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A B S T R A C T

In vitro aerosol exposure of epithelial cells grown at the air-liquid interface is an experimental methodology
widely used in respiratory toxicology. The exposure depends to a large part on the physicochemical properties of
individual aerosol constituents, as they determine the transfer kinetics from the aerosol into the cells.

We characterized the transfer of 70 cigarette smoke constituents from the smoke into aqueous samples ex-
posed in the Vitrocell® 24/48 aerosol exposure system. The amounts of these compounds in the applied smoke
were determined by trapping whole smoke in N,N-dimethylformamide and then compared with their amounts in
smoke-exposed, phosphate-buffered saline, yielding compound specific delivery efficiencies.

Delivery efficiencies of different smoke constituents differed by up to five orders of magnitude, which in-
dicates that the composition of the applied smoke is not necessarily representative for the delivered smoke.
Therefore, dose metrics for in vitro exposure experiments should, if possible, be based on delivered and not
applied doses. A comparison to literature on in vivo smoke retention in the respiratory tract indicated that the
same applies for smoke retention in the respiratory tract.

1. Background

Since the introduction of the 3R principles (replacement, reduction,
and refinement of animal experiments) in the late 1950s (Burch and
Russel, 1959), in vitro methods in biology have gained widespread ac-
ceptance and represent an indispensable tool in drug development and
consumer product assessment.

In the field of inhalation toxicology research, complex, three-di-
mensional, organotypic cell cultures have been developed that mimic
the physiology of human airway epithelia (Shamir and Ewald, 2014).
Exposures of these advanced cellular models to aerosols or gases can be
conducted at the air-liquid interface, with the test agent administered in
gaseous or aerosolized form (Muller et al., 2012; Paur et al., 2011; Li,
2016).

Although it is the optimal exposure mode from a biological/tox-
icological standpoint, exposure at the air-liquid interface represents a
considerable methodological challenge. First, it requires reliable
methods for aerosol generation (e.g., smoking machines and standar-
dized smoking protocols (Thorne and Adamson, 2013)) and application

(i.e., aerosol exposure systems (Paur et al., 2011; Thorne and Adamson,
2013; Breheny et al., 2014; Muller et al., 2011; Fröhlich et al., 2013)).
Second, aerosol constituents must be transferred from the aerosol into
the liquid lining of a cell culture to exert an effect on the biological test
system. The physical mechanisms underlying this transfer typically
differ for small and large particles, for particles and volatile com-
pounds, and for volatile compounds of different vapor pressure, po-
larity, and molecular mass (Pankow, 2001) (Fig. 1). In commonly used
exposure systems (Thorne and Adamson, 2013; Breheny et al., 2014;
Muller et al., 2011; Fröhlich et al., 2013; Paur et al., 2008), the transfer
of large particles—and of chemical compounds adsorbed to or con-
densed on their surfaces or contained in their cores—is driven mainly
by gravitation (and to a limited extent by inertial impaction). Brownian
motion becomes more important with decreasing particle size (Von der
Weiden et al., 2009), whereas the transfer of gaseous constituents relies
primarily on diffusion (Pankow, 2001; Tippe et al., 2002; Davidovits
et al., 2006). Once transferred into the liquid, aerosol constituents may
return to the gas phase. While this does not occur with solid, insoluble
particles and is of limited relevance for compounds of low vapor
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pressure, it may be relevant for volatile aerosol constituents, as they
may reach equilibrium concentrations (Atkin and de Paula, 2006). The
net transfer of a given aerosol constituent from the aerosol across a
liquid surface into a bulk liquid is, consequently, a function of the
geometry of the exposure chamber, the aerosol flow pattern, the

temperature and pressure in the exposure chamber, the compound's
partitioning between the gas and particulate aerosol fraction and its
chemical potential in the liquid and the aerosol.

Given the complexity of this transfer process and the number of
parameters involved, the process may result in considerable differences

Fig. 1. A) Schematic representation of the VC24/48 system. Shown above is the dilution module comprising the dilution rows (top; only one of the eight serially
connected rows is shown in full) and the exposure trumpets projecting into the exposure chambers in the exposure module (bottom), where the biological test systems
are located during in vitro aerosol exposures. In the exposure module, the PBS containing cell culture inserts are shown. Points of dilution air access are shown and
one point at which smoke was collected for trapping in DMF is indicated by a red arrow. B) Main processes by which aerosol constituents are transferred into an
exposed liquid. Red spheres represent (semi-) volatile aerosol constituents, black spheres represent particles. The flow pattern in the exposure chamber is indicated by
light gray, curved arrows. Particles deposit on the liquid surface by either sedimentation (mg), inertial impact (mv), or diffusion (irregularly shaped arrows), and,
depending on hydrophilicity and density, may subsequently enter the bulk liquid. Liquid or soluble particles may dissolve in the liquid surface or the bulk liquid (not
shown). (Semi-) volatile aerosol constituents may be present in their free form and/or adsorbed to/condensed on particle surfaces. In the latter case, the (semi-)
volatile aerosol constituents follow the fate of the particles and may desorb from the particles once in contact with the liquid. In their free form, the constituents reach
the liquid interface by diffusion and may subsequently be dissolved in the bulk liquid or adsorb to particle surfaces again. Re-evaporation may occur, depending on
factors such as solubility in the liquid and vapor pressure. Both particles and (semi-) volatile compounds may adsorb to the surfaces of the cell culture inserts,
decreasing their effective concentration in the liquid.
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between the composition of the applied aerosol and the aerosol fraction
that reaches the liquid lining of a cell culture. This can be understood as
the conversion of the applied aerosol dose to the delivered aerosol dose.
The applied aerosol dose is the sum of all aerosol constituents present in
the aerosol, and the delivered aerosol dose is the sum of all aerosol
constituents that reach across the liquid lining of a cell culture during
exposure (Teeguarden et al., 2006).

