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A multistage sampler was developed and tested to estimate regional deposition of aerosol in the
human respiratory system. The motivation for this research is to improve our ability to estimate
inhaled aerosol dose. Current methods for aerosol measurement and exposure/risk assessment
are based on particle aspiration (e.g. inhalable PM) or on penetration to various regions of the
respiratory system (e.g. PM, ). The sampler developed here operates at 1 m*h™! (16.7 1 min™?) of
flow and utilizes several substrates, connected in series, to mimic regional particle deposition. Two
sets of polyurethane foam substrates are used to mimic particle deposition in the head airways and
tracheobronchial regions, respectively. Particle deposition in the alveolar region is mimicked using
diffusion screens. These substrates are amenable to trace chemical analyses but not gravimetric
analyses, due to water vapor uptake with small changes in relative humidity.
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INTRODUCTION

Particle size distribution plays a major role in
determining both the inhaled dose and the region
affected by aerosol hazards (Johnson and Esmen,
2004). As such, there has been increasing inter-
est in estimating the deposition of particles in the
respiratory system, as opposed to assessing aero-
sol exposure (i.e. total particulate mass) or any
of the various particle penetration metrics (e.g.
inhalable, thoracic, and respirable fractions). The
International Organization for Standardization
(ISO) has developed standards for respira-
tory deposition based on proposed conventions
(Bartley and Vincent, 2011; ISO/CEN, 2012).
The deposited fraction of particles in the respira-
tory system is often estimated by measuring or
modeling the full particle size distribution using
various direct-reading or integrated techniques
(e.g. scanning mobility particle sizer or multistage
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impactor) and then inferring deposited fractions
from the size distribution data (Kelly ez al., 2011).
Other researchers have developed samplers to
estimate aerosol deposition in the lung directly.
For example, Kuo ez al. (2005) developed a size-
selective sampling inlet to mimic the International
Commission on Radiological Protection (ICRP,
1994) convention for total deposition. However,
the inlet for this device removed virtually all par-
ticles with d,, > 0.8 um and thus greatly underesti-
mated the contribution from supermicron aerosol.
Cena et al. (2011) described a personal nanopar-
ticle respiratory deposition sampler that used an
impactor to remove particles >0.3 um and diffu-
sion screens to mimic the total deposition fraction
for nanoparticles.

In our previous work, we employed a semi-
empirical model to design an aerosol sampler
made from porous, polyurethane foam to repro-
duce the size-specific (but not region-specific) dep-
osition of aerosol in the human respiratory system
(Koehler et al., 2009). Although the total deposi-
tion sampler provides a better estimate of aerosol
dose than penetration-based samplers, the total
deposition sampler does not give any indication
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of where particles deposit in the respiratory sys-
tem. Regional deposition can influence the inci-
dence of certain health outcomes (e.g. sinusitis
versus bronchitis versus pneumonia). Particles
that deposit in the head airways and tracheo-
bronchial region are ultimately swallowed (the
latter via mucociliary clearance), whereas parti-
cles that deposit in the alveolar region may have
long half-lives within the lungs. Distinguishing
where particle deposition occurs may improve our
understanding of the pathways by which particles
cause disease.

This work describes the development of an aero-
sol sampler to mimic regional particle deposition in
the human respiratory tract. The ICRP has devel-
oped a model that estimates particle deposition,
as a function of particle aerodynamic or thermo-
dynamic diameter, in three main regions of the res-
piratory tract: the head airways, tracheobronchial,
and alveolar regions. We have used the simplified
deposition models described by Hinds (1999) based
on the ICRP Deposition Model for the average of
adult males and females under three exercise condi-
tions (hereafter, ‘ICRP convention’). We used two
semi-empirical models (Cheng et al, 1980; Clark
et al., 2009) to design substrates capable of match-
ing the ICRP-defined deposition to these regions.
These substrates, made from polyurethane foam
and nylon mesh screen, have specific dimensions
(i.e. length, diameter, and fiber size) and operating
conditions (e.g. face velocity) necessary to repro-
duce size-specific particle deposition in the human
respiratory tract. The substrates were placed in
series within a sample holder that operated at 16.7 1
min~! of flow. Performance of the regional deposi-
tion sampler (RDS) was evaluated using test aero-
sols ranging in size from 0.01 to 10 pm.

