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ABSTRACT: Chemical and physical characterization of transported
evolving aerosols in an in vitro system is complex. The challenges include
appropriate sampling sensitivity, measurement capabilities, and performing
online measurements of constituents in the flowing aerosol during
exposure. We assessed the performance of single-photon ionization mass
spectrometry in measuring aerosol properties within an in vitro aerosol
exposure system. The sampling efficiency of the instrument was studied
under three protocols to capture the evolving aerosol process inside the
exposure system, and it was evaluated using computational fluid dynamics
modeling. The changes in the aerosol as dilution is applied show not only a
reduction in concentration of the traced substances but also selective
sampling due to evolution of the aerosol and (gas/liquid) phase
partitioning of the substances forming the aerosol or a change in the
aerosol properties. These effects have potentially a direct impact on the
delivered dose, as aerosol deposition is dependent on particle size. Dilution affects the chemical concentration of the substances
as well as the interconnected physical properties of the aerosol; therefore, the experimental design of in vitro studies should not
only report the dilution flow rates but also details of the applied dilution protocol. This adds a layer of complexity to the design
and comparison of studies. We also discuss the potential and limitations of single-photon ionization mass spectrometry as a tool
in in vitro monitoring of aerosols.

■ INTRODUCTION

Advances in robust and reliable in vitro assays have led to
continuous development and improvement of the in vitro
aerosol exposure systems used in inhalation toxicology. To
understand varying and dose-dependent biological responses,
the mechanisms governing aerosol exposure and the
physicochemical properties of the transported evolving
aerosols in the in vitro system must be characterized. As an
aerosol consists of solid or liquid particles suspended in a
gaseous phase, the primary challenge of studying aerosol
exposure and dosimetry is to sample and analyze it as a whole
without biased and process-dependent selective substance
sampling. Therefore, successful and reliable toxicological
analyses require the consideration of multiple influencing
factors of aerosol properties: the size and shape of the particles
(in particular for solid particles), the number of particles, the
physicochemical properties of the constituents and conse-
quently mixture properties (in particular for liquid aerosols),
and the distribution of these constituents between the liquid/
solid and gas phases. Finally, the processes governing the
aerosol’s evolution, deposition, and potential redistribution of
the constituents either by mechanical forces or re-evaporation
mechanisms inside the exposure system must be assessed. All
these considerations are important for understanding how and

to what extent the aerosol is modified by the experimental
protocol or system before it reaches the exposure site. An
appropriate link between the generated and delivered aerosol
must be established from the exposure-dose perspective. In this
manuscript, we focus on liquid substances that form multi-
species aerosols.
Air−liquid interface exposure systems have been developed

continuously since the 1970s,1 and various commercial or in-
house-designed systems are applied in a range of research
areas. An overview of these systems has been published by
Thorne and Adamson.2 An advantage of the air−liquid
interface systems is that they offer a realistic simulation of
the aerosol delivery scenarios for inhalation exposure studies.
By providing detailed information on aerosol deposition and
the measured biological responses, fundamental processes
governing mechanistic dose−response analyses can be
identified and correlated with physiologically based pharma-
cokinetic or in vivo models. Despite ongoing efforts, limited
information and few guidelines are available for characterizing
and validating commercial exposure systems.2,3 Flexibility in
the design of exposure experiments, unspecified aerosol type-
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related application, and poorly defined maintenance of the
exposure equipment can potentially result in nonreliable and
highly variable results. In light of nonexistent regulatory
guidelines and accepted aerosol exposure biological assays,
particular attention must be given to appropriate character-
ization and reporting of aerosol exposure studies.
Measuring aerosol deposition at the air−liquid interface for

each substance of interest at its particular sampling efficiency
or toxicity is time-consuming and costly, in particular for high-
throughput screening studies. Hence, traditionally attempts
were made to characterize the aerosol flow sampled in the
main stream to establish a correlation between exposure and
the delivered dose. For this purpose, existing techniques call
for collecting the aerosol or part of it (gas or liquid/solid
phase) for subsequent analyses, which involve direct sampling
through trapping by jet impaction or cold traps, filter pads, and
electrostatic precipitators.1 Generally, such an approach may
work if no further modifications (e.g., dilution) to the aerosol
content and experiments are made. In other words, such
correlations can be applied for steady conditions and protocols,
typically negating the practical application of these efforts. In
the next sections, we show why this approach is ineffective for
liquid aerosols that are prone to continuous evolution through
temperature, flow, or pressure modulations.
Chemical analysis of the aerosol in in vitro studies is

performed off-line, mainly using chromatography methods.
These offer a solid platform for analyzing a wide spectrum of
substances in toxicological studies. Nevertheless, they cannot
provide information on aerosol composition in real time and
may modify the aerosol during the sampling and analysis
process. Online mass spectrometry may offer an alternative for
monitoring the aerosol’s chemical composition in an in vitro
system, and brings complementary insight into the exposure-
dose relationship. This approach presents its own challenges,
since often the available techniques are not suited for in vitro
studies. When using online mass spectrometry, the instru-
mentation can often measure only one fraction of the aerosol
(gas or particulate phase), may produce high fragmentation of
the measured substances, making the analysis process difficult,
and is designed to measure low concentrations of substances,
below the parts-per-million range.

