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A B S T R A C T

Accurately determining the delivered dose is critical to understanding biological response due to cell exposure to chemical constituents in aerosols. Deposition
efficiency and uniformity of deposition was measured experimentally using monodisperse solid fluorescent particles with mass median aerodynamic diameters
(MMAD) of 0.51, 1.1, 2.2 and 3.3 μm in the Vitrocell® AMES 48 air-liquid-interface (ALI) in vitro exposure system. Experimental results were compared with
computational fluid dynamic, (CFD; using both Lagrangian and Eulerian approaches) predicted deposition efficiency and uniformity for a single row (N = 6) of petri
dishes in the Vitrocell® AMES 48 system. The average experimentally measured deposition efficiency ranged from 0.007% to 0.43% for 0.51–3.3 μm MMAD particles,
respectively. There was good agreement between average experimentally measured and the CFD predicted particle deposition efficiency, regardless of approach.
Experimentally measured and CFD predicted average uniformity of deposition was greater than 45% of the mean for all particle diameters. During this work a new
design was introduced by the manufacturer and evaluated using Lagragian CFD. Lagragian CFD predictions showed better uniformity of deposition, but reduced
deposition efficiency with the new design. Deposition efficiency and variability in particle deposition across petri dishes for solid particles should be considered when
designing exposure regimens using the Vitrocell® AMES 48 ALI in vitro exposure system.

1. Introduction

In-vitro exposure systems that deliver aerosols directly to the apical
surface of cells (Air-Liquid-Interface; ALI) provide a more relevant ex-
posure method than traditional submerged culture in-vitro exposure
methods (Paur et al., 2011). Insight into the various types and uses of
ALI in-vitro exposure systems have recently been published (Paur et al.,
2011; Thorne and Adamson, 2013; Upadhyay and Palmberg, 2018;
Lacroix et al., 2018; Zavala et al., 2018). Published aerosol dosimetry
using these ALI in-vitro exposure systems have utilized mainstream
tobacco smoke, fluorescently tagged glycerol, or aerosols from e-vapor
products (Adamson et al., 2013, 2014, 2017; Thorne et al., 2013, 2015;
Weber et al., 2013; Majeed et al., 2014; Ishikawa et al., 2016, 2019;
Aufderheide et al., 2017; Fields et al., 2017; Steiner et al., 2018). These

liquid droplet aerosols will deposit and spread across the cell surface
based upon their physical properties (size, surface tension, hydrophilic/
hydrophobic properties, etc.). In contrast, solid inert particles will de-
posit and not spread across the cell surface, providing the worst case for
particle deposition uniformity across the cell surface. Solid inert par-
ticles have been used to experimentally study aerosol dosimetry and to
compare results to predictions from computational models in ALI in-
vitro exposure systems (Tippe et al., 2002; Kim et al., 2013; Comouth
et al., 2013; Fujitani et al., 2015; Oldham et al., 2019). The exposure
systems in these studies, typically have a main channel with one or
more wells that contains a central “horn” (trumpet shaped channel) that
directs aerosol towards the cell surface. Each of these previous studies
used a different ALI in-vitro exposure system with unique flow rates,
horn heights above the cell surface, and ranges of particle diameters.
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Contrary to most studies using solid inert particles, our previous
work (Oldham et al., 2019), measured efficiency and the uniformity of
deposition across the entire ALI surface (0.33 cm2). In this work, similar
experimental techniques are used in a larger format ALI in-vitro ex-
posure system with a surface area of 7.55 cm2. Uniformity of deposition
in all 48 petri dishes was assessed by answering two questions: 1) what
is the variability in the deposited particle pattern among the six petri
dishes in a row, and; 2) what is the variability in the deposited particle
pattern among the eight rows? Additionally, the variability in deposi-
tion at three different horn flow rates was assessed. Experimental re-
sults are compared to computational fluid dynamic based predictions
using Lagrangian and Eulerian approaches. Computational fluid dy-
namic based predictions when verified with experimental results can
provide detailed insights into particle trajectories that are not possible
experimentally. Additionally, when exposure system design changes
occur, verified computational fluid dynamic based predictions can
provide quick insights into their effects on deposition efficiency and
uniformity of deposition.