For methodological reasons, in vitro aerosol exposures are com-
monly characterized by the composition and concentration of the
aerosol originally generated and the exposure duration, but not by the
delivered aerosol fraction. In theory, the rate at which aerosol con-
stituents are delivered across a liquid surface could be predicted, as the
underlying particle deposition efficiencies and diffusion fluxes can be
calculated when the composition of the aerosol, the partitioning of its
constituents between the particulate and the gaseous phases, and the
mass accommodation coefficients for the gaseous compounds are
known. These parameters are, however, in most cases unavailable for
the majority of aerosol constituents and even when they are available,
they are not commonly known for compound mixtures (Pankow, 2001;
Von der Weiden et al., 2009; Davidovits et al., 2006).

We pursued an experimental approach to describe the transfer of
various constituents of a complex, combustion-derived aerosol
across an aqueous surface under conditions commonly applied
during in vitro aerosol exposures. The presence of various chemical
compounds in the smoke and in the fraction of the smoke transferred
across a liquid surface was determined. From these two values,
compound-specific delivery efficiencies were derived. These di-
mensionless values offer a simple measure for describing the con-
version from an applied to a delivered dose and are therefore a
valuable tool for in vitro dose metrics. They can be considered as
describing physical processes at phase boundaries which, as long as
relevant parameters such as temperature or pressure are kept stable,
are of limited specificity to the exact experimental design (Atkin and
de Paula, 2006), and may hence be used for estimating dose delivery
for aerosols other than the one used in this work and may even allow
prediction of the delivery efficiencies of compounds not covered
here.

As a representative source of smoke, we selected the 3R4F re-
ference cigarette, a highly standardized test product from which
smoke can be generated reproducibly. Cigarette smoke is a suitable
model aerosol for this work, because its high complexity (Pankow,
2001; Perfetti and Rodgman, 2011) offers insights into the effects of
individual compound characteristics on delivery and because, de-
spite its high complexity, its chemical composition is comparatively
well-described (Perfetti and Rodgman, 2011; Forehand et al., 2000;
Eldridge et al., 2015; Paschke et al., 2014). Additionally, as many
cigarette smoke constituents also occur in other combustion-derived
aerosols that are environmentally abundant and of toxicological
relevance (Sarigiannis et al., 2011; Shahir et al., 2015; Kumar et al.,
2011; Schauer et al., 2002a; Khalili et al., 1995; Schauer et al.,
2002b; Schauer et al., 1999; Schauer et al., 2001), the conclusions
drawn from this work have a broader validity and are not exclusive
to cigarette smoke.

To assure the controlled and reproducible application of the
smoke, we conducted the exposures in the Vitrocell® 24/48 aerosol
exposure system (VC24/48, Vitrocell Systems GmbH, Waldkirch,
Germany), which has been shown to reliably provide a controlled
and stable environment for smoke exposures in vitro (Majeed et al.,
2014; Steiner et al., 2017a). Phosphate-buffered saline (PBS) was
selected as a surrogate for the surface of cell cultures which, irre-
spective of the exact cell type, are commonly covered by at least a
thin film of an aqueous matrix. With respect to pH and salt con-
centrations, PBS provides a good model for such liquid films, but due
to its low complexity, it is not expected to interact chemically with
delivered aerosol constituents nor to interfere with their quantifi-
cation.

2. Methods

2.1. Smoke generation

3R4F reference cigarettes, obtained from the University of Kentucky
(Lexington, KY, USA) were conditioned according to ISO guidelines
(48 h at 22 ± 1 °C and 60 ± 3% relative humidity). For aerosol gen-
eration, the cigarettes were smoked in a 30-port carousel rotary
smoking machine (SM2000, Philip Morris International) under a mod-
ified Health Canada regimen (two 55-mL puffs per cigarette per minute;
a bell-shaped puff profile with 2-s aspiration and 8-s emission). The
smoke was delivered to the VC24/48 system at room temperature
through 0.8 m long fluoroelastomer tubing (ISO-Versinic®, Saint-
Gobain, Courbevoie, France).