In this study, we used single-photon ionization mass
spectrometry (SPI-MS)4,5 to measure in real time the main
constituents of a test aerosol during in vitro exposure. The
aerosol was generated using the electronic cigarette P4M3
MESH (Philip Morris Products S.A., Neuchatel, Switzerland).
Such devices use a mixture (often termed e-liquid) composed
mainly of glycerol, propylene glycol, nicotine, and water with
the addition of flavors. After the e-liquid is heated, super-
saturated vapors are cooled by an air stream, and an aerosol is
formed through a thermal nucleation process. Because e-liquid
substances are volatile or semivolatile, they often partition into
two phases, liquid and gas. Theoretical calculations can be used
to approximate the phase-partitioning distribution,6 and
potentially, the total aerosol concentration can be measured
using online mass spectrometry.
We investigated the performance of a single-photon

ionization mass spectrometer (Photonion GmbH, Schwerin,
Germany) and evaluated its applicability for studying the
aerosol flow and performance in a Vitrocell 24/48 exposure
system (Vitrocell Systems GmbH, Waldkirch, Germany). We
focused on the sampling efficiency of the mass spectrometer as
it measures the aerosol as a whole (particulate and gas phases)
and calculated the theoretical partitioning of glycerol,
propylene glycol, and nicotine between the two phases in the
primary aerosol. We also investigated the effect of different
dilutions applied to the flows on the measured constituent-
specific aerosol concentrations and partitioning.

■ MATERIALS AND METHODS
Test Aerosol and Experimental Setup. The initial test e-liquid

was composed of propylene glycol (70 v/v%), glycerol (20 v/v%),
nicotine (1.6 v/v%), and water (8.4 v/v%). An e-cigarette (P4M3,
developed by Philip Morris Products S.A.) was used to generate
aerosol with a programmable dual-syringe pump (PDSP SE, Burghart
Messtechnik GmbH, Wedel, Germany). The aerosol flow was driven
by the following puff regime. A 55 mL puff volume (bell-shaped)
taken in 2 s bursts every 30 s (WHO TobLabNet SOP1, 2012) with a
release time of 8 s. The overall intention here was not to test a
particular e-liquid formulation or product following the aerosol
generation protocol but to simply generate an aerosol in a
reproducible manner to perform sampling and delivery experiments
inside the exposure system.

Figure 1. Schematic representation of the dilution protocols. The numbers in boxes denote the number of the delivery line, the gray arrows indicate
the direction of the aerosol flow, and the blue arrows indicate the inlets where dilution with pure air can be applied. The orange and blue circles
show the measurement points from the quartz crystal microbalance (QCM) port and delivery lines, respectively. (A) Measurement of the aerosol at
dilutions of 100, 200, 500, 1000, 1500, and 2000 mL/min only in the first row. (B) Measurements from delivery lines 1−6, increasing the dilution
gradually at each line. (C) Measurements from delivery lines 1−6 while applying dilution only in the first line. Only delivery lines 1−3 are shown
for setups B and C.
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Measurements were performed by sampling undiluted and diluted
test aerosol from a Vitrocell 24/48 exposure system. The system
consists of a climatic chamber where aerosol can be delivered to
human organotypic cultures7 under controlled temperature and
humidity conditions. The aerosol passes through a dilution/delivery
line into which pure air can be added serially in eight delivery lines
(although only six were used in this study). The pure air that is
injected through the Vitrocell dilution system is conditioned to the
same temperature and relative humidity of the chamber, ensuring no
notable changes in the aerosol’s properties. Along each delivery line,
six sampling ports guide the aerosol stream to inserts on which a
biological tissue is placed. Each delivery line also includes a sampling
port that can be used to monitor particle deposition with a quartz
crystal microbalance (QCM).
Our objective was to investigate the reliability and efficiency of the

delivery of the evolving aerosol in the in vitro exposure system using
online mass spectrometry. Therefore, no biological inserts or media
for testing aerosol deposition were used. The aerosol flow was
sampled and measured at the end of each delivery line and at the
QCM port. To understand the effect of dilution on the aerosol, three
protocols were tested: (A) measurement of the aerosol at different
dilutions in one delivery line, (B) measurements from lines 1−6 with
gradual increase of the dilution in each delivery line, and (C)
measurement from lines 1−6 by applying dilution only in the first
delivery line. Figure 1 shows a schematic of the three protocols.
Because of the constrained measurement capabilities between the
mass spectrometer and the Vitrocell 24/48 system, the sampling was
always perpendicular to the direction of the aerosol flow, in the rows
as well as in the QCM ports.
The test aerosol was diluted with pure air at flows of 100, 200, 500,

1000, 1500, and 2000 mL/min, corresponding to 80%, 67%, 45%,
29%, 22%, and 17% aerosol volume ratio, respectively. According to
eq 1, the aerosol volume a is 55 mL and the dilution volume b
corresponds to the volume of pure air applied at each i dilution flow
in 8 s according to the puffing profile (Figure 2). This rough

calculation should be understood as an approximation and
simplification to the real aerosol concentration ratio since, in this
type of exposure system, the puffing is injected in a dynamic manner
as the dilution flow is constantly applied. No previous mixing of the
aerosol is performed before the aerosol enters the exposure system
(Figure 3):