2. Methods

We experimentally measured deposition efficiency and variability of
deposition efficiency within and between eight rows each with six
35 mm petri dishes in the Vitrocell® Ames 48 ALI in-vitro exposure
system (Vitrocell® GmbH, Waldkirch, Germany). The Vitrocell® Ames
48 ALI in-vitro exposure system has the option of three horn flowrates
(5, 10 and 20 cc/min), therefore the variability in number of deposited
particles for each horn flowrate was assessed prior to measuring par-
ticle deposition efficiency and variability of deposition efficiency across
the surface of petri dishes, which was only performed for the least
variable horn flowrate. Experimental measurements of deposition effi-
ciency and variability of deposition efficiency were compared with
predictions based upon both Lagrangian and Eulerian approaches for
simulations implemented in CFD for the Vitrocell® Ames 48 ALI in-vitro
exposure system. Additionally, in a single run when particle deposition
efficiency was determined for the least variable horn flowrate, an es-
timate of the number of particles depositing on the horn for each par-
ticle diameter was obtained. The geometry used in the CFD techniques
included the entire channel geometry with six petri dishes. This geo-
metry enabled experimental and CFD investigation of potential differ-
ences between the six 35 mm petri dishes within a single row. A picture
of the Vitrocell® Ames 48 ALI in-vitro exposure system with expanded
views of the top and bottom plates is shown in Fig. 1.

2.1. Experimental

Polystyrene monodisperse fluorescent particles were used to de-
termine the deposition efficiency and variability in deposition in each
of the 48 petri dishes of the Vitrocell® Ames 48 ALI in-vitro exposure
system (Vitrocell® Systems, Germany). The physical particle diameters
were 0.5, 1.1, 2.1 and 3.2 μm, which, when corrected for density
(1.05 g cm3), yielded mass median aerodynamic diameters (MMAD) of
0.51, 1.1, 2.2 and 3.3 μm (Magsphere Inc., Pasadena, CA). To reduce
the number of experimental runs, two particle diameters were com-
bined into a single suspension for each run (0.51 μm combined with
2.2 μm and 1.1 μm combined with 3.3 μm). Particle suspensions were
prepared with an equal number of particles for each particle diameter.
Each particle suspension was diluted with distilled water so that less
than 10% of the droplets would include multiplets (Raabe, 1968) and
were sonicated for 15 min prior to use. Aerosol generation and delivery
has been described in detail in previous dosimetry work in another
Vitrocell® ALI exposure system (Oldham et al., 2019) and are briefly
described. Aerosols were generated using a Lovelace nebulizer (Raabe,
1972; InTox Products, Albuquerque, NM) operated at 1.05 kg cm2

(15 psi; 8.1 μm volume median droplet size). Evaporative fluid loss
from the Lovelace nebulizer was minimized by placing the reservoir in

an ice-water bath. To maintain a more constant aerosol concentration
and minimize overall experimental run time the reservoir was replaced
with a freshly sonicated reservoir every 15 min. The generated aerosols
were dried and diluted (10 times the nebulizer output) using a radial
diluter that injected dry (< 5% RH zero air) air at 90 degrees into the
airstream. After passing through a 370 MBq 85Kr discharger (TSI,
Shoreview, MN.) particle laden air was divided into 5 individual aerosol
streams using “Y” connectors. Four of the individual aerosol streams
were connected to four of the eight individual channels of the Vitrocell®
Ames 48 ALI in-vitro exposure system with aerosol being pulled
through each of the four channels of the in-vitro exposure system at
2000 cc/min. Using mass flow controllers (Analyt-MTC, GmbH, Mull-
heim, Germany). The fifth aerosol stream was filtered using a 44 mm
Cambridge filter pad and vented to atmosphere to prevent pressuriza-
tion of the in-vitro exposure system. At the end of each of the four
channels, prior to the mass flow controller, a 25 mm polycarbonate
filter (0.4 μm pore size; Nucleopore™, Fisher Scientific, Waltham, MA)
collected particles that did not deposit within the Vitrocell® Ames 48
ALI in-vitro exposure system. To minimize the potential for particle
bounce, the bottom of the petri dishes were filled with 2 ml of room-
temperature-vulcanizing clear silicone rubber (QSil 216, Quantum Si-
licones, Richmond, VA.) and allowed to cure for a minimum of 24 h
prior to use. The height of the silicone rubber in the petri dish was
matched to the height of agar that would be used for the Ames assay.
The height of each of the 48 horns was set at 2 mm above the silicone
rubber surface in the petri dish. All runs were conducted in a condi-
tioned laboratory (22 °C ± 2 °C; 60% relative humidity ±5% relative
humidity) in an isothermal condition (no heat applied to petri dishes) to
prevent any thermophoretic effects. Prior to each run, a leak test was
conducted in accordance with the manufacturers' recommendations. All
experimental runs were conducted over a 120-min aerosol generation
period. A total of twelve experimental runs were conducted to measure
the variability in particle deposition as a function of horn flowrate
(horn flowrate = 5, 10 or 20 cc/min) in each row of the Vitrocell®
Ames 48 ALI in-vitro exposure system. The 25 mm polycarbonate filters
at the end of the main channel from these experimental runs were used
to develop and verify our fluorescent particle counting methodology;
therefore they were not available for calculation of particle deposition
efficiency. Flow for each of the 48 petri dishes was set at 5, 10 or 20 cc/
min, which was consistent with the manufacturer's recommendation,
and verified with a mass flow controller (Analyt-MTC, GmbH, Mull-
heim, Germany). Twelve additional experimental runs were conducted
to measure deposition efficiency and uniformity of deposition in each of
the 48 petri dishes at a constant horn flowrate of 10 cc/min, which was
verified with a mass flow controller.