2.2. VC24/48 system setup and exposures

The working principle of the VC24/48 system is summarized in
Fig. 1. The test aerosol passes through the system via a dilution module
located on top of the exposure module. The exposure module provides
48 exposure chambers, which are grouped into eight rows of six re-
plicate positions. Upstream of each row, the aerosol in the dilution
module can be diluted with clean air, resulting in a total of eight di-
lutions that can be tested simultaneously (one per row). Under standard
operating conditions, only seven dilutions are tested, while the eighth
row is used for negative control exposure to clean air only. The aerosol
passing through the dilution module is sampled by negative pressure
into exposure trumpets, which project into the exposure chambers in
the exposure module and generate a stagnation flow condition over the
biological test system. More information on the VC24/48 system can be
found on the manufacturer's website (www.vitrocell.com, n.d.).

The dilution air was brought to a temperature of 37 °C and a relative
humidity of 60% and supplied to the dilution module with cumulative
volume flow rates of 0.1, 0.2, 0.5, 1, 1.5, 2, and 3 L/min applied to rows
1–7, corresponding to a dilution of the applied smoke to 81%, 67%,
45%, 29%, 22%, 17%, and 12%, respectively. Row 8 was reserved for
control exposures to clean air. The volume flow rate to the exposure
chambers was set to 2mL/min for all positions. The whole system was
maintained at a temperature of 37 °C throughout the entire procedure.

For exposures of PBS samples, ThinCert™ cell culture inserts (24-
well format, transparent insert membrane, 0.4-μm pore diameter;
Greiner Bio-One, Kremsmünster, Austria) containing 100 μL Dulbecco's
PBS (Sigma-Aldrich, St. Louis, MO, USA) were placed into each position
in the cultivation base module. Leakage of PBS through the pores in the
membrane did not occur as confirmed visually and volumetrically. The
six positions of each exposure row in the cultivation base module are
connected, but these connections were interrupted by adding PBS to a
level where it covered the connection, but did not get into contact with
the cell culture inserts). The PBS samples were exposed to smoke gen-
erated from 10 3R4F cigarettes (11 puffs per cigarette). To account for
system memory effects, the first exposure run on each day of exposure
was conducted with clean air instead of smoke. These blank runs were
conducted for 28min (corresponding to the time during which 110
puffs are generated by the smoking machine), with PBS-loaded cell
culture inserts placed in rows 1 and 7 only.

Immediately after exposure, 80-μL aliquots of the exposed PBS
samples were collected from each cell culture insert. The samples were
pooled row-wise and stored at −80 °C until chemical analyses were
performed. PBS exposures were conducted in three to four replicates
generated on different days.

2.3. Smoke trapping in N,N-Dimethylformamide (DMF)

To determine the composition of the smoke used for exposure,
smoke leaving the VC24/48 dilution system was trapped in three seri-
ally connected glass impingers, each containing 5mL DMF (≥99%,
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Sigma-Aldrich). DMF has been shown to be an effective solvent for
various polar and non-polar organic compounds. Its relatively low
melting point allows trapping at low temperatures, which increases the
trapping efficiency of volatile compounds (Johansen and Wendelboe,
1981; Harper, 2000), while its high boiling point reduces its impact on
the chromatography. The impingers were cooled to −50 ± 5 °C by
immersion in a dry ice-isopropanol mixture. As frozen, condensed water
tended to clog the impinger needles over time at this temperature,
smoke from only two cigarettes was collected (22 puffs). An effect of
smoke dilution per se on the overall mass of trapped smoke constituents
was not expected, as the complete smoke volume passed the impingers,
irrespective of the dilution. However, with increased smoke dilution,
the smoke traveled a longer path through the system. Therefore, de-
tectably higher losses on internal system surfaces could have affected
the trapped masses of smoke constituents. To obtain an estimate of the
relevance of this effect, two dilutions were tested: smoke was trapped
downstream of row 3 (1 L/min cumulative dilution air flow rate, 45%
smoke) and downstream of row 5 (2 L/min cumulative dilution air flow
rate, 22% smoke). At each concentration, DMF trapping was repeated
six to eight times on different days.

Following trapping, the DMF contained in the three impingers was
pooled (for a total sample volume of 15mL) and stored at −80 °C until
chemical analyses were performed. Blank runs using clean air instead of
smoke were performed to assess system memory effects.

2.4. Confirmation of the trapping efficiency in DMF

The trapping efficiency in DMF was confirmed in separate ex-
periments by analyzing the compounds in the DMF obtained in-
dividually from four serially installed impingers under otherwise
identical settings. Although it is only the case at equilibrium con-
ditions and does not apply strictly to particles, the partition coeffi-
cients describing the distribution between the smoke and DMF are
expected to be constant for each smoke constituent, irrespective of
the total amount of the constituent in the smoke (Adam et al., 2009).
Furthermore, as mass conservation applies, the relative decrease in
the mass of a given smoke constituent trapped in DMF in two ad-
jacent impingers equals its relative depletion from the smoke when
passing through an impinger. The ratio between the a compound's
relative response (RR) (the peak area (obtained by mass-spectro-
metry) of detected compounds relative to the peak area of the in-
ternal standard benzene-d6) measured in the DMF obtained from
impinger n and from impinger n− 1 is therefore equal to its
breakthrough rate (the fraction of the total mass of the constituent
present in smoke that evades trapping in the solvent).