=
+

a
a b

Aerosol volume ratio
(mL)

(mL) (mL)i (1)

Single Photonionization Mass Spectrometer (SPI-MS).
Concentrations of nicotine, glycerol, and propylene glycol were
measured using SPI-MS. Figure 4 shows a schematic representation of
the platform. The aerosol is first sampled in a transfer line through a 3
m capillary (deactivated column) with an inner diameter of 180 μm.
The sampling line is heated to 280 °C to ensure the transfer of the
substances to the gas phase and avoid blockage of the capillary. Next,
the sample is ionized by a neodymium-doped yttrium aluminum
garnet (Nd:YAG) laser with third harmonic generation vacuum
ultraviolet cell at 10.5 eV (118 nm). Exposure to vacuum ultraviolet
radiation causes an atom or molecule to undergo single-photon
ionization if the ionization energy is less than the vacuum ultraviolet
photon energy.5 The resulting ionized analyte is then a radical cation
(eq 2). As the ionization energy of most organic molecules is less than
10 eV, single-photon ionization enables the ionization of a wide range
of organic molecules with low or no fragmentation, with additional
discrimination of background gases with an ionization energy higher
than 10 (e.g., N2, O2, CO2, H2O):

+ → · ++ −M hv M e (2)

After ionization, the ions are guided through a set of lenses toward
the time-of-flight region, where they are detected according to their
mass-to-charge ratio (m/z). As pressure is pumped down to 10−6

mbar in the time-of-flight region, the sampled aerosol rate is governed
by the pressure difference between the sampling tip of the capillary
(atmospheric or dynamic pressure given by the flow rate in an in vitro
system) and the time-of-flight region along the length of the capillary.
The sampled aerosol rate was calculated with the Hagen−Poiseuille
formula as 2−4 mL/min (SPI-MS sampling efficiency).

In the time-of-flight region, single-photon ionization had an
effective measurement range of 40−350 m/z, with a resolution of
1800 Th/Th (unit mass resolution, UMR) and spectra storage per
second.

Because the signal intensity of the peaks in the spectrum is related
to the ionization potential of each individual substance and not to
concentration, substance concentrations must be calculated sepa-
rately. The given signal for each substance at a certain concentration
can be related to the signal of a reference substance at the same
concentration. Thus, the signal ratio between the targeted and
reference substances is calculated as the calibration factor, often
termed cross-section, between the two substances.8 We used toluene
as the reference substance at a concentration of 100 ppm.

To retrieve the cross-section of the studied substances, a micro flow
syringe pump system (Nexus 3000, Chemyx, Inc., Stafford, Texas,
USA) was used to generate calibration gases from liquid solutions of
nicotine, propylene glycol, and glycerol at concentrations of 100 ppm.
The solutions were injected into a heating chamber at 280 °C at a
flow rate of 20 μL/min to obtain a gas phase that was immediately
sampled by SPI-MS.

Aerosol Particle Size Measurement. The particle size
distribution of the test aerosol was measured using an aerodynamic
particle sizer (APS, a TSI 3321 minnesota, USA). As the particle
concentration in the aerosol was expected to be outside the working
range of the APS, a 100-fold dilution was applied using an aerosol
dilution unit (TSI 3302A Minnesota, USA).

■ RESULTS AND DISCUSSION
We first characterized the SPI-MS sampling efficiency using
computational fluid dynamics based on the properties of the
instrument (e.g., capillary geometry, sampling temperature)
and representative experimental sampling conditions (aerosol
streamflow rate and capillary position). Next, the primary
aerosol was characterized immediately after generation by
programmable dual-syringe pumps in terms of particle size
distribution and chemical composition. The theoretical gas/
particle fractions of the aerosol were calculated, and the
estimated concentrations of propylene glycol, glycerol, and
nicotine were derived from the total concentration obtained

Figure 2. Scheme of the applied exposure protocol for two exhausted
puffs from the programmable dual-syringe pump. The aerosol volume
(55 mL) is aspirated by the programmable dual-syringe pump in 2 s
and then released in 8 s at intervals of 30 s. Y-axis represents the time
of aerosol aspiration or release by the pump, with the respective trend
below and above the horizontal line.
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from the SPI-MS measurements. Finally, online measurements
were analyzed using various dilution protocols and sampling
sites (delivery and QCM lines).
SPI-MS Sampling Efficiency. To understand the SPI-MS

sampling efficiency in an in vitro exposure system, several
factors must be considered: the geometry and physical
characteristics of the platform and the in vitro system, the
exposure protocol, and the properties of the aerosol. To
address this complexity, we used computational fluid dynamics
simulations to evaluate the SPI-MS sampling efficiency. The
calculations were performed using the open-source software

AeroSolved (www.aerosolved.com)9 developed in the Open-
FOAM framework. Aerosolved has already been used to study
and characterize the Vitrocell 24/48 exposure system by
Kuczaj et al.10 and Lucci et al.11 It uses an Eulerian approach to
model aerosol dynamics such as poly disperse aerosol
evolution, transport, and deposition. Detailed descriptions of
the mathematical models used in AeroSolved can be found in
Frederix et al.12 and Asgari et al.13