To estimate particle deposition on the horns, in one run for each
particle diameter, all horns in each row were washed and sonicated
(10 min) in a common container using a dilute soap solution. After all
horns were washed and sonicated the dilute soap solution was filtered
through a 25 mm polycarbonate filter (0.4 μm pore size; Nucleopore™,
Fisher Scientific, Waltham, MA). Particles collected on each filter were
counted using fluorescent microscopy.

Each petri dish was marked to indicate its orientation to the aerosol
flow in the channel. After the experimental run, particles that deposited
in the petri dishes were photographed using fluorescent microscopy
using an X-Y-Z motorized stage (BX41 with motorized stage systems;
Olympus Corporation, Bridgeport, CT). Image J software (NIH,
Bethesda, MD) was used to count the number of deposited particles and
provide their coordinates from photographs of the particles deposited in
the petri dishes. Particles collected on the polycarbonate filters from the
end of each row and from the horn washing fluid were photographed
using fluorescent microscopy and counted using Image J software (NIH,
Bethesda, MD).
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2.2. Computational fluid dynamics

The manufacturer provided computer aided design (CAD) drawings
for the aerosol flow path for the Vitrocell® AMES 48 ALI in-vitro ex-
posure system. The CAD drawings facilitated a detailed geometry model
and alleviated the need to physically measure all the internal diameters.
Several internal diameters were verified against the CAD drawings.
Consistent with the experimental setup, the total flow at the beginning
of each of the eight channels was 2060 cc/min. Flow for each main
channel was controlled by a mass flow controller set at 2000 cc/min
and each of the six petri dishes in a channel had flows set to 10 cc/min.
After each petri dish the total flow in the channel drops by 10 cc/min. A
constant air density of 1225 kg/m3 was assumed.

2.3. CFD – Lagrangian – simulation

One row of the Vitrocell® AMES 48 ALI in-vitro exposure system was
meshed and predicted particle deposition for each of six petri dishes
was determined using CFD software, Fluent v17.1 (ANSYS, Canonsburg,
PA). To mimic experimental conditions, petri dishes were set at a height
gap of 2 mm below the tip of the horn which resulted in them being
41.78 mm below the centerline of the 6 mm diameter channel. The
MMAD of the particles used in the experiments (monodisperse solid
spherical particles of constant density) were used in the simulations.

A fully developed laminar parabolic velocity profile was used as the
inlet boundary condition. Target flow rates were set at the channel exit
outlet as well as the six sampling chamber vacuum outlets using Fluent's
‘outflow’ boundary condition with appropriate ‘flow rate weighting’
values for each. Particle injections per diameter were created using

Fig. 1. Assembled Vitrocell® AMES 48 Exposure system with exploded views of the top and bottom plates, and horn. Flow moves from left to right in each row.
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Matlab v2017a (MathWorks, Natick, MA). A uniform distribution of
solid spherical monodisperse particles of constant density (1000 kg/m3)
was injected at the inlet with an offset from the wall to ensure the initial
particle positions were within the geometry and did not immediately
deposit.

An unstructured mesh using hybrid of tetrahedral elements
(0.36 mm) was created using ANSYS Mesher v17.1. A 5-element in-
flation layer with a smooth transition and a growth rate of 1.2 was
attached to all wall surfaces. All walls in the system were set to “trap”,
meaning that if a particle trajectory contacts a wall it is deposited and
removed from the domain. Total count of particles deposited on each
petri dish and on all other wall surfaces as well as particles not de-
positing were tracked. A time step of 0.01 s was used with sufficiently
long (~500 s real time) simulations to allow a final fate for nearly all
injected particles, although a few remain suspended. A convergence
criterion of 1e-6 was set for the continuity, momentum and energy eqs.
A first order implicit upwinding model was used along with a laminar
viscous model and all calculations were done in double precision.