We used these breakthrough rates for deriving an estimate of
how well smoke composition was described during our experiments
by calculating trapping efficiencies (Etrap, Eq. (1)). The break-
through rates determined from the experiments using four impingers
were averaged for this purpose. This was only performed for the
more volatile compounds (Method 1, described below), as trapping
at −50 °C can be assumed to be quantitative for compounds of low
vapor pressure and only at a smoke concentration of 22% (2 L/min
air flow).
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2.5. Analytical procedures

There is no consensus on the most appropriate method to assess
tobacco smoke dosimetry. Some techniques look at specific tobacco
smoke markers, such as nicotine and solanesol in the particulate phase
or carbon monoxide in the gas phase, while others quantify smoke in
larger groups of chemicals (Scian et al., 2009; Kaur et al., 2011; Kaur

et al., 2010). In order to cover a broad spectrum of smoke constituents,
we applied five different analytical methods to characterize the gas
phase and the particulate phase. The five methods were used for ana-
lyzing both PBS and DMF samples. Matrix effects of either of the two
solvents could not be detected (data not shown). The five methods are
described in detail in the Supplemental Information. Method 1, head-
space injection gas chromatography coupled to high-resolution mass
spectroscopy (GC-HRMS), was applied in both targeted and non-tar-
geted mode, yielding absolute concentrations for a selection of six re-
presentative compounds and RRs only for the others. Methods 2 to 5
were only applied in targeted mode (Method 2, liquid chromatography
coupled to tandem mass spectrometry (LC-MS/MS); Method 3, liquid-
liquid extraction followed by liquid chromatography coupled to mass
spectrometry; Method 4, LC-MS/MS quantification of compounds not
targeted by Method 2; Method 5, liquid-liquid extraction followed by
gas chromatography coupled to mass spectroscopy). In total, 15 com-
pounds were covered by Methods 2 to 5. Absolute quantification was
thereby included primarily to obtain an estimate of absolute dosing and
of the reliability of our analytical approaches in comparison with
published values in the literature. When calculating delivery effi-
ciencies, dimensionless values are obtained, i.e. absolute and relative
quantification are equivalent.

2.6. Data processing

Absolute quantification data were converted to mass per cigarette
(for DMF samples) and to mass per cigarette per cell culture insert (for
PBS samples). Analogously, the RRs obtained from non-targeted ana-
lyses were converted to RR per cigarette and to RR per cigarette per cell
culture insert.

Absolute concentrations were used directly to describe the
composition of the smoke and the delivery of individual smoke
constituents.

RRs obtained for different smoke constituents cannot be compared
to each other (i.e., the relative abundancies of different smoke con-
stituents in a PBS or a DMF sample cannot be derived from RRs).
However, a direct comparison of the RRs obtained from PBS and DMF
samples for one given compound is possible and allows the derivation of
compound-specific delivery efficiencies (Edel, Eq. (2)).

=E x
F

100
del

RR
Cigarette and insert

RR
Cigarette

v

PBS

DMF

( )

( )
(2)

where

=
+

F
Expos re trumpet volume flow rate mL min

Total volume flow rate within VC system puff emission dilution air
u (2 / )

24/48 ( )v

(3)

Compound-specific delivery efficiencies describe the percentage
of molecules transferred to PBS samples relative to the total amount
reaching the exposure chambers, as determined by trapping in DMF.
The sampled volume fraction (Fv, Eq. (3)) is a correction factor re-
quired to adjust for smoke dilution and sampling into the exposure
trumpets within the VC24/48 system. It refers to the fraction of
smoke volume supplied to the VC24/48 system (emitted by the
pump after puff generation) that is sampled into an individual ex-
posure trumpet and reaches the exposure chamber. The sampled
volume fraction is based on the assumptions that the sampling of
smoke into the exposure trumpets is ideal and equal for all smoke
constituents.

Using the analogous procedure, but using calculated concentration
values instead of the RRs in Eq. (2), delivery efficiencies were also
derived from the targeted analyses.
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3. Results

3.1. Absolute quantification: smoke composition from targeted quantitative
analyses

Table 1 lists the mean, standard deviation, and number of mea-
surements performed for each quantified compound per cigarette and
delivered per cell culture insert. The amounts of different compounds
detected in the smoke varied by several orders of magnitude and, as
only a small part of the total smoke was sampled into the exposure
trumpets, were much higher than the amounts ultimately transferred to
the PBS. An effect of smoke dilution in the VC24/48 system was clearly
visible but not reflected quantitatively in the delivery: The 6.7-fold
decrease in concentration when diluting the smoke from 81% to 12%
resulted in a 3–30-fold decreased delivery, depending on the smoke
constituent under consideration (benzo[a]pyrene, pyrene, phenan-
threne, and naphthalene showed no consistent response to dilution,
which we considered the consequence of the overall low presence of
these polycyclic aromatic hydrocarbons in the smoke, the low absorp-
tion into PBS, and the accordingly low accuracy of the quantification
data).