In the context of this study, the simulations were performed
to evaluate the sampling efficiency of SPI-MS according to its
inherent characteristics and to the experimental setup of the
study. Hence, the simulations were conducted for a range of
particle diameters, 10 μm to 500 nm, to assess the sampling
efficiency as a function of particle size and aerosol flow rate.
The SPI-MS sampling flow rate was calculated addressing the
capillary as a pipe and using the Hagen−Poiseuille equation:

π
μ

= Δ
Q

Pd
L128

4

(3)

where Q is the sampling flow rate, d and L are the diameter
and length of the pipe, 3 m and 180 μm, respectively, ΔP is the
pressure change between the two ends of the pipe, and μ is the
dynamic viscosity. For the static conditions of SPI-MS, ΔP is
the difference between atmospheric pressure at the sampling
tip of the capillary (1013.25 mbar) and the time-of-flight
pressure (10−6 mbar). On the basis of this estimation, the SPI-
MS sampling flow rate, hereafter Qcapillary, was 2 mL/min. As
the flow rate is pressure gradient-dependent, changes in the
pressure of the in vitro exposure system owing to delivery flow
will alter the sampling efficiency. Additionally and more
importantly, the flow rate of the delivered aerosol will affect the

Figure 3. Experimental setup. The blue arrow represents the aerosol entering the Vitrocell system after generation. The green lines represent the
measurements for characterization of the primary aerosol. The red arrow, finally, represents the sampled aerosol from the in vitro system.

Figure 4. Scheme of the single-photon ionization mass spectrometer.
MCP, microchannel plate; UV, ultraviolet.
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sampling/aspiration efficiency of the particle fraction. To
understand the sampling efficiency, three representative
scenarios of the flow rates during exposure were simulated: 1
and 2 L/min as representative flows in the delivery lines after
dilution and 8 mL/min as a representative flow in the exposure
line (QCM port) with a fixed value of sampling flow (capillary)
rate of 2 mL/min.
To quantify the efficiency of the sampling for different

particles of size i, we introduce the efficiency factor ηi, as the
ratio between the mass flow rates in the capillary (mi,capillary)
and in the delivery line (mi,line) of particles of size i divided by
the ratio of the volumetric flow rates in the capillary (Qcapillary)
and in the delivery line (Qline).
The resulting equation is

η =
m m

Q Q

/

/
i i,capillary ,line

capillary line (4)

In case of perfect sampling, the ratio between the mass flow
rates will be equal to ratio between the volumetric flow rates
resulting in ηi = 1. In reality, due to the inertia drift or some
deposition losses, some particles will escape from the sampling
reducing mi,capillary and result in ηi < 1. Figure 5 shows the
results of the simulations for flow rates and particle sizes. As
expected, the sampling efficiency depended strongly on the
flow rate and particle size. Decreasing the flow rate increased
the aspiration efficiency, which converged to the value of 1 for
different particle sizes (black line), while higher flow rates
resulted in a decrease of the aspiration efficiency as the particle
size increases (blue and red lines). A decrease in the sampling
efficiency with increased particle size can be explained by
particle drift from the carrier gas streamlines. The inertia of
large particles deviated their trajectories from the gas
streamlines entering through the capillary tip; consequently,
these particles were not sampled efficiently through the
capillary. This effect is demonstrated in Figures 4B and C,
showing the trajectories of glycerol particles 2 and 8 μm in
diameter, respectively. Particles with a diameter of 2 μm
followed the gas streamlines entering the capillary more
efficiently than particles with a diameter of 8 μm.
In these simulations, the temperature of the capillary was

also taken into account. As the sampling line of the SPI-MS
platform was heated to 200 °C, the temperature at the tip of
the capillary was measured with a thermocouple and a thermal
camera (Fluke Ti400; Everett, WA, USA). Both measurements
showed that the actual temperature at the tip of the sampling
line was around 60 °C (Supporting Information). At this
temperature, the aerosol particles did not evaporate signifi-
cantly before being sampled.

Test Aerosol Characterization. Before performing
measurements directly in the in vitro exposure system, we
characterized the test aerosol. The particle size distribution and
substance concentrations were measured in the aerosol
generated using a programmable dual-syringe pump.

Aerosol Particle Size Distribution. The particle aerody-
namic diameter distribution in the test aerosol was measured
to compare the aerosol particle diameter with the calculated
aspiration efficiency and therefore estimate the real SPI-MS
sampling efficiency. As the particle number density in the
aerosol exceeded the measurable range of the aerodynamic
particle sizer, the sample was diluted with an air flow of 5 L/
min (Aerosol particle size distribution). Taking into account
the applied dilution and aerosol particle losses in the PDSP
pump, it is estimated that the real total particle concentration
for e-cigarette aerosol is three orders of magnitude higher than
the measured based on previous studies.6,14 Figure 6 and Table
1 show the measured values for the particle count size
distributions for the test aerosol. As measured, 78% of the
particles had an aerodynamic diameter below 1 μm.

Comparison of aerodynamic particle sizer measurements
with the aspiration efficiency simulations (Figure 5) were
expected to show that at low flow rates such as 8 mL/min; all
particles from the aerosol would be sampled, even those in the
2−4 μm aerodynamic size range, assuming they were not
deposited earlier by sedimentation. Excluding the particles with

Figure 5. (a) Aspiration efficiency versus particle aerodynamic diameter for various flow rates. Snapshots of the particle trajectories visualized with
the velocity magnitude field for glycerol particles with a diameter of (b) 2 μm and (c) 8 μm.