METHODS

Sampler design

The penetration, P, of aerosol through a foam
plug is given by

In(P)= —di{40.7sﬂ-" +38.9Ng" + 84 4Pe™"7}, (1)
f

where ¢ is the thickness of the foam plug (in
millimeter), d, is the diameter of a typical foam
fiber (in micrometer), and St, Ng, and Pe rep-
resent the Stokes number, the gravitational set-
tling number, and the Peclet number, respectively
(Kenny et al, 2001; Clark et al, 2009). Each
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dimensionless number describes the tendency of
a particle to deposit within the foam due to iner-
tial impaction (St), gravity (Ng), or diffusion (Pe).
They are quantified by the following equations:

2
St — pOdacUCC , (2)
18nd;
digC
Ng= ﬂ_pl 8; c 3)
Pe= 3z, d.U ’ @
kTC.

where d,, is the particle aerodynamic diameter,
d,, is the thermodynamic diameter, p, is standard
density (i.e. the density of water), 7 is the viscos-
ity of air, U is the face velocity of air through the
foam, C, is the Cunningham slip correction factor,
d, is the fiber diameter, g is the acceleration due to
gravity, k is Boltzmann’s constant, and 7 is tem-
perature in kelvin. All units are in SI.

The foam deposition model (where deposi-
tion = 1 — penetration) described by equation (1)
was used to find foam and flow characteristics
(foam fiber diameter, thickness, and face velocity)
to best match the regional deposition of aerosol in
the respiratory system according to the ICRP con-
vention. The deposition of aerosol through the
first foam was calculated from equation (1) and
(for modeling purposes) the deposition through
subsequent foams is based only on the proportion
of aerosol that penetrated through the previous
foams. Two pieces of foam were required to match
deposition in the head airways and two more for
the tracheobronchial (four total). All foam inserts
must be operated in series for proper regional dep-
osition estimates. Foam properties for the head
airways and tracheobronchial regions are listed in
Table 1 and the regional deposition is compared
to the ICRP convention in Fig. 1.

Because the foam deposition model suggested
unreasonable foam properties (thickness and face
velocity) for alveolar deposition, we chose to
mimic alveolar deposition using diffusion screens
similar to those used by Cena et al. (2011). The
deposition of particles in the screens was pre-
dicted using the diffusion screen deposition model
described by Cheng et al. (1980).

log(P) = —n(1.96Pe™*'® +1.69 f(R)
+3.917-St+1.94Pe” DR (5)
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Table 1. Substrate dimensions and operating conditions for the RDS.

Stage Respiratory region Insert diameter (cm) Insert length (cm) Fiber diameter (um) Face velocity (m s™')
1 (foam) Head airways 0.8 4.6 92 5.50

2 (foam) Head airways 4.0 0.6 92 0.22

3 (foam) Tracheobronchial 1.15 4.4 126 2.64

4 (foam) Tracheobronchial 1.75 5.0 126 1.10

S (nylon mesh) Alveolar 9 4 layers 6 0.043
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I RDS: Head Airways
0.8 — ICRP: Tracheobronchial
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Fig. 1. Modeled deposition fractions (ICRP and RDS sampler) as a function of particle diameter (calculated from
equations | and 5) for each of three regions in the human respiratory tract (color version available online).

where n is the number of screens, R is the inter-
ception diameter (d,/d), AR) = (1 + R)™' = (1 +
R) +2(1 + R) In(1 + R), I = (29.6 — 28a"*)R?
—27.5R*? and a is the solid volume fraction of
the screen (0.89 for nylon mesh). The nylon mesh
properties used for the alveolar deposition are
listed in Table 1 and the deposition is compared to
the ICRP alveolar deposition in Fig. 1.

Foam inserts and the nylon mesh screens
each require distinct face velocities to generate
the appropriate size-dependent deposition. To
achieve a constant flow rate through the entire
assembly, the diameters of the foam inserts and
nylon mesh screens were calculated to achieve the
proper face velocity at volumetric flow of 1 m*h™!
(16.7 1 min™"). Consequently, a very large nylon
mesh screen diameter was required to increase the
residence time through the screens, allowing for
diffusional deposition of particles <0.1 pm and
to minimize the deposition of larger particles via

impaction. A computer-aided design drawing of
the RDS is shown in Fig. 2.