Fig. 2 shows that the contribution of the individual compounds
relative to their total mass differed between applied smoke (the smoke
in the dilution system) and the delivered smoke (the smoke fraction
found in the exposed PBS samples): For example, nicotine and solanesol
accounted for roughly 33% and 18% of the cumulative mass of the
quantified constituents in the applied smoke, while their mean con-
tributions to the mass delivered to PBS were 46% and 0.07%, respec-
tively.

3.2. Smoke composition from non-targeted analyses: detected and identified
compounds

In the generated DMF and PBS samples, we unambiguously identi-
fied and confirmed 48 additional compounds with our compound da-
tabase (Dossin et al., 2016) and calculated their delivery efficiencies
according to Eq. (2). Although these compounds were detected ex-
clusively by GC-HRMS (Method 1 is optimized for the volatile and semi-
volatile spectrum of smoke constituents), they exhibit a wide range of
physicochemical and structural properties.

3.3. Compound-specific delivery efficiencies

Altogether, 70 compounds could be monitored in both DMF and PBS
samples. Delivery efficiencies were calculated for each compound and
for each applied smoke dilution according to Eqs. (2) and (3). Table 2
lists the obtained values. These delivery efficiencies ranged from 0
(benzo[a]pyrene at several smoke concentrations) to 124% (anabasine
at a smoke concentration of 67%). Delivery efficiencies of 0 are most
likely due to the limited sensitivity of the analytical methods (i.e., the
presence of trace amounts lower than the detection limit of the analy-
tical instruments cannot be ruled out). Delivery efficiencies above
100% are not physically or chemically possible and therefore must be
attributed to analytical variation and/or variations in the smoke com-
position between individual smoke generation runs. They are inter-
preted as a delivery efficiency close to or equal to 100%.

Because of the correction for the sampled volume fraction in Eq. (2),
delivery efficiencies were expected to be independent of the smoke
dilution. They were, however, commonly found to increase slightly
with smoke concentration, to peak at 67% smoke, and to decline at 81%
smoke. Based on previous work (Majeed et al., 2014; Steiner et al.,
2017b), we consider this phenomenon primarily to be the result of
deviations from the ideal internal smoke sampling in the VC24/48
system, although we cannot rule out an effect of changed gas-vapor
partitioning in the smoke. As there is no clear explanation for the
changes in the delivery efficiencies at high smoke concentrations, we

focused subsequent analyses on smoke concentrations lower than 45%.

3.4. Comparison of in vitro delivery efficiencies to in vivo retention rates

Table 3 displays the retention rates (the percent of the mass of a
given smoke constituents that is retained in the lungs, relative to the
mass that was inhaled) of a number of smoke constituents in vivo and
associates them with the in vitro delivery efficiencies. Considering, for
example, the compound pair nicotine (as a reference compound) and
toluene, the ratio between the in vivo retention of the two is 1.16 (using
the means of all in vivo values listed in Table 3). This indicates that the
in vivo retention of toluene is only slightly higher than that of nicotine,
and that overall the compounds are present in roughly the same relative
amounts in the inhaled smoke and in the smoke fraction retained in the
lung. In contrast, the delivery efficiency of nicotine in vitro is roughly
500 times greater than that of toluene. Note that for toluene (with ni-
cotine as the reference compound), the discrepancy between in vitro
absorption and in vivo retention is comparably large. For 14 out of the
20 listed compounds, the same calculations yielded ratios far below
100, for 8 of the compounds even below 2.

3.5. Trapping efficiency in DMF and the effect of smoke concentration

The trapping efficiencies in DMF obtained using Eq. (1) ranged from
22% (1,3-butadiene) to 99.99% (1-methyl-1-H-pyrrole). Across all de-
tected compounds, the first, second, and third quartiles were localized
at 95.2%, 98.7%, and 99.5%. This indicates that for the majority of
detected compounds, the trapping in DMF was quantitative. This is of
relevance for calculating delivery efficiencies, as a suboptimal trapping
efficiency of a given compound will result in the underestimation of its
concentration in the smoke and consequently in the overestimation of
its delivery efficiency to PBS. However, multiplication by the trapping
efficiency allows us to correct compound-specific delivery efficiencies.
Values corrected in this way are included in Table 2.