Figure 6. Particle size distribution of the test aerosol measured with
an aerodynamic particle sizer for a total of 22 replicates. The blue
markers show particle size counts, with most of the particles having an
aerodynamic diameter below 1 μm. The red markers show the particle
mass, with most of the particles sized 1−3 μm.
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>4 μm aerodynamic diameters, the sampling efficiency at this
flow rate would represent 99.96% of particles. For the higher
flow rates, the sampling efficiency would be reduced to
approximately 80% for particles with an aerodynamic diameter
below 1 μm at a flow rate of 1 L/min and around 70% for
particles with an aerodynamic diameter below 1 μm at a flow
rate of 2 L/min. For particles with an aerodynamic diameter of
1−2 μm, the sampling efficiency would reach values of
approximately 60% and 40% at 1 L/min and 2 L/min,
respectively. In this case, we can expect stronger sampling
efficiency reduction for 20% of the particles.
Aerosol Chemical Composition. After measuring the test

aerosol’s physical properties, we used SPI-MS to assess the
chemical composition of the aerosol. Figure 7 shows the

average spectrum of the measured signal for 10 puffs.
Propylene glycol was measured at 76 m/z and nicotine was
measured at 162 m/z and its main fragment at 84 m/z.
Glycerol was not measured as a whole molecule as it fragments
after ionization; however, the fragmentation pattern was
distinctive, with three peaks at 60, 61, and 62 m/z. We
selected the fragment at 62 m/z arbitrarily for quantification of
glycerol. The spectra of the individual substances were
measured to characterize the spectral signature of each
substance and as a calibration for later quantification
(Supporting Information). The spectra of the three analytes
showed fragmentation, which could be due partially to the
heated line in the system.
On the basis of the calibration for each substance, the

concentrations of glycerol, propylene glycol, and nicotine were
determined to be 1600 μg/puff, 4290 μg/puff, and 107 μg/

puff, respectively. As the sample undergoing SPI-MS is heated
to 280 °C, the concentrations of the substances correspond to
the total aerosol concentration, both particulate and gas phase.
Therefore, only theoretical estimations can be made of the
concentration of each substance in the particulate phase.

Gas and Particle Partitioning Estimation. SPI-MS samples
the liquid particulate and gas phase simultaneously, but the
high temperature of the sampling line evaporates the particles
and all substances are measured in the gas phase. On the basis
of the fraction composition, the gas/particle partitioning was
estimated for the primary aerosol. According to previous
reports,6,14 the substance-dependent equilibrium gas/particle
coefficient can be defined as

μ
μ μ

μ
=

i
k
jjjjj

y
{
zzzzzK

c

c
m

g

( g/ g)

( g/m )i
i

i
p,

3
p,

g,
3

(5)

where cp,i is the concentration in the particulate phase and cg,i is
the concentration in the gas phase. For gas/liquid partitioning,
Kp,i is defined as

μ ξ
=

i
k
jjjjj

y
{
zzzzzK

RT
MW p

m
g 10i

i L i
Op,

3

6
, (6)

where R is the gas constant (m3 atm/mol/K), T is temperature
(K), MW is the mol-average molecular weight for the liquid
sample (g/mol), ξ is the mol-fraction-scale activity coefficient
in the liquid phase, and pL,i

O is the vapor pressure of the pure
liquid at temperature T.
For the test aerosol used in this study, MW was calculated

for the four substances in the liquid mixture, and the mol-
average was 76.14 g/mol. Since propylene glycol and glycerol
are polar molecules, ξ was assumed to be 1. Therefore, the Kp,i
values for glycerol, propylene glycol, and nicotine were
calculated as 1.45 × 10−5, 1.86 × 10−8, and 6.41 × 10−8 m3/
μg, respectively.
Because the sum of both phases should equal 1 ( f p,i + fg,i =

1), the fraction of each substance can be estimated as

=
+

f
K TPM

K TPM1i
i

i
p,

p,

p. (7)

=
+

f
K TPM

1
1i

i
g,

p. (8)

where TPM is the total particulate matter. Therefore, for a
TPM of 108 μg/m3, the estimated particulate fraction f p,i of
glycerol, propylene glycol, and nicotine in the primary aerosol
was 0.99, 0.65, and 0.87, respectively. On the basis of the
concentrations measured by SPI-MS (aerosol particle size
distribution), the concentrations in the particulate and gas
phases could be estimated approximately (Table 2).

Table 1. Particle Size Distribution Parameters

Parameter

median (μm) 0.781
mean (μm) 0.878

geometric mean (μm) 0.825
mode (μm) 0.625

geometric standard deviation 1.391
total concentration 3.96 × 105 (number/cm3)
Distribution (μm) (%)

<0.5−1 78.19
1−2 20.09
2−4 1.68
>4 0.04

Figure 7. Spectrum of the tested aerosol. The peaks of nicotine (162
m/z), propylene glycol (76 m/z,) and main glycerol fragments (60,
61, and 62 m/z) are shown.