2.4. CFD – Eulerian simulation

The Eulerian CFD simulations were performed using a publicly
available simulation platform based on the OpenFOAM (2015) called
AeroSolved (AeroSolved, 2017). In AeroSolved, a sectional method is
used to capture the size distribution of the aerosol and various models
are used to describe the most important physical processes in the
aerosol transport and deposition (i.e., aerosol drift, Brownian diffusion,
impaction and sedimentation). The AeroSolved code has been verified
against several benchmark cases that are freely available in the public
code repository (AeroSolved, 2017) and has been used in several sci-
entific publications (Frederix et al., 2017, Lucci et al., 2018, Asgari
et al., 2019). AeroSolved has recently been used to model a single Vi-
trocell® 24/48 well chamber and a full row of six Vitrocell® 24/48 well
chambers (Lucci et al., 2018; Oldham et al., 2019).

The same procedure reported in Oldham et al. (2019) is followed in
the present study. The procedure uses a steady state solver based on
AeroSolved for the generation of the aerosol particle fields assuming a
dilute aerosol and a one-way coupling between particle and gas phase
(Elghobashi, 1994). A Lagrangian sub-grid boundary condition (Longest
and Oldham, 2008; Frederix et al., 2018) was used to correctly predict
the particle velocity impacting the walls. For the particle mass fraction
and particle number density, a correction to the zero gradient boundary
condition was used to capture both the impaction and the Brownian
diffusion contribution to the particle deposition (Oldham et al., 2019).
Particles were uniformly distributed in the domain inlet resulting in a
total fixed mass fraction of 0.001%. The computational mesh, generated
with cfMesh (www.cfmesh.com), constituted approximately 5.1 million
cells, of which about 27,000 were not hexahedral cells. To better cap-
ture the wall deposition, six layers of boundary layer cells with a con-
stant thickness growth ratio of 1.3 were added at all wall surfaces.

2.5. Data analysis

Particle deposition was calculated by dividing the number of
fluorescent particles depositing in the petri dish by the number in the
row that could have entered the horn above the petri dish expressed as
a percentage. This meant that for the first petri dish in a row, the
number of particles that entered was the total of the number of particles
depositing on the row exit filter plus the number of particles that de-
posited in all six petri dishes. For the second petri dish in the channel,
the number of particles that deposited in the first petri dish was sub-
tracted from the total. Subtraction of the number of particles depositing
in the prior petri dishes from the total continued until deposition effi-
ciency for all petri dishes in a row was calculated. For the one run of
each particle diameter that measured particle deposition on the six
horns in a row, the average number of particles counted on the filter

(total particles counted on the filter divided by 6 horns) was used for
deposition calculations for each petri dish in the channel.

Two approaches were used to visualize and quantitate particle de-
position uniformity across the petri dishes (Kam et al., 2013). In both
approaches results are expressed as percentage of the mean to focus on
the variability of particle deposition across the petri dish regardless of
the total number of particles depositing on the petri dish. We focused
this analysis on answering two questions: what is the variability in the
deposited particle pattern among the six petri dishes in a row, and;
what is the variability in the deposited particle pattern among the eight
rows? To fully characterize the particle deposition distribution, the first
approach divided the petri dish into 4 quadrants using an X,Y co-
ordinate system with 0,0 as the center of petri dish. Deposited particles
were counted in each quadrant and divided by 25% of the total number
of deposited particles in all four quadrants (assumes uniform distribu-
tion of deposited particles). For example, if 200 particles deposited on
the petri dish insert with 60 depositing in the upper right quadrant, the
uniform distribution assumption would mean 50 particles/quadrant
would be expected to deposit, so the upper right quadrant would have
(60 ÷ 50) * 100% or 120% of the expected mean number of deposited
particles. The second approach examined the deposited particle dis-
tribution in a radial manner by dividing the petri dishes into a center
circle and 3 rings each with an equal area. Using the same X,Y co-
ordinate system as the first approach, particles in each of the four areas
of a petri dish are counted with the number divided by 25% of the total
number of deposited particles in the petri dish. Half of any particle that
fell on a line was allocated to each adjacent area. Finally, for each
particle diameter the range of the number of particles that deposited in
all 24 experiments were converted to mass using unit density and are
provided on ng/μm2 basis.