The trapping efficiency in DMF was confirmed further by comparing
the smoke composition data derived from the DMF samples to literature
values on 3R4F smoke composition (with smoke generation under
identical or similar conditions) (Perfetti and Rodgman, 2011; Eldridge
et al., 2015; Liu et al., 2010; Bodnar et al., 2012; Purkis et al., 2012;
Marcilla et al., 2014). The values were in agreement for volatile smoke
constituents, whereas we commonly measured lower yields for com-
pounds of low vapor pressure. This was in line with our expectations, as
losses in the VC24/48 system would result in lower yields and primarily
affect the values of compounds of low vapor pressure. Carbonyl com-
pounds, although commonly exhibiting high vapor pressure, were also
detected in lower amounts than predicted by the literature. This can be
attributed to the fact that we did not perform a derivatization as
commonly recommended for the reliable quantification of carbonyl
compounds (e.g., using 2,4-dinitrophenylhydrazine (Leonard and
Kiefer, 1966; Dong and Moldoveanu, 2004). The derivatization was
omitted to avoid increasing the number of analytical methods em-
ployed). It cannot be ruled out that evaporation of the volatile carbonyl
compounds from the samples (before sample freezing or during sample
thawing) additionally decreased their concentrations in the samples,
although this is not supported by the good agreement with the litera-
ture obtained for other volatile compounds.

An effect of the smoke concentration on trapping in DMF could not
be detected. The values obtained from 22% and 45% smoke were
therefore averaged and considered descriptive for the total masses of
smoke constituents per cigarette or per puff at all smoke concentrations.

3.6. Control exposures

PBS samples exposed to clean air in row 8 of the VC24/48 system
(exposures conducted simultaneously with smoke exposures in rows 1
to 7) did not contain detectable amounts of smoke constituents (data
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not shown). PBS samples exposed only to air in rows 1 and 7 of the
VC24/48 system (blank exposures) and DMF samples through which
fresh air leaving the system was bubbled contained trace amounts of
smoke constituents (data not shown), indicating system memory effects
and carry-over between individual exposures. Compared with the
amounts delivered during smoke exposures or trapped from complete
smoke, this carry-over was negligible.

4. Discussion

The objective of the present work was the quantitative description
of the conversion from applied dose to delivered dose during in vitro
aerosol exposures, specifically for a complex, combustion-derived
aerosol. For this purpose, the levels of smoke constituents detected in
cigarette smoke and in smoke-exposed PBS samples were converted to
compound-specific delivery efficiencies. These dimensionless values
can be obtained using a non-targeted, semi quantitative, analytical
approach, which greatly increases the number of compounds surveyed
compared with the number covered by targeted approaches. In addi-
tion, these values are largely independent of the exact nature of the
smoke and the absolute quantities of the compounds present, lending
them a certain universal validity. To provide insight into absolute
dosing and obtain an estimate of the performance of our sampling and
analytical methods, absolute mass concentrations in the smoke and in
the exposed PBS samples were also determined for a subset of 22
compounds.

Altogether, delivery efficiencies of 70 unambiguously identified
constituents of 3R4F cigarette smoke could be described. Primarily, the

differences between the delivery efficiencies of various compounds are
of interest, as they describe the discrepancy between the composition of
the applied dose and the delivered dose. These differences were of
surprising magnitude (> 100,000-fold in some cases). A moderate ex-
ample was provided by nicotine and toluene, two compounds with well-
described bioactivity (e.g., in the nervous system (Tormoehlen et al.,
2014; Kobiella et al., 2014)). Both are relatively abundant in 3R4F
smoke, and with nicotine being approximately three times more
abundant in 3R4F smoke than toluene, their applied doses were com-
parable. However, they differed in their delivery efficiency by a factor
of roughly 500, i.e., once transferred into PBS, toluene was under-
represented roughly 500-fold if nicotine was used as the reference
compound. Other compounds that were already present in very low
amounts in the applied aerosol and that also displayed low delivery
efficiencies (e.g., benzo[a]pyrene) were virtually absent from the ex-
posed liquid samples. In contrast, compounds such as acetonitrile or
diacetyl were absorbed by the PBS with high efficiency, thereby con-
tributing more to the delivered dose than to the applied dose.

The obvious implication is that biological responses to in vitro smoke
exposures may not be fully attributable to the composition of the ap-
plied smoke. Although for complex aerosols such as cigarette smoke
these attributions are commonly not possible, the experimental ap-
proach used here may be of interest when working with aerosols of
lower complexity and controlled composition. For instance, in the
process of developing inhalable consumer products and testing them in
vitro, knowledge of the compound-specific delivery efficiencies may
permit the identification of constituents that are overrepresented in the
delivered dose and, accordingly, are likely to make a relevant

Fig. 2. Relative contribution of detected smoke constituents in A) the smoke in the dilution module of the VC24/48 system, as determined by trapping in DMF, and B)
PBS following smoke exposure. Percentages were obtained by considering the sum of all detected masses as 100%. The listed percentages indicate the relative
contribution of each of the 22 quantified smoke constituents to their cumulative mass (data obtained using a smoke concentration of 22%). The left and right
diagrams separate the compounds present in high concentrations from the ones present in low concentrations (collectively shown as low conc. in the left diagrams).
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contribution to the product's bioactivity in vitro. Evidently, as this ex-
ample refers to aerosols of a considerably different nature than cigarette
smoke, the validity of the delivery efficiencies reported here would
have to be determined on a case-by-case basis.