Sampler evaluation

Validating ~ foam  and  screen  deposition
fractions. Several experiments were conducted
with the engineered substrates (foam and nylon
screens) to assess performance and reliability.
First, we evaluated the diffusion screen deposi-
tion model with two nylon mesh pore sizes (11
and 20 um, Millipore Part No. NY1109000) oper-
ating at two face velocities (0.13 and 0.19 m s™")
and compared to modeled deposition values from
Cheng et al. (1980). Next, we tested the particle
deposition efficiency of each foam substrate and
compared the measured and modeled deposition
values. (equation 1). Briefly, a substrate was fit
within an appropriate housing and high molecular
weight oil aerosol was drawn through the substrate
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Fig. 2. Computer-aided design drawing of the RDS holding two foam inserts to match the deposition in the head airways
(first two substrates), two foam inserts to match the deposition in the tracheobronchial region (next two substrates), and
nylon mesh screens to match the deposition in the alveolar region (last substrate).

to determine particle penetration fraction as a
function of size, similar to Clark ez al. (2009). The
penetration fraction for a given particle size, P,
was calculated by

Ci foam+housing ( 6)

b

i C

ihousing

where C, . 18 the aerosol number concen-
tration passing through the tubing section or
filter holder without foam and C; ¢, housing 19
the aerosol number concentration after passing
through the tubing section or nylon net holder
with the substrate in place; all values are specific
to i, which denotes the particle size. Particles
with 0.01 < d;; < 1.0 pm were sized and counted
with a Sequential Mobility Particle Sizer (SMPS,
GRIMM Technologies, Inc.). Particles with 0.50 <
d,, <20 pm were sized and counted with a TSI
Aerodynamic Particle Sizer (APS, Model 3321).
Only liquid aerosol was tested because previous
work has shown that the size-dependent deposi-
tion does not vary with phase (solid or liquid) for
sizes between 0.01 and 10 ym (Clark ez al., 2009;

Koehler et al., 2009).

Laboratory testing of mass-based deposition
measurements. Next, we tested the ability of the
RDS to estimate the mass of aerosol deposited
in each respiratory region. Gravimetric analysis
is problematic with foam inserts due to the foam
hygroscopicity (Koehler et al, 2009). Instead,
we used fluorescence analysis, which is sensi-
tive to aerosol mass on the order of nanograms
(Tolocka et al., 2001). Oleic acid was mixed with

fluorescein powder (~1 wt%) to generate a fluo-
rescently labeled test aerosol and nebulized in an
~Im?® aerosol chamber. The aerosol was neutral-
ized prior to sampling (TSI, Inc. Model 3012).
Two RDSs sampled the test aerosol in parallel to
determine the fraction of mass deposited in each
region and to estimate variability between sam-
plers. Two different test aerosols, each of different
size distribution, were evaluated: one with a larger
mass median diameter (MMD) representative of
a mechanically generated aerosol and the other
with a smaller MMD representative of a combus-
tion-generated aerosol.

The reference aerosol mass distribution was
established with a Nano-MOUDI 1I cascade
impactor (MSP Model 125B). A 47-mm diam-
eter Teflon-coated glass fiber filter (Pallflex, Pall
Inc.) was placed in each impactor stage. Aerosol
size distribution was also monitored continuously
during the experiment using SMPS and APS
instruments. Aerosol mass concentrations varied
by <10% during each experiment.

For measurements of fluorescently labeled par-
ticles, collected aerosol mass was extracted and
then quantified by excitation—emission spectros-
copy. To determine fluorescent mass, each impac-
tor substrate was placed in a 15-ml centrifuge
tube and extracted with 4ml of 3% ammonium
hydroxide solution. Foam extractions for stages 1
and 3 were completed in 15-ml centrifuge tubes
with 8ml of extraction solution. Foam inserts
for stages 2 and 4 were placed in 60-ml centri-
fuge tubes (to accommodate the insert diameters)
and extracted with 10ml of extraction solution.
All four nylon screens were extracted together