Table 2. Estimated Concentrations of Glycerol, Propylene
Glycol, and Nicotine in Gas and Liquid Phases of Test
Aerosol

aerosol
concentration

liquid (particulate)
phase

gas
phase

μg/puff μg/puff μg/puff

glycerol 1600 1584 16
propylene glycol 4290 2790 1500
nicotine 107 93 14
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Although these calculations are greatly simplified, they
generally resemble the expected situation concerning phase
partitioning, in which glycerol, as the main aerosol-former with
the highest boiling point in the mixture, mostly remains in the
liquid phase, while the comparatively more volatile propylene
glycol and nicotine are partitioned between both phases. As
discussed in the next section, this will have an impact on the
online measurements, as the substances in the liquid phase will
follow selective sampling owing to aerosol physics-related
processes (deposition and anisokinetic and anisoaxial sam-
pling).
Online Aerosol Measurements in in Vitro System.

After characterizing the test aerosol, we investigated the
aerosol measurements in the selected in vitro system. One of
the challenges of studying aerosol flows is user-manipulated
inhalation devices (e.g., e-cigarettes) where aerosol is
generated in puffs or inhalation volumes instead of being
continuously delivered (e.g., nebulizers). Puffing creates fixed
volumes of aerosol in the exposure systems that travel through
the delivery line and evolve along the way. Continuous time-
dependent evolution by coagulation can be affected by
processes such as evaporation/condensation if dilution is
applied. Most of these processes are thermodynamically
dependent.
As the temperature and humidity were kept constant in the

in vitro exposure system, we studied the role of dilution by
increasing the air flow sequentially in the delivery lines. In the
first step, the concentrations of the aerosol substances were
measured and compared between the delivery and exposure
(QCM) lines. The concentrations of propylene glycol, glycerol,
and nicotine were for each dilution condition and each
sampling point calculated as the average of four exhaust
volumes containing puffs. Figure 8 compares the concen-
trations measured at the delivery lines and the QCM ports for

the second protocol (measurements from delivery lines 1−6,
increasing the dilution gradually at each line) and averaged for
three replicates. Concentrations decreased as the dilution flow
was increased sequentially in the delivery lines. For all three
substances, the largest variability was found at the first and
second delivery lines. The differences for delivery lines 3, 4,
and 5 were smaller, and only minor differences were observed
for delivery line 6 for propylene glycol and nicotine
(Supporting Information). The difference between the
concentrations sampled from the delivery line and QCM
ports 1 and 2, more evident for glycerol and propylene glycol,
could indicate that the aerosol was not well mixed at the first
delivery lines of the Vitrocell system.
The bottom plots in Figure 8 show the concentrations

normalized to the dilution of each delivery line. In this case,
higher variability was observed for the QCM ports and the
dilution delivery lines, particularly at higher dilutions (i.e.,
delivery lines 4−6). The variability appears to be, to a certain
degree, substance-dependent; in the QCM port, glycerol and
nicotine exhibited less variability than propylene glycol. In the
dilution rows, an increased variability was observed for all three
substances as the dilution increased. This could be related to a
lower sampling efficiency of the liquid fraction at higher flow
rates, as suggested by the calculated aspiration efficiencies
(SPI-MS sampling efficiency). The lower variability observed
at the QCM ports, in particular for glycerol and nicotine,
confirms that the sampling efficiency of the particles is higher
at low flow rates than at high flow rates. The increased
variability observed for all three substances in the last delivery
lines (4−6) could also be related to the evaporation and
condensation processes occurring as the aerosol evolved, which
would imply that some particles were effectively filtered in the
first delivery lines.

Figure 8. Comparison of glycerol, propylene glycol, and nicotine concentrations measured at the delivery line (blue circles) and at the quartz
crystal microbalance ports (red circles) when the dilution was increased gradually at each delivery line. Upper plots show the average puff
concentration at each dilution; lower plots show the values normalized by the dilution factor.
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Comparison of Dilution Protocols. Toxicological assess-
ments require that exposure studies be performed at varying
and controlled doses. This can be achieved either by diluting
the high-concentration aerosol or limiting the exposure
duration. High-toxicity substances such as cigarette smoke or
variability in the aerosol delivery require dilution of the
aerosol. We tested three dilution protocols to monitor aerosol
evolution in the system. Under the first protocol, the flows
were set and measured only at the first delivery line. This setup
was intended to represent a reference of the concentration
measured at different dilutions with immediate local aerosol
evolution (i.e., evaporation/condensation) in the delivery line,
as the residence time of the aerosol in the system is relatively
short and the flow direction is straight.
Figure 9 compares the three dilution protocols across flow

rates. To make a meaningful comparison, the values are
reported for delivery lines 2−6. Higher concentrations were
observed for the first protocol. As expected, these higher
concentrations were a consequence of the shorter residence
time of the aerosol in the system and the shorter flow path.
These two related factors resulted in less condensation and
evaporation of particles.
In comparing the results of the second and third protocols,

we observed higher concentrations for the single-dilution setup
(third protocol), in which the dilution was applied only once at
the beginning of the line. This difference can be explained by
the time needed to reach equilibrium between these two
protocols. Under the second protocol, the dilution flows were
applied at different points, creating a transient flow, while
under the third protocol, the flow was steady. Higher wall
losses from condensation and evaporation could be expected
under the second protocol.
Normalized values showed consistency with the measured

concentrations, with the expected higher stability for the three

substances under the first protocol. The variability was higher
in all cases for higher dilutions, likely because of a lower SPI-
MS sampling efficiency at high flow rates, as discussed
previously. Glycerol exhibited the lowest variability among
the three protocols, with closer values under the first and third
protocols, while propylene glycol exhibited the highest
variability. These substance-dependent differences could
indicate a re-equilibrium of the aerosol after dilution, with
less evaporation of substances with lower vapor pressure (i.e.,
glycerol).