Perhaps more interestingly, delivery efficiencies are useful for
translating results of different exposure modes, such as between in vitro
and in vivo work. A number of studies have reported the retention of
cigarette smoke constituents in the human respiratory tract during
smoking (Moldoveanu et al., 2007; Zhang et al., 2012; Baker and Dixon,
2006; Dalhamn et al., 1968; Armitage et al., 2004; Feng et al., 2007;
McGrath et al., n.d.; Moldoveanu et al., 2008a; Moldoveanu et al.,
2008b; Moldoveanu and Coleman III, 2008), and these retentions are
the in vivo equivalent of the delivery efficiencies we report here. The
comparison of delivery efficiencies with data on in vivo retention can
yield a direct measure of how similar the composition of an in vitro
delivered smoke fraction is to the in vivo retained fraction. If the ratio
between the delivery efficiencies of two smoke constituents in vitro
equals the ratio between their retention in vivo, the relative contribution
of the two compounds to the overall smoke dose would be identical in
vitro and in vivo.

Our findings reveal that the discrepancy between in vitro absorption
and in vivo retention is large for some compounds. For toluene, for
example, they differ by a factor of> 600 if the in vivo retention and the
in vitro absorption of nicotine is used as a reference. For 14 out of the 20
compounds listed in Table 3, however, ratios far below 100 were ob-
tained, and for eight of the compounds, the ratios were below 2. This
indicates that i) for many smoke constituents, in vivo retention and in
vitro absorption are in good agreement, but that ii) nevertheless, a di-
rect translation of the biological impact of in vitro exposure to cigarette
smoke to an in vivo situation may be biased. It furthermore indicates
that differences between the acute biological response observed in vitro
and in vivo cannot by implication be attributed to differences between
the two biological test systems. When discussing the in vitro - in vivo
comparison, we have to consider that, for the compounds displaying
a>100-fold discrepancy, we cannot rule out the use of a static, cell-
free model such as PBS as a cause. PBS does not mimic all physico-
chemical properties of a cell culture surface and volume, and activities
such as metabolism or transepithelial transport are absent from the PBS
model. The diffusional equilibrium for some smoke constituents may
therefore be shifted towards lower deposition compared with exposure
conditions when using living cell cultures (although this would be
visible in the results as saturation, which was not observed, at least not
at the smoke concentrations on which our calculations are based
(12%–29%)). Moreover, once in the PBS, hydrophobic compounds may
have adsorbed to the polystyrene or polyethylene terephthalate surface
of the cell culture inserts, thereby evading sampling and detection.
Using an improved model of the liquid lining of cell cultures, such as
artificial mucus, could improve the results, although this would still not
account for the dynamic properties of cell cultures (metabolism and
transport).

With the applied experimental design, we avoided the introduction
of exposure system-specific effects such as the absorbance, condensa-
tion or sedimentation of smoke constituents at internal system surfaces,
which in their magnitude are a function of the system's internal surface
area, the material it is built of and the flow patterns; The character-
ization of the applied smoke was not conducted upstream of the system
but rather in a location close to the exposure chambers, yet easily ac-
cessible for collecting large volumes of test aerosol for chemical char-
acterization. It is important to note that what we refer to as the applied
smoke is, as a consequence, not identical with the smoke that left the
filter tip of the used reference cigarettes (as demonstrated by the dis-
crepancy between the results of the smoke characterization reported
here and literature values on 3R4F smoke composition), but the pro-
cedure bears the advantage that any difference in the composition of
the smoke sampled for determining the applied and the delivered doses
can be fully attributed to only three mechanisms: 1) unequal sampling

of particles and gases and particles of different sizes into the exposure
trumpets (Von der Weiden et al., 2009); 2) losses of smoke constituents
at the inner surfaces of the exposure trumpets or the tubings connecting
the impingers to the VC24/48; and 3) the delivery efficiency of the
remaining smoke constituents across the liquid surface of the PBS
samples. We consider the former two factors negligible; Firstly, size-
selective particle sampling at the trumpet inlets has recently been
shown to become relevant only if the size differences are in the mi-
crometer range (Steiner et al., 2017b). Secondly significant adsorption
of smoke constituents at the trumpet or tubing surfaces was not ex-
pected as the overall surface areas were small and the residence time of
the smoke in the trumpets and the tubings was short.