Development of a sampler to estimate regional deposition of aerosol

in a 60-ml centrifuge tube with 10ml of extrac-
tion solution. A backup filter (47mm diameter,
Pallflex) was placed downstream of the RDS to
capture the remaining aerosol (i.e. the fraction
that would be exhaled) and to complete a mass
balance for comparison purposes. This filter was
placed in a 15-ml centrifuge tube and extracted
in 4ml of extraction solution. All filters were
sonicated for 10min to ensure efficient extrac-
tion. Foam substrates were sonicated for 60 min
and then placed on a shaker table for 1h. Three
aliquots of 200 pl (i.e. triplicate samples) were
taken from each extract, pipetted into 96-well
plates, and analyzed in a fluorescence plate reader
(FLX-800, BioTek Inc., Winooski, VT). Results
are reported in relative fluorescence units (RFU),
which is a reliable surrogate for mass. Serial dilu-
tions of calibration standards were analyzed to
ensure linearity of the fluorescence signal over
the range of concentrations sampled. The limit of
quantification for the fluorescence measurements
was 10 RFU, corresponding to ~0.5ng of fluores-
cein per sample.

Using the midpoint diameter of each Nano-
MOUDI size bin, we estimated the fraction of
mass that would deposit in each region of the
respiratory system from the ICRP model and by
the RDS sampler deposition model (equations
1 and 5). The ICRP and RDS deposition model
fractions were multiplied by the measured mass
fraction in each size bin and summed over all
Nano-MOUDI stages to determine the fraction
depositing in each respiratory region. The calcu-
lated deposition fraction in each region was com-
pared to the measured mass in each stage of the
RDS (i.e. the masses measured in foam inserts 1
and 2 were summed to estimate the deposition in
the head airways region, the masses measured in
foam inserts 3 and 4 were summed to estimate the
deposition in the tracheobronchial region, and the
masses measured in all four screens estimated the
deposition in the alveolar region).

Field testing of RDS. Finally, we evaluated
whether the RDS could estimate regional deposi-
tion of endotoxin in a real-world environment (an
animal holding facility). The RDS (16.7 1 min™")
and a PM,, (Personal Environmental Monitor,
SKC, Inc., 4 1 min™) sampler with a 37-mm
Pallflex filter were co-located in an animal pavilion
located on the Colorado State University campus.
No animals were present in the pavilion during
the measurement, so a leaf blower was used to
resuspend settled dust (simulating a common
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clean-up activity for this facility). Aerosol samples
were collected for 4h from a highly variable mass
concentration with an average PM,, concentra-
tion of 35 ug m~> as measured by an aerosol neph-
elometer (Dustrak Model 8520, TSI, Inc.). Foam
inserts and the PM,, filter were stored in centri-
fuge tubes and frozen until analysis. Each sample
was extracted with 10ml of 0.05% polysorbate 20
(Tween) solution, sonicated for 1 min, followed by
shaking for 1h at 37°C. Endotoxin analysis was
performed using a PyroGene Recombinant fac-
tor C endotoxin assay (Lonza Inc., Walkersville,
MD). Endotoxin assays on substrate blanks were
below the limit of detection for all substrates.

RESULTS
Validation of RDS substrates

Engineered foam inserts. The size-specific
deposition of aerosol through each foam insert
is shown in Fig. 3a-d. Each point represents the
average of three replicates and the error bars rep-
resent 1 SD. The blue line represents the predicted
deposition through the individual foam as calcu-
lated by the foam deposition model (equation 1).
Good agreement was observed between the depo-
sition measured through the foam substrates and
the foam deposition model. Many of the foams
exhibit higher deposition fractions than predicted
for particles >2 pm. However, the enhanced
deposition of larger sized particles will result in
a positive bias of the sampling efficiency of the
first foam insert since the collection efficiency is
near 100% and those particles will not penetrate
further downstream, which may result in underes-
timation of mass in subsequent foam inserts.

Nylon mesh screens. The diffusion screen depo-
sition model (equation 5), based on single-fiber
filtration efficiency, required some tuning to accu-
rately predict deposition through commercially
available nylon mesh (Millipore, NY1109000).
Preliminary testing of the size-specific deposi-
tion of aerosol through the nylon mesh at differ-
ent face velocities and for different pore sizes was
completed in a similar way as described in Sampler
design. The manufacturer only provided the pore
size, not the fiber diameter as required for equation
(5). We found that for the nylon mesh, using a fiber
diameter equal to approximately half the pore
diameter reported by the manufacturer, resulted in
good agreement with measured deposition. Thus,
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Fig. 3. Measured and modeled particle deposition fractions for each RDS substrate: (a) head airways 1; (b) head Airways 2;
(c)tracheobronchial 1; (d) tracheobronchial 2; (e) alveolar. The total deposited fraction (panel f) for the entire RDS is compared
to the modeled deposition (blue line, equation 1 or 5) and ICRP total deposition (black line). Open circles represent SMPS data

and open squares represent APS data. Error bars represent 1 SD (color version available online).

for a nylon mesh with a manufacturer reported
pore diameter (D) of 11 or 20 um, simply substi-
tuting a smaller D; of 6 or 10 pm in equation (5),
respectively, produced good agreement with meas-
ured, size-dependent deposition.