Substance Phase Distribution As a Function of
Dilution. Diluting the aerosol is an effective strategy to
control the dose in in vitro studies because of the potential
change in the aerosol properties, particularly when the aerosol
evolves along the delivery line. To study the influence of
dilution and, to a lesser degree, the evolution of the aerosol in
the exposure system, we derived the ratios of propylene glycol
to glycerol and nicotine to glycerol as a function of dilution
under the first protocol. We selected glycerol as the common
denominator because of its vapor pressure, which is the lowest
of the three (Supporting Information). Figure 10 shows the
ratios for multiple flows; the propylene glycol/glycerol ratio
was reduced from 4.63 to 2.41 and the nicotine/glycerol ratio
was reduced from 2.03 to 0.97 between 150 mL/min and 2500
mL/min of dilution flow.
A similar approach was taken to study the evolution of the

aerosol and dilution sampling from the QCM ports under the
third protocol. Figure 11 shows the reduction in concentration
as a function of dilution for glycerol and propylene glycol (only
these two substances are shown to illustrate the lowest and
highest vapor pressure values among the three substances in
the test aerosol). Under the third protocol (measurement from
delivery lines 1−6 while applying dilution only in the first line),
the propylene glycol/glycerol ratio was reduced by half, from

Figure 9. Comparison of the three dilution protocols. Upper plots show the concentrations measured for glycerol, propylene glycol, and nicotine;
lower plots show the concentrations normalized to the dilution. (A) Measurement of the aerosol at set dilutions at the first delivery line. (B)
Measurements from delivery lines 1−6, increasing the dilution gradually at each line. (C) Measurements from delivery lines 1−6 while applying
dilution only in the first line.
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1.95 to almost 1 (Figure 11A). In Figure 11B, a time series of
four puffs is shown for the signals from the two substances at
200 mL/min and a 2 L/min dilution.
In these two experiments (Figure 10 and Figure 11), we

clearly observed the re-equilibrium of the aerosol as dilution
was applied. As expected, the concentrations of all substances
were reduced with dilution but not proportionally. The re-
equilibrium process likely influenced the partitioning of the
substances, driving the more volatile to the gas phase and
keeping the less volatile (glycerol) in the liquid phase. This is

an important factor to consider in in vitro studies since it
represents a change in the aerosol properties and not only a
lower dose of the “primary” aerosol.

■ CONCLUSIONS
SPI-MS is a useful tool for measuring several types of organic
molecules. The platform can measure the aerosol as a whole, in
both gas and liquid phases, without manipulation of the sample
since the analysis is performed online. Hence, SPI-MS can be
used to monitor targeted substances from an aerosol flowing
within an in vitro aerosol exposure system. We observed
variations in the substances composing the test aerosol as a
function of the dilution flow protocol, making it possible to
monitor the evolving aerosol in the exposure system. The SPI-
MS technique can measure substances with low vapor pressure
and high viscosity such as glycerol. The concentrations of the
three substances we measured after dilution were consistent
with the expected reduction according to the dilution factor
applied and with the individual volatility of each substance.
The ability to measure high concentrations without saturating
the detector is a definite advantage in toxicological studies.
Furthermore, unlike some online mass spectrometry platforms,
the low flow rate required for sampling, in the order of 2 mL/
min, makes SPI-MS suitable for in vitro exposure systems.
However, the unit mass resolution and limited mass-to-

charge ratio range of measurement may constrain the use of
SPI-MS in measuring complex aerosol mixtures. Additionally,
caution should be taken when sampling specific substances that
can decompose at the high temperature of the sampling line.
Assessment of the SPI-MS sampling efficiency of different

aerosol constituents (different particle sizes, gases) showed
that it depends strongly on the flow rate of the aerosol stream,
which can be an important factor in in vitro studies since higher
flows are often used to dilute the aerosol and yield lower doses.
Our results show that SPI-MS is a robust tool for studying
aerosol composition in a simple mixture in an in vitro system.
Comparing various dilution setups enabled us to capture the
differences in the equilibrium time between unsteady and
steady flows. In addition, the measured concentrations of
glycerol, propylene glycol, and nicotine at different dilutions
were consistent with the expected vapor pressures of these
substances.
The diluted aerosol should be considered a lower-dose

aerosol in the in vitro system, as well as an evolved aerosol,
with different phase partitioning than the primary (undiluted)
aerosol. We observed the typical aerosol deposition efficiency
curve for the exposure chamber,11 with a strong dependence
on aerosol delivery rather than particle size, and the
substances’ phase partitioning following dilution affected
their concentrations. Consequently, comparative in vitro
assessment studies should be conducted with attention to
both dilution rates and their actual application in the study
design, as these two factors exert direct effects on the delivered
doses.
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Figure 10. Decrease in nicotine/glycerol and propylene glycol/
glycerol ratios as a function of dilution under the first protocol
(measurement of the aerosol at set dilutions at the first delivery line).