Differences between the applied dose and the delivered dose are
therefore largely the result of physical and chemical compound prop-
erties, the interactions between the compounds and the properties of
the PBS and therefore can be considered as constant values describing
processes during aerosol exposures at the air-liquid interface. As a
consequence, if the delivery of a single aerosol constituent covered in
this study is known under a given exposure setting (for instance nico-
tine delivery is frequently monitored as a marker compound in ex-
posures to cigarette smoke), the delivery of other smoke constituents
covered in this study can be estimated based on relative delivery effi-
ciencies. Alternatively if no information on aerosol delivery is available
at all, delivery efficiencies reported here may be used for estimating
dose delivery based on the composition of the aerosol that is used for
exposures: We suppose that in most aerosol exposure systems, locations
equivalent to that of the dilution module in the VC24/48 system—close
to the exposure chambers, yet easily accessible for sampling large test
aerosol volumes during system operation—exist. Therefore, when in-
formation on the chemical composition of a test aerosol at such loca-
tions within other exposure systems is available, the delivery effi-
ciencies reported here may allow the delivery of the 70 compounds we
analyzed to be estimated, notably without the need for the more
challenging and labor-intensive direct quantification in the exposed test
samples. The requirements are that the exposure system consists of inert
materials, is operated at 37 °C, at atmospheric pressure and high re-
lative humidity, and relies on streaming the test aerosol over the bio-
logical test system at low flow velocities.

Evidently, the more comparable a test aerosol is to smoke generated
from 3R4F cigarettes, and the more diluted it is, the more accurate such
estimates will be. For the products of combustion of organic material
(e.g. tobacco, wood, diesel, gasoline), we claim a certain universal va-
lidity of our results, as these aerosol types share a large fraction of their
constituents (Schauer et al., 2002a; Khalili et al., 1995; Schauer et al.,
2002b; Schauer et al., 1999; Schauer et al., 2001), hence can be ex-
pected to display comparable delivery patterns. For aerosols of highly
different composition (e.g. deodorant or color sprays), although also
sharing certain constituents with combustion products, the derived
delivery efficiencies are unlikely to be valid.

Furthermore, because of the universal validity of the delivery effi-
ciencies, we expected that sorting the compounds by their structural
and/or physical properties should, to a certain degree, result in
groupings with similar delivery efficiencies. This was indeed the case
(Table 2): the lowest delivery efficiencies were seen for saturated and
unsaturated hydrocarbons as well as for (partly or fully) aromatic
compounds containing oxygen as heteroatoms in the aromatic ring
system. The introduction of carbonyl groups resulted in a distinct,
roughly three-fold increase in the delivery efficiencies, whereby keto-
groups appear to have a stronger effect than aldo-groups. Aldehydes
commonly did not reach delivery efficiencies higher than 25%, whereas
ketones were among the most efficiently delivered compounds de-
tected. A group of compounds that can be categorized as a nitrile or
pyridine ring-containing group (all detected nitriles, nicotine, norni-
cotine, anabasine, anatabine, and the corresponding nitrosamines) ex-
hibited delivery efficiencies within the range seen for ketones. Notably,
within this group, nitrosamines consistently displayed the lowest
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delivery efficiencies.
Similarly, sorting aerosol constituents by their delivery efficiencies

resulted in groupings by some of their physical properties. For instance,
a delivery efficiency of 6% or higher was only reached for compounds
with a polar surface area higher than 20 Å2, unless sulfur was present in
the molecule. Qualitatively, groupings were also observed by water
solubility and by the water-octanol partition coefficient (LogP), al-
though several exceptions were detected for the water solubility
groupings (low delivery efficiency and high water solubility), interest-
ingly all containing either sulfur or oxygen atoms. A distinct sorting of
other physicochemical parameters listed in Table 2 (i.e., the molecular
mass, the boiling point, and the vapor pressure) was not evident at first
glance, but a multiparameter analysis may reveal other patterns.

These observations may therefore lead to the development of mul-
tivariate models that can predict delivery efficiencies from the chemical
structures and/or physical properties of the compounds. Determining
whether such models can be designed and whether they would be
universally valid or limited to aerosols or gases of specific origin pre-
sents an interesting topic for further research.

5. Conclusions

We provide a large set of delivery efficiencies that describe the
conversion of an applied dose of cigarette smoke to a delivered dose
during in vitro exposure. These delivery efficiencies provide a simple
dose metric tool that allows the characterization and comparison of
aerosol exposure experiments with respect to the composition of the
aerosol presented to the biological test system.

We demonstrated that the efficiency with which different chemical
compounds present in cigarette smoke are transferred across an aqu-
eous liquid surface may vary by several orders of magnitude and that
consequently, characterization of the smoke used in in vitro exposures
does not necessarily give an accurate description of the smoke fraction
that ultimately enters and interacts with the biological test system.
Furthermore, we noted the potential bias which may occur when
translating the results of in vitro exposures to in vivo smoke toxicity.

Owing to the nature of the delivery efficiencies and the applied
experimental design, the presented results are of little specificity to the
model aerosol and exposure system used. Rather, our results are likely
generalizable to a variety of aerosol exposure systems and a variety of
aerosols. Moreover, as the measured delivery efficiencies correlated
with the structural and physicochemical properties of the compounds,
the development of a predictive tool for calculating delivery efficiencies
of compounds not covered in this work appears feasible and will be
explored further.
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