Since the nylon mesh screens were only avail-
able in three diameters (25, 47, and 90mm), and
the flow rate through the RDS was constrained
by the conditions necessary for the foam inserts,
we inverted equation (5) using a solver algorithm
to select an appropriate pore size and number of
nylon mesh screens to use in the RDS. The depo-
sition through four layers of 90-mm nylon mesh
screens with a fiber diameter of 11 pm is shown
in panel (e). The blue line represents the predicted
deposition through the net as calculated by the
diffusion screen deposition model (equation 5).
Good agreement with the predicted deposition
was observed for particles with diameter <0.4 pm,
but the model does not accurately represent the
deposition of supermicron particles. However,
these larger particles are predominantly removed
by upstream stages (representing deposition in the
head airways and tracheobronchial regions) and
contribute only a small bias to alveolar deposition.

The measured deposition through the entire
RDS is shown in panel (f). The measured depo-
sition is compared to the modeled deposition
through the four foams and the screens (blue
line) as well as to the ICRP convention for total
deposition (black line). The total deposition
shows some bias for particle diameters larger than
~0.8 pm. Therefore, due to the functional forms
of the regional depositions for the ICRP model,
summing the regional deposition fractions does
not reproduce the total deposition perfectly. The
observed differences between the total deposition
and the full RDS are similar to those observed for
the foam deposition sampler described by Clark
et al. (2009).

Laboratory fluorescent particle analysis

Performance of the RDS (both models and
measurements) is shown in Fig. 4 for two aero-
sol size distributions generated in the laboratory.
The upper left panel of Fig. 4 contains results
from a larger size distribution, expected to be
more representative of a mechanically generated
aerosol [MMD = 2.75 pm and geometric standard
deviation (GSD) = 1.42]; the upper right panel
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Fig. 4. Measured size distributions (top panels) and RDS performance (bottom panels) for two test aerosols generated
in the laboratory. Fluorescence mass measured in each region of the RDS (black bars) is compared to RDS model
predictions (equations 1 and 5, light gray bars) and ICRP model predictions for regional aerosol deposition (white bars).

contains results from a smaller size distribution,
expected to be more representative of an aerosol
from combustion sources (MMD = 0.31 pm and
GSD = 1.48). Because these aerosols are generated
from a nebulizer, the GSD is somewhat smaller
than typically observed in the atmosphere (GSD
> 1.5 is typical). The performance of the RDS is
demonstrated in the bottom panels corresponding
to each size distribution. The black bars indicate
the measured percentage of particles depositing
in each respiratory region according to the RDS,
the gray bars represent predicted deposition from
the RDS sampler model (equations 1 and 5), and
the white bars represent the expected deposition
in each respiratory region according to the ICRP
model. Small differences in predicted deposition
between ICRP and RDS models are evident;
slightly larger differences are seen between mod-
eled and measured performance.

For the large-size distribution (left panels),
good agreement was found between the RDS
sampler model, the ICRP model, and the RDS for
all regions. Most of the aerosol deposited in the
head airways with only small percentages (<10%)

depositing in the tracheobronchial and alveolar
regions. Larger differences were observed between
the RDS and the expected deposition according
to the ICRP model for the smaller size distri-
bution in the alveolar region. This is due to the
oversampling by the nylon mesh screens for sizes
between 0.1 and 0.9 pm (see Fig. 1).

After accounting for differences in flow rate (9.3
1 min~"! for the Nano-MOUDI versus 16.7 1 min™!
for the RDS), the total fluorescence detected by
the Nano-MOUDI was ~20% higher than the
total fluorescence measured in the RDS (plus the
backup filter). Measured losses in the RDS sub-
strate housing were ~15%, by mass, for particle
sizes between 0.02 and 0.9 pm, with the largest
losses observed within the holders for the second
foam insert and the nylon mesh screens because
these stages have the lowest face velocities.

