using equation [5B] (see Table 1, 2 and 3). The 
ordinates on the right show the corresponding particle number and mass delivered per surface area at the 

ALI and in the lung regions. They are calculated with equation [6B] and [6C], respectively. Ordinates 
represent simultaneously the TD for an exposure number concentration of 1 cm 3 and for an exposure mass 
concentration of 1 µg m 3. Thereby te is set to 1 h for both ALI and lung and Q to 100 cm3 min-1 (Table 1B) 

for the ALI and to 0.54 m3 h-1 for the lung, what results in a constant factor of 6 × 103 and 540 × 103, 
respectively. 
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Figure 4B. Ratio DAlung(r) / DAALI of the regional lung surface deposition and the ALI surface-deposition 
(Figure 4A). The horizontal bars show the half-width for the ET (green), TB (blue), AL (red) and TL (yellow) 

region (Table 6). 
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Figure 5. Particle transmission to the site of deposition as a function of particle size. ALI transmission is 
calculated (without any pre-impactor) from the ALI inlet to a well (see Table 1C and Figure 1A). Human 

inhalability follows the ICRP convention (Brown et al. 2013). Mouth and nose transmission is calculated with 
the HPLD model, showing the particle transfer to the beginning of the tracheo bronchial tract (TB, i > 2) and 

to the beginning of the alveolar space (AL, i > 19). The transmission efficiency for exhaled particles is 
added. The expression „mouth to TB“ is used as a shortcut for “mouth breathing to enter the tracheo-
bronchial region”, and „mouth to AL“ as a shortcut for “mouth breathing to enter the alveolar region”. 
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Figure 6. Surface-delivered particle mass (A) and cell-delivered particle number (B) at the ALI and in the 
lung regions. The airborne exposure concentration is 1 mg m-3 in (A) and 106 cm 3 in (B). A lognormal 

emission distribution is applied (see Table 5). Part (B) compares the load for cells in different lung regions. 
The corresponding cell counts (cells per cm²) are indicated in the columns. For the ALI, the size of A549 

cells is assumed, for ET and TB region the cell size is assumed to be identical with type-II pneumocytes. For 
the AL region the size of type-I pneumocytes and for TL the weighted average of type-I and type-II cells is 

assumed (Table 4).   
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Table 1. ALI characteristics. 

Table 1A. Parameters for the ALI deposition equation [1A] are taken from Comouth et al. (2013), 

his Table 1. The value for m0 is modified here to fit the experimental data in his Figure 9.. Model 

results are valid for the operational parameters in Table 1B. 

Table 1B. Operational and geometric parameters of the ALI setup.

Table 1C. Parameters for the estimation of the particle transmission from the inlet of a VitroCell 

automated exposure station to the inlet of a well-trumpet (see Figure 1A) 

Identifier Value Unit Meaning
A. ALI deposition model

α 8.81×10-13 - Constant
β -1.33618 - Constant
γ -905.207 - Constant
ε 9.71 × 10-5 m3 kg-1 Constant
d0 1 m Normalization constant
m0 805.16 - constant 

m0 = 1015.43 in Comouth et al. (2013)
Ri 3×10-3 m Inlet radius
p 1000 kg m-3 Particle density

B. ALI Operational and geometric parameters
Q 100 cm³ min-1 Well flow rate

37 °C Aerosol temperature
85 % Aerosol relative humidity

Rw 12.2 mm Radius a well
ht 2 mm Distance of trumpet 

from membrane surface (Comouth et al. 2013)
C. ALI Particle Transmission Estimation

Qasp 1 m³ h-1 ALI inlet flow rate
di; L 10; 250 mm; mm Section 1: Vertical inlet tube after pre-impactor: 

diameter; length
D1; D2; L 10; 50; 50 mm; mm; mm Section 2: Vertical transition cone to reactor: inlet 

diameter; outlet diameter; length
di; L 50; 400 mm; mm Section 3: Vertical reactor: diameter; length

 di i; L 4; 50 mm; mm Section 4: Isokinetic sampling tube: diameter; length
Q 100 cm³ min-1 Flow rate through sampling tube to well-trumpet

 R di 90; 20; 4 °; mm; mm Bend in sampling tube: bend angle; bend radius; tube 
diameter

ϴ; di; L 0; 4; 200 °; mm; mm Section 5: Horizontal transfer line to the well, 
sedimentation: angle with gravity; diameter; length

di i; L 4; 200 mm; mm Transfer line to the well, diffusion: diameter; length
 R; di 90; 50; 4 °; mm; mm Bend in transfer hose: angle of bend; radius of bend; 

tube diameter
di; L 4; 50 mm; mm Vertical transfer hose to trumpet: diameter; length
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Table 2. Surface area of the cell layer at the ALI and of the lung structure of Yeh and Schum 

(1980) corrected for a lung volume of 3675 cm³.  The alveolar surface area is calculated with 

equation [4C]. Total lung surface area is taken from Reference Man (ICRP 1975). 

Region Surface Area Lung Generation Meaning
r A(r) unit i 

ALI 4.7 cm² - Cell area air-liquid interface
ET 89.5 cm² 1, 2 Mouth and nose, extrathoracic region
TB 0.33 m² 3-19 Tracheo-bronchial region
AL 74.7 m² 20-26 Alveolar region
TL 75 m² - Total lung (ICRP 1975)
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Table 3. Parameters used for the HPLD model calculations (Ferron et al. 2013). The respiration 

conditions are for a quiet breathing male person (ICRP 1994).