For comparison with experimentally measured values, deposition
efficiency from the Lagrangian simulations was calculated using the
same method, which meant omitting particles that deposited in the
main channel, on the walls of the petri dishes and particles that exited
the six petri dishes.

Predicted deposition efficiencies on these surfaces were determined
as a function of the mass flow rate of deposited particles onto the sur-
face to the mass flow of particles placed at the channel inlet.

= =CFD Dep CFD m m( %) ( ) /n D surface in, (1)

where
=m Total mass flow rate deposition of particles onto surfaceD surface, .min

= Total mass flow rate of particles at channel inlet.

2.6. New horn design

During performance of this work the manufacturer changed the
internal horn geometry in 2018. A comparison of the two internal horn
geometries is shown in the supplemental information (Supplemental
Fig. 1). Lagrangian CFD techniques were used to evaluate the new horn
geometry for deposition efficiency using the same particle diameters
used in the experimental work as well as the number of particles de-
positing on the walls of the petri dishes and on the exit filters of each
petri dish. Additionally, variability expressed as the ratio of the number
of particles depositing in each petri dish in a row to the mean number
depositing in the row were calculated for each particle diameter at each
horn flowrate to assess the new horn geometry.

3. Results

3.1. Experimental

The variability in particle deposition for each 35 mm petri dish in a
row was least when the 10 cc/min horn flow rate was used (22% to
−37%; Supplemental Figs. 2–4). The largest amount of variability in
particle deposition among 35 mm petri dishes in a row (100% to −60%
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of the mean value) occurred using the 20 cc/min horn flowrate for the
2.2, 1.1 and 0.51 μm MMAD particles (Supplemental Fig. 2). A sig-
nificant increase in variability in particle deposition for all particle
diameters occurred in the last 35 mm petri dish in a row when a
flowrate of 5 cc/min was used (Supplemental Fig. 4).

At the constant horn flowrate of 10 cc/min, both measured and
predicted particle deposition efficiency was a function of particle
MMAD (Table 1). Variability in particle deposition across the 35 mm
petri dishes, regardless of approach (quadrant or circle and rings), was
also a function of particle diameter (Figs. 2 and 3). In the quadrant
approach, the 2.2 μm MMAD particles demonstrated the most con-
sistency in particle deposition pattern while the least consistency oc-
curred with the 0.51 μm MMAD particles. In the equal area circle and
ring approach all particle diameters demonstrate a “bull's eye” pattern
to some extent.

Deposition efficiency for 0.51 μm MMAD particles on the six horns

Table 1
Comparison of mean experimentally measured and CFD predicted particle de-
position efficiency as a function of particle MMAD in the Vitrocell® AMES 48
ALI in-vitro exposure system with a horn flowrate of 10 cc/min.

Particle MMAD
(μm)

Particle deposition efficiency %

Experimentally measured Predicted

Mean Standard deviation
(SD)

Lagrangian Eulerian

Mean SD Mean

0.51 0.07 0.03 0.040 0.013 0.027
1.1 0.08 0.02 0.130 0.035 0.111
2.2 0.24 0.17 0.429 0.122 0.344
3.3 0.43 0.13 0.461 0.079 0.501

Fig. 2. Mean experimentally measured particle deposition uniformity across six petri dishes culture in a row by particle size in four equal area quadrants (top four
rows) and a circle and 3 rings with equal area (bottom four rows) expressed as percent of mean. Each petri dish is a mean of eight experimental measurements.
Airflow in the main channel is moving from left to right.
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averaged 0.053%/horn. For 1.1 the average deposition efficiency was
0.1%/horn. For the 2.2 and 3.3 μm MMAD particles the average de-
position efficiency was 0.17% and 0.1%/horn, respectively.

The range of surface doses from the 24 experimental runs that were
conducted for 120 min for the 0.51 μm MMAD particles was
0.13–4.6 fg/cm2. For the 1.1 μm MMAD particles, the surface doses
ranged from 6.6–88.3 fg/cm2. The surface doses ranged from
0.01–0.41 ng/cm2 and 0.03–1.4 ng/cm2 for the 2.2 and 3.3 μm MMAD
particles, respectively.