Endotoxin analysis

Regional deposition from a simulated endotoxin
exposure (concentration of endotoxin in endo-
toxin units per cubic meter) is shown in Fig. 5. The
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Fig. 5. Regional deposition of endotoxin reported in
endotoxin units per cubic meter of air. The percentages above
the bars represent the proportion of endotoxin depositing
in each region. Regional deposition is compared to the total
amount of endotoxin measured by a PM,, sampler.

percentage of endotoxin depositing in each region
is listed above the bars. As expected, most of the
airborne endotoxin was estimated to deposit in
the head airways since the endotoxin is likely to
be concentrated primarily in the larger parti-
cles (diameter > 0.5 pm; Kujundzic et al., 2006).
A small fraction of the endotoxin penetrated to
the tracheobronchial region, but the concentration
of endotoxin in the alveolar region was below the
limit of detection. The bar on the right shows the
concentration of endotoxin measured on the filter
of the PM,, sampler. The total endotoxin concen-
tration was 1.58 times higher than the concentra-
tion that deposits in the respiratory system.

DISCUSSION

The RDS estimates aerosol deposition in the
three regions of the human respiratory system. We
have validated this device using fluorescence anal-
ysis for two aerosol size distributions. By compar-
ing the RDS sampler model with the ICRP model,
we can also estimate RDS performance (both
regional and total deposition) for a wide range of
theoretical size distributions, as shown in Fig. 6.
The percent differences between the aerosol mass
measured by the RDS and the mass depositing
within the respiratory tract are plotted in Fig. 6
as isopleths (hence, ‘bias map’) as a function of
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the MMD and the GSD of the aerosol size dis-
tribution. The largest biases are predicted for the
head airways region when the aerosol MMD is
larger than ~0.5 um. The overestimation is due
to the deposition of particles >2 pm in the first
foam substrate (assuming particles are aspirated
with 100% efficiency). This results in some under-
estimation in the tracheobronchial and alveolar
regions, generally <40%. In locations where large
particles are present, it may be necessary to design
an inhalable sampling inlet that operates at 16.7 |
min~! of flow to prevent oversampling of super-
micron particles. Tracheobronchial deposition is
also overestimated for very narrow size distribu-
tions (with GSD < 2). For aerosol with MMD <
0.5 pm, the magnitude of the bias in any stage was
generally <40%. The RDS will perform well for
many types of aerosol size distributions resulting
from combustion, fumes, mists, and engineered
nanoparticles but may be biased for aerosols
resulting for grinding or other mechanical pro-
cesses encountered in the occupational setting
(resulting in large aerosol size distributions and
an overestimation of dose). The substrates were
selected such that the RDS would over-predict the
deposition, when a better fit to the ICRP conven-
tion was not possible, to provide a conservative
estimate of regional deposition. A sampler that
estimates PM; concentration is also conservative
but has no ability to estimate regional deposition
and may overestimate dose (see Fig. 5). Future
work should consider the design of an optimized
holder (to minimize losses) and characterize aspi-
ration efficiency of the sampler.

Despite the demonstrated accuracy for mass-
based measurements, the RDS cannot be used for
gravimetric analysis. This is due to large humidity
artifacts for the polyurethane foam (Koehler et al.,
2009). The limit of detection, defined as five times
the standard deviation of repeated weighings of
a blank foam substrate, ranged from 0.5mg for
the smallest substrate (foam insert #1) to 3.2mg
for the largest substrate (foam insert #4). When
the RDS sampled from the laboratory-generated,
smaller size distribution, ~1% of the mass depos-
ited within foam insert #4. Thus, to exceed the
gravimetric limit of detection for foam insert #4
and that size distribution, the ambient concentra-
tion would need to exceed 40mg m > for an 8-h
sample, well above existing occupational expo-
sure limits. The screens also are not conducive to
gravimetric analysis because the diameter is so
large it will not fit within most commercial micro-
balances. However, other chemical analyses are
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Fig. 6. Theoretical bias map for the error between estimated deposition (RDS sampler model) and assumed regional and
total deposition (ICRP model) in the human respiratory tract for varying particle size distributions of unit density spheres.

possible with the RDS substrates (endotoxin, for
example, as demonstrated here). Foam substrates
have been used for analysis of trace metals (Dillner
et al., 2007), polycyclic aromatic hydrocarbons
(Maddalena et al., 1998), and semi- and non-polar
organic tracer compounds (Sun et al., 2009).