Parameter Value Unit
Particle density (non-hygroscopic) 1.0 g/cm³

Breathing path mouth and nose -
Inhalation / exhalation time 2.5 / 2.5 s

Breath duration 5 s
Breathing frequency 12 min-1 

Breathing minute volume 9 × 103 cm³ min-1 
Hourly breath flow rate 0.54 m³ h-1 

In- and exhalation airflow 250 cm³ s-1 
Functional Residual Capacity 

(FRC)
3300 cm³

Lung volume (LV) 3675 cm³
Tidal Volume (VT) 750 cm³

Mouth & oropharynx 50 cm³
Nose & nasopharynx 50 cm³
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Table 4. Properties of several human lung cells and ALI cell lines. The weighted average of type-

I and type-II pneumocytes is used for the TL calculations, as type-I cells contribute 94% to the 

epithelial surface area and type-II cells 6% . For the ALI exposure, the A549 cell line is assumed. 

BEAS-2B and 16HBE cell lines are included for comparison.

Cell Species

Number of Cells 
per Surface Area 

[cells per cm²]

Area of 
one Cell 

[µm²] Remarks
Human type-I pneumocytes a 14 413 6 938 Human alveolar lung cell

Human type-II pneumocytes a 395 257 253 Human alveolar lung cell
Weighted average type-I and type-II a 15 300 6 536 Average of total lung

A549 c 400 000 250 Alveolar cell line
BEAS-2B b 300 000 333 Bronchial cell line

16HBE140 b 700 000 143 Human bronchial epithelial 
cell line

a(Stone et al. 1992);  b(ATCC 2018; 2019); c(Lenz et al. 2009) 
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Table 5. Parameters for the lognormal particle size distribution used as airborne particle exposure 

scenario. It mimics the size distribution of a diesel emission with 100 nm modal diameter. The 

corresponding mass median diameter is derived by Hatch-Choate conversion (Hinds 1999). 

Number and mass distribution are adjusted for a total concentration of 106 cm-3 and 1 mg m-3, 

respectively.

Particle Emission Distribution Scenario
Parameter Number Mass Unit Meaning 

median 100 194 nm Count  or mass median diameter
σg 1.6 1.6 - Geometric standard deviation
C 106 7.07 × 105 cm-3 Number concentration parameter

Total sum 106 cm-3 1 mg m-3  Total concentration
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Table 6. Half-width ranges for the ratio DElung(r) / DEALI and DAlung(r) / DAALI. All 

values between the maximum (100%) and half of the maximum (50%) of a size 

distribution are found within the HW range (Figure 3B and 4B). The value “mean” is at 

¾ of the maximum. Ratio-1 is the inverse DA-ratio meaning how many fold the dose at 

the ALI is higher than in the lung. 

Region Half-Width Ratio DElung(r)/DEALI Ratio DAlung(r)/DAALI

Range [nm] (Figure 3B) (Figure 4B) Ratio-1

r lower upper 100% mean 50% 100% mean 50% 100% mean
ET 1.47 1075 1.88 1.41 0.938 9.85×10-2 7.39×10-2 4.93×10-2 10.2 13.5
TB 39.8 468 41.4 31.1 20.7 5.89×10-2 4.42×10-2 2.95×10-2 17.0 22.6
AL 42.8 429 135 101 67.3 8.47×10-4 6.35×10-4 4.23×10-4 1180 1575
TL 41.8 438 177 133 88.6 1.11×10-3 8.33×10-4 5.55×10-4 901 1201

Page 49 of 51



35445901_File000050_874225158.docx 

1

Table 7. Particle size range for 50% transmission efficiency to the ALI and to different 

lung regions (Figure 5). The 50% transmission efficiency of the exhaled particles is 

indicated for comparison.

Particle Size Ranges 
for 50% Transmission Efficiency

Region Range
r lower upper

ALI 1.10 nm 7.37 µm
ICRP - nm >50 µm

mouth to TB 1.56 nm 11.7 µm
nose to TB 2.47 nm 3.56 µm

mouth to AL 9.44 nm 7.44 µm
nose to AL 10.5 nm 3.36 µm

mouth exhaled 42.7 nm 2.89 µm
nose exhaled 44.0 nm 2.28 µm
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Table 8. Deposition in the lung regions of an adult man calculated with the HPLD 

model (Table 2) compared to lung deposition data published by the ICRP, Annexe F 

(1994). Data are for a polydisperse aerosol with a mean particle diameter of 100 nm, a 

GSD of 1.5, a particle density of 3 g cm-3 and a shape factor of 1.5. 

Breathing 
path

Q
 [m³ h-1]

ET 
[-]

TB
[-]

AL
[-]

TL
[-]

Annexe F 
page

Figure 3A, HPLD, dp = 100 nm Nose 0.54 0.032 0.069 0.24 0.34
ICRP, Annexe F, dp = 100 nm Nose 0.54 0.052 0.077 0.22 0.35 422

Nose 0.45 0.052 0.082 0.20 0.33 418
Nose 1.2 0.064 0.055 0.21 0.33 416

Mouth 1.2 0.036 0.066 0.21 0.30 416
Nose 1.5 0.066 0.051 0.21 0.32 426
Nose 1.7 0.061 0.048 0.20 0.31 417

Mouth 1.7 0.033 0.049 0.21 0.29 417
Mouth 3.0 0.044 0.040 0.20 0.28 430
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