3.2. Computational fluid dynamic – Lagrangian

Comparison of predicted deposition with experimental results
showed good correlation with experimental results (Table 1). Com-
parison of experimentally measured and predicted quadrant particle
distribution (Figs. 2 and 4) across the petri dishes also showed good
agreement with the range of differences within a row being equal. For

experimental measurements the 2.2 μm MMAD had the most consistent
distribution over the petri dish, while for the Lagrangian CFD predic-
tions the 3.3 μm MMAD particles had the most consistent distribution
across the petri dish. There were larger differences between experi-
mental measurements and predicted radial (circle and ring) particle
distribution (Figs. 3 and 4), however both demonstrated a significant
“bull's eye” effect for all particle sizes. For the radial particle distribu-
tion, the most consistent results occurred for the 1.1 μm MMAD parti-
cles in the experiments and predictions. The ratio of the number of
particles depositing in each petri dish in a row to the mean number
depositing in the row were calculated for each particle diameter at each
horn flowrate (Supplemental Fig. 5). For the 5 cc and 20 cc/min horn
flowrates, the general decreasing trend of percent of mean number of
deposited particles in petri dishes (Columns A to F) agrees with the
experimental results (Supplemental Figs. 2 & 4). Although the general
decreasing trend of percent of mean number of deposited particles in
petri dishes (Column A to F) is also predicted for the 10 cc/min horn

Fig. 3. Experimentally measured particle deposition uniformity across 35 mm petri dishes in a column by particle size in four equal area quadrants (left four
columns) and circle and 3 rings with equal area (right four columns) expressed as percent of mean. Each petri dish is a mean of 6 experimental measurements (one for
each petri dish in the row). Airflow in the main channel was moving from left to right.
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flowrate, experimental results (Supplemental Fig. 3) show much more
consistency between the number of particles depositing in the six petri
dishes in a row.

Deposition of particles in the main channel and walls of the petri
dish was not measured experimentally due to technical limitations.
Measurement of particles on horn exit filters was also not performed
experimentally. However, experimental limitations of quantitating
particle deposition on various surfaces of the in-vitro exposure system
are not limitations for CFD simulations. Predicted deposition effi-
ciencies for particles depositing in the channel, on the walls of the petri
dishes, and on the petri dish exit filters are shown in Table 2.

Lagrangian CFD particle tracking techniques enabled visualization of
the original location (location in entrance of main channel) of particles
that enter the respective horns and deposit on the petri dishes (Fig. 5).
The CFD predictions show that for each of the particle diameters used,
only particles near the bottom wall of the main channel enter the re-
spective horn (H1, H2, H3, H4, H5, H6) and only a small portion of those
entering the horn deposit on the respective petri dish. The CFD predic-
tions also show that 0.51 and 1.1 μm MMAD particles in the bottom
center of the main channel don't deposit on the petri dishes unlike 2.2
and 3.3 μm MMAD particles which do deposit on the petri dishes.

3.3. Computation fluid dynamic – Eulerian

Comparison of deposition efficiency versus the particle MMAD be-
tween Eulerian CFD predictions and experimental measurements shows
good agreement (Fig. 6). The particle deposition uniformity, predicted
by the Eulerian CFD showed no significant variation between the six
petri dishes in a row (also shown in Table 3), so only results for the sixth
petri dish are shown in Fig. 7. Inhomogeneity in particle distribution
around the edge of the petri dish is first observed for 2.2 μm MMAD
particles, which is consistent with the experimental results (Fig. 3). For
3.3 μm MMAD particles a “bull's eye” effect is seen which is consistent
with experimental results (Fig. 3) and Lagrangian CFD predictions
(Fig. 4). This “bull's eye” effect is consistent with the prediction and the
analysis of Lucci et al., 2018 and can be explained by considering that
the maximum deposition efficiency achievable in the petri dish is 0.5%
for flow rates of 10 cc/min for the horn and 2000 cc/min in the main
channel; verified here for 2.2 or 3.3 μm MMAD particles. This indicates
that at 10 cc/min, most of the 2.2 and 3.3 μm MMAD particles in the
horn have already deposited before reaching the edge of the petri dish
leaving its periphery relatively free from particles.

Fig. 4. Lagrangian CFD predicted particle deposition uniformity across 35 mm petri dishes in a row by particle size (from left to right; first = 0.51, second = 1.1,
third = 2.2 and bottom= 3.3 μmMMAD) in four equal area quadrants (top four rows) and circle and 3 rings with equal area (bottom four rows) expressed as percent
of mean. One million particles were injected at the entrance of the in vitro exposure system with airflow moving from left to right.
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3.4. New horn design

Predicted particle deposition uniformity resulting from the new
inlet horn design using Lagrangian CFD techniques showed that the

20 cc/min inlet horn flow rate results in minimum variability (70% to
−20%) across the petri dishes (Supplemental Fig. 5). Predicted particle
deposition resulting from the new horn design using the 20 cc/min inlet
horn flowrate for 0.51, 1.1, 2.2 and 3.3 μm MMAD was 0.006 ± 0.001,
0.029 ± 0.005; 0.117 ± 0.022; and 0.307 ± 0.073, respectively.