The model described above (equations 1 and
5) could be used to redesign the RDS to match any
regional deposition convention of interest. Any
fixed flow and fixed geometry sampler will only
be able to estimate a single deposition convention
and cannot simultaneously estimate all physiolo-
gies or breathing conditions. Thus, redesigning the
sampler may be useful for future studies consid-
ering the deposition of particles among children
or adults with altered lung function (e.g. chronic
obstructive pulmonary disease) or for heavy exer-
cise conditions where nose breathing may not be
appropriate. The RDS could also be redesigned to
match the conventions for different breathing con-
ditions described by Bartley and Vincent (2011).
Comparing the ICRP convention used here (aver-
age of males and females, three exercise conditions)
to the six breathing conditions described by Bartley
and Vincent (sitting, light exercise, and heavy exer-
cise—with normal and mouth breathing in each
case), we found that the ICRP convention yielded
deposition fractions generally in the middle of all
of these cases for the tracheobronchial region. For

the head airways and alveolar regions, our sampler
provided a more conservative (high deposition)
estimate for deposited mass. The largest differences
in size-specific deposition fractions, when consider-
ing different breathing conditions, were observed
for particle sizes >1 pm or <0.02 pum. Since the
RDS is a mass-based sampler, particles <0.02 pm
will not contribute substantially to the measured
mass for size distributions likely to be encountered
in the ambient air or most occupational settings.
The polyurethane foam also collects particles
larger than ~2 um with 100% efficiency, regard-
less of fiber diameter or face velocity, so changes
in deposition fraction with breathing conditions
for supermicron particles cannot be captured by
this sampler. The RDS was designed such that the
deposition fractions tend to be somewhat overesti-
mated (protective, see Fig. 1) when a perfect fit to
the ICRP convention was not possible. As such, the
RDS tends to overestimate the mass (see Fig. 6) and
this overestimation may be larger when compared
to the breathing conditions considered by Bartley
and Vincent (2011). We generated bias maps for the
RDS compared to the individual breathing condi-
tions and found that the RDS overestimated the
mass to different regions of the respiratory tract by
up to 300% compared to the individual breathing
conventions, yet rarely underestimated the depos-
ited mass for typical particle size distributions.
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The foam and screen deposition models used
to predict particle deposition (equations 1 and
5) do not account for electrostatic deposition
mechanisms. Additionally, the foam deposition
model (equation 1) does not account for intercep-
tion. Interception is not likely to bias to the RDS
because it is explicitly accounted for in equation
(5) and may be indirectly accounted for in equa-
tion (1), which is based on laboratory measure-
ments of total deposition (see Clark et al., 2009).
In the ambient environment, aerosol charge
approaches a Boltzmann distribution over time
(Liu et al., 1985). As such, few submicron par-
ticles have more than four charges and electro-
statics should have a negligible effect on particle
deposition (recall that supermicron particles are
collected with nearly 100% efficiency in the first
foam substrate regardless of charging). Particle
or substrate charging will lead to increased par-
ticle deposition and may bias the RDS. Single-
fiber efficiencies for electrostatic forces (E,) with
a neutral fiber and charged particles are small for
submicron particles up to the Rayleigh limit of
charging (E; < 0.05), with the largest values for
the face velocities, such as those in stages 2 and 5
(Hinds, 1999). The influence of charged particles
will lead to overestimation of particle mass and
will be strongest for highly charged submicron
particles. The effect of charged fibers is difficult
to quantify (Hinds, 1999) but may be important
when sampling at low humidity.

CONCLUSIONS

A RDS has been developed that employs foam
and nylon mesh substrates to mimic aerosol depo-
sition in each region of the respiratory tract. These
substrates are not amenable to gravimetric analy-
sis due to large humidity biases but are suitable for
a variety of chemical analyses. We have demon-
strated that the RDS substrates can be extracted
to estimate the regional deposition of fluorescent
aerosol in the laboratory and endotoxin aerosol
in the field. The foam and nylon mesh act as the
size selectors and collection substrates, proving a
physiologically relevant estimate of deposition in
regions of the human respiratory tract.
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