Figure 11. Comparison of glycerol and propylene glycol concen-
trations at different dilutions using the third dilution protocol
(measurements from delivery lines 1−6 while applying dilution only
in the first line) and sampling from the quartz crystal microbalance
port. (A) Concentrations decreased as a function of dilution. (B)
Signal intensity for four puffs at 200 mL/min dilution (left) and 2 L/
min (right).

Chemical Research in Toxicology Article

DOI: 10.1021/acs.chemrestox.9b00381
Chem. Res. Toxicol. 2020, 33, 505−514

513

https://pubs.acs.org/doi/10.1021/acs.chemrestox.9b00381?goto=supporting-info
http://pubs.acs.org/doi/suppl/10.1021/acs.chemrestox.9b00381/suppl_file/tx9b00381_si_001.pdf
http://dx.doi.org/10.1021/acs.chemrestox.9b00381


■ AUTHOR INFORMATION
Corresponding Author
*E-mail: carla.frege@contracted.pmi.com. Phone: +41 (58)
242 2688.
ORCID
Carla Frege: 0000-0001-7833-8771
Notes
The authors declare no competing financial interest.

■ REFERENCES
(1) Klus, H., Boenke-Nimphius, B., and Müller, L. (2016) Cigarette
Mainstream Smoke: The evolution of Methods and Devices for
generation, exposure and collection. Beitrag̈e fur Tabakforschung
International, Contributions to Tobacco Research 27 (4), 137−274.
(2) Thorne, D., and Adamson, J. (2013) A review of in vitro
cigarette smoke exposure systems. Exp. Toxicol. Pathol. 65 (7−8),
1183−1193.
(3) Secondo, L. E., Liu, N. J., and Lewinski, N. A. (2017)
Methodological considerations when conducting in vitro, air−liquid
interface exposures to engineered nanoparticle aerosols. Crit. Rev.
Toxicol. 47 (3), 225−262.
(4) Butcher, D. J. (1999) Vacuum Ultraviolet Radiation for Single-
Photoionization Mass Spectrometry: A review. Microchem. J. 62, 354−
362.
(5) Hanley, L., and Zimmermann, R. (2009) Light and Molecular
Ions: The Emerge of Vacuum UV Single-Photon Ionization in MS.
Anal. Chem. 81 (11), 4174−4182.
(6) Pankow, J. F. (2017) Calculating compound dependent gas-
droplet distributions in aerosols of propylene glycol and glycerol from
electronic cigarettes. J. Aerosol Sci. 107, 9−13.
(7) Iskandar, A., Gonzalez-Suarez, I., Majeed, S., Marescotti, D.,
Sewer, A., Xiang, Y., Leroy, P., Guedj, E., Mathis, C., Schaller, J.-P.,
Vanscheeuwijck, P., Frentzel, S., Martin, F., Ivanov, N. V., Peitsch, M.
C., and Hoeng, J. (2016) A framework for in vitro systems toxicology
assessment of e-liquids. Toxicol. Mech. Methods 26 (6), 392−416.
(8) Hatano, Y. (1999) Interaction of photons with molecules - cross-
sections for photoabsorption, photoionization, and photodissociation.
Radiat. Environ. Biophys. 38, 239−247.
(9) (2019) Aerosolved, Intervals. www.aerosolved.com (accessed
June 21, 2019).
(10) Kuczaj, A., Nordlund, M., Jayaraju, S., Komen, E., Krebs, T.,
Peitsch, M., and Hoeng, J. (2016) Aerosol flow in the Vitrocell 24/48
exposure system: Flow mixing and aerosol coalescence. Applied In
Vitro Toxicology 2 (3), 165−174.
(11) Lucci, F., Castro, N. D., Rostami, A. A., Oldham, M. J., Hoeng,
J., Pithawalla, Y. B., and Kuczaj, A. K. (2018) Characterization and
modeling of aerosol deposition in Vitrocell® exposure systems -
exposure well chamber deposition efficiency. J. Aerosol Sci. 123, 141−
160.
(12) Frederix, E., Kuczaj, A. K., Nordlund, M., Veldman, A., and
Geurts, B. (2017) Eulerian modeling of inertial and diffusional aerosol
deposition in bent pipes. Comput. Fluids 159, 217−231.
(13) Asgari, M., Lucci, F., and Kuczaj, A. (2019) Multispecies
aerosol evolution and deposition in a bent pipe. J. Aerosol Sci. 129,
53−70.
(14) Pankow, J. F., Kim, K., Luo, W., and McWhirter, K. J. (2018)
Gas/Particle partitioning constants of nicotine, selected toxicants, and
flavor chemicals in solutions of 50/50 propylene glycol/glycerol as
used in electronic cigarettes. Chem. Res. Toxicol. 31, 985−990.

Chemical Research in Toxicology Article

DOI: 10.1021/acs.chemrestox.9b00381
Chem. Res. Toxicol. 2020, 33, 505−514

514

mailto:carla.frege@contracted.pmi.com
http://orcid.org/0000-0001-7833-8771
http://www.aerosolved.com
http://dx.doi.org/10.1021/acs.chemrestox.9b00381