4. Discussion

In the current study using the original inlet horn design, for
0.51–3.3 μm MMAD particles after two hours of exposure with 31 mm
petri dishes 2 mm from the inlet horn using 10 cc/min flowrate, ex-
perimentally measured deposition efficiency ranged from 0.07–0.43%.
There was good agreement between the experimental measurements
and predictions from both CFD approaches. CFD predicted particle
deposition with the new inlet horn design ranged from 0.006–0.307%
for 0.51–3.3 μm MMAD particles. In comparison, Comouth et al. (2013)
used smaller (24 mm diameter) cell culture inserts and a higher inlet
horn flow rate (100 cc/min) at the same inlet horn height above the cell
culture inserts for up to seven hours to obtain deposition efficiencies of
0.7% and 2.5% for 0.1 μm and 2.0 μm MMAD particles, respectively.
These deposition efficiencies reported by Comouth et al. (2013) were
estimated from 25 random microscopic fields/TEM grid (3 mm dia-
meter) with TEM grids place at the center and around the perimeter of
the 24 mm cell culture insert, not from complete analysis of all de-
posited particles. Fujitani et al. (2015) also used a smaller (11 mm
diameter) single cell culture insert and a lower inlet horn flowrate
(7.8 cc/min) 1 mm above the cell culture insert for 6.5 h to obtain a
deposition efficiency of 3.53 ± 2.81% for 1005 nm monodisperse
polystyrene latex particles. The deposition efficiency reported by
Fujitani et al. (2015) also used a sampling technique based upon TEM
grids. One TEM grid (grid size not stated) was placed at the center and
four placed around the center TEM grid in the 11 mm diameter cell
culture insert. Considering differences in the ALI in vitro exposure
systems (cell culture insert size, number of cell culture inserts, horn
geometry, horn height, flowrates used, etc.) and methodologies used
(sampling the cell culture insert surface with grids vs. analysis of the
total cell culture insert surface) it is not surprising that their deposition
efficiencies are an 1–2 orders of magnitude higher than found in the
current study. It is not surprising that when the horn flow rate was
increased with the new horn design overall particle deposition effi-
ciency decreased since more particles deposited on the walls of the petri
dish, petri dish exit filter and channel. More detailed comparison of
deposition efficiency is best done with analytical solutions like in Lucci
et al. (2018) that can account for different experimental conditions
(insert diameter, horn flowrate, different particle diameters etc.). Lucci
et al. (2018) found that in low flow in vitro exposure systems such as
the Vitrocell® AMES 48 ALI in-vitro exposure system, inertial forces
(particle impaction) were not important and a single equation esti-
mating particle sedimentation and diffusion accurately predicted par-
ticle deposition efficiency.

Consistent with Kim et al. (2013), but in contrast to Comouth et al.
(2013) and our past work Oldham et al. (2019), variability in particle
deposition across the petri dishes was a not a clear function of MMAD
with the original inlet horn design. Our average experimental results for
all MMAD particles showed greater than 45% difference from the mean
in particle deposition uniformity across the petri dish with the original
horn design. CFD predictions of variability in particle deposition across
the cell culture insert for the original horn design were consistent with
the experimental measurements. Lagrangian CFD predictions using the
new horn design showed that minimum variability in deposition (70%
to −20%) occurred at the 20 cc/min inlet horn flow rate.

There are several limitations of the work performed in this study.
The primary limitation of this work is that the experimental results only
apply to solid inert particles, not to liquid droplets or more complex
aerosols that contain liquid droplets and/or vapor. A limitation of both
approaches (experimental and CFD) was that the aerosol entrance

Fig. 5. CFD Predicted particle location in the main channel for particles en-
tering the six horns (left column) in a row and depositing on the six petri dishes
in a row (right column) for 0.51, 1.1, 2.2, and 3.3 μm MMAD particles. Particles
entering horn #1 and depositing on Petri Dish #1 are shown in black. Particles
entering horn #2 and depositing on Petri Dish #2 are shown in red. Particles
entering Horn #3 and depositing on Petri Dish #3 are shown in green. Particles
entering horn #4 and depositing on Petri Dish #4 are shown in dark blue.
Particles entering horn #5 and depositing on Petri Dish #5 are shown in purple.
Particles entering horn #6 and depositing on Petri Dish #6 are shown in light
blue. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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profile was not measured experimentally; therefore, the CFD predic-
tions were based upon on a fully developed parabolic flow profile as-
sumption. Longest and Oldham (2008) reported better agreement be-
tween experimentally measured and CFD predicted deposition
efficiency has been reported when the experimental aerosol entrance
profile was measured. In our experiments, the loss of particles in the
main channel, walls of the petri dish and on the exit filters for each petri
dish were not measured and therefore could not be compared with the
Lagrangian and Eulerian CFD predictions of particle deposition on these
surfaces.

In summary, experimentally measured deposition efficiency for

0.51–3.3 μm MMAD particles using the original horn design ranged
from 0.07–0.43% which translates to 0.54 fg/cm2–1.3 ng/cm2, re-
spectively. The uniformity of particle deposition across the petri dishes
(N = 8) exceeded ±45% of the mean for all particle diameters studied
using both a quadrant (4-quadrants) and radial (circle and rings) ap-
proach. CFD predicted uniformity of particle deposition across the petri
dishes using the new horn design was best for the 20 ml/min horn flow
rate. CFD predicted particle deposition efficiency for 0.51–3.3 μm
MMAD particles using the new horn design ranged from 0.006–0.307%
approach. Regardless of the horn used, variability in particle deposition
across the petri dishes should be considered when determining an

Table 2
Comparison of Lagrangian and Eulerian CFD predicted particle deposition efficiency as a function of particle MMAD (Lagrangian simulation used 107 particles
injected at channel entrance with 500 s. simulation) in the Vitrocell® AMES 48 ALI in-vitro exposure system using a horn flowrate of 10 cc/min.

Particle deposition efficiency %

Location/CFD Lagrangian Eulerian

Particle MMAD(μm) Particle MMAD(μm)

0.51 1.1 2.2 3.3 0.51 1.1 2.2 3.3

Petri dish
1 0.0076 0.0257 0.1020 0.1198 0.027 0.111 0.344 0.503
2 0.0045 0.0207 0.0940 0.1205 0.027 0.111 0.344 0.502
3 0.0104 0.0297 0.1066 0.1315 0.027 0.111 0.344 0.502
4 0.0071 0.0291 0.1054 0.1425 0.027 0.111 0.344 0.501
5 0.0096 0.0330 0.1110 0.1513 0.027 0.111 0.344 0.501
6 0.0104 0.0355 0.1210 0.1630 0.027 0.111 0.344 0.500
Petri dish walls
1 0.0015 0.0014 0.0021 0.0022 0.026 0.052 0.078 0.023
2 0.0017 0.0012 0.0018 0.0017 0.026 0.052 0.078 0.023
3 0.0016 0.0012 0.0021 0.0018 0.026 0.052 0.078 0.023
4 0.0016 0.0012 0.0018 0.0023 0.026 0.052 0.078 0.022
5 0.0021 0.0021 0.0019 0.0032 0.026 0.052 0.078 0.022
6 0.0019 0.0024 0.0022 0.0027 0.026 0.052 0.078 0.022
Petri dish exit filter
1 0.1116 0.0917 0.0173 0.0001 0.444 0.338 0.088 0.001
2 0.1125 0.0978 0.0175 0.0001 0.444 0.338 0.088 0.001
3 0.1233 0.1086 0.0185 0.0001 0.444 0.338 0.088 0.001
4 0.1238 0.0998 0.0237 0.0001 0.444 0.337 0.088 0.001
5 0.1253 0.1079 0.0281 0.0001 0.444 0.337 0.088 0.001
6 0.1327 0.1139 0.0308 0.0001 0.444 0.337 0.087 0.001
Channel 0.0385 0.1425 0.5908 1.2955 0.178 0.527 1.693 3.793

Fig. 6. Deposition efficiency (%) vs particle MMAD [μm] for the experimental measurements (circles), the Lagrangian CFD predictions (squares) and the Eulerian
CFD predictions (triangles).
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appropriate number of replicates when using the Vitrocell® AMES 48 in
vitro exposure system, in addition to the sensitivity of the in vitro
endpoint. Designing and executing exposure regimens for solid particles

in the Vitrocell® AMES 48 ALI in vitro exposure system should account
for the deposition efficiency and variability in particle deposition across
the petri dish.
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