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Electronic cigarette, or vaping, products are used to heat an e-liquid to form an aerosol
(liquid droplets suspended in gas) that the user inhales; a portion of this aerosol deposits
in their respiratory tract and the remainder is exhaled, thereby potentially creating
opportunity for secondhand exposure to bystanders (e.g., in homes, automobiles, and
workplaces). Particle size, a critical factor in respiratory deposition (and therefore potential
for secondhand exposure), could be influenced by e-liquid composition. Hence, the
purposes of this study were to (1) test the influence of laboratory-prepared e-liquid
composition [ratio of propylene glycol (PG) to vegetable glycerin (VG) humectants,
nicotine, and flavorings] on particle size distribution and (2) model respiratory dosimetry.
All e-liquids were aerosolized using a second-generation reference e-cigarette. We
measured particle size distribution based on mass using a low-flow cascade impactor
(LFCI) and size distribution based on number using real-time mobility sizers. Mass
median aerodynamic diameters (MMADSs) of aerosol from e-liquids that contained only
humectants were significantly larger compared with e-liquids that contained flavorings or
nicotine (p = 0.005). Humectant ratio significantly influenced MMADs; all aerosols from
e-liquids prepared with 70:30 PG:VG were significantly larger compared with e-liquids
prepared with 30:70 PG:VG (p = 0.017). In contrast to the LFCI approach, the high
dilution and sampling flow rate of a fast mobility particle sizer strongly influenced particle
size measurements (i.e., all calculated MMAD values were < 75 nm). Dosimetry modeling
using LFCI data indicated that a portion of inhaled particles will deposit throughout
the respiratory tract, though statistical differences in aerosol MMADs among e-liquid
formulations did not translate into large differences in deposition estimates. A portion
of inhaled aerosol will be exhaled and could be a source for secondhand exposure.
Use of laboratory-prepared e-liquids and a reference e-cigarette to standardize aerosol
generation and a LFCI to measure particle size distribution without dilution represents
an improved method to characterize physical properties of volatile aerosol particles and
permitted determination of MMAD values more representative of e-cigarette aerosol
in situ, which in turn, can help to improve dose modeling for users and bystanders.

Keywords: electronic cigarette, vaping, secondhand or passive exposure, occupational exposure, cascade
impactor
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INTRODUCTION

Electronic cigarette, or vaping, products (e-cigarettes) heat a
liquid (e-liquid) to form an aerosol that the user inhales. Since
their introduction, the internal design and external appearance
of e-cigarettes has evolved continuously (1-3). Currently, there
are four “generations” of e-cigarettes that differ in external
appearance and internal design (4, 5); however, all generations
have in common: (1) a battery, (2) a chamber that contains
a heating coil, (3) a cartridge to store the e-liquid, and (4)
a mouthpiece through which the user inhales (6). When the
user inhales through the device, the battery heats the coil that
is wrapped in a wick, which is wetted with e-liquid from
the cartridge, and vaporizes the e-liquid; as it travels to the
mouthpiece, the vapor cools and condenses to form an aerosol
(liquid droplets suspended in gas) that is delivered to the
respiratory tract (7, 8).

E-liquids are composed of humectants, and sometimes
water, ethanol, flavorings, and/or nicotine (9). Humectants are
hygroscopic substances that retain moisture and constitute
the main ingredients in e-liquids (10, 11). Propylene glycol
(PG) and/or vegetable glycerin (VG) are the most common
humectants, and their relative proportions in an e-liquid can
be tailored to the user’s personal experiences and preferences
(2, 7, 10). Water and ethanol are added to the humectants as
diluents for flavorings (11). Flavorings are added to the e-liquid to
impart taste and aromas to the inhaled aerosol (11-14). Nicotine,
when present, is in either the free-base (basic pH ~8-10) or salt
(acidic pH) form; e-liquids used in third and prior generation e-
cigarettes contained up to 95% of their total nicotine in free-base
form (15), whereas e-liquids for fourth generation e-cigarettes
contain nicotine in the acidic salt form (16-18).

Upon inhalation of aerosol generated by an e-cigarette, a
portion of the particles (liquid droplets) and gases deposit
throughout the respiratory tract of the user and the remainder
is exhaled (19, 20). This exhaled portion creates potential for
secondhand exposures among persons in proximity to e-cigarette
users. Secondhand exposures can occur in home environments
(5,21-23) and in occupational environments that span a range of
industries such as hospitality venues (e.g., convention centers),
bars, restaurants, and nightclubs as well as businesses adjacent to
e-cigarette retail stores that permit their use indoors (24-29). E-
cigarette aerosol that settles onto surfaces in homes, vehicles, or
workplaces can serve as a source of dermal exposure from skin
contact with residues (30, 31).

Particle size, in part, influences where e-cigarette aerosol
liquid droplets will deposit in the respiratory tract (8, 19, 32—
35). Hence, understanding factors that influence particle size
distribution (PSD) of aerosol generated by e-cigarettes are needed
to model dosimetry. These factors can be broadly categorized
as consumable-related (e.g., e-liquid chemical composition),
device-related (e.g., e-cigarette power setting), and user-related
(e.g., puff topography). The focus of the current research
is on the influence of consumable-related factors on aerosol
PSD, specifically humectants, nicotine, and flavorings. Literature
on the influence of these e-liquid constituents on PSD are
conflicting. Some studies reported that particle size decreased

as the percentage of PG in the e-liquid increased (4, 7, 33,
36-38), whereas other studies indicated that PSD increased as
the percentage of PG in the e-liquid increased (39), or was
not influenced by the ratio of PG and VG in the e-liquid
(35, 40). The presence of nicotine in e-liquids is reported to
increase particle size (33, 41, 42), decrease particle size (41), or
have no effect (8, 43-47). Several studies reported that aerosol
characteristics were not influenced by the presence of flavorings
in e-liquids (8, 33, 35, 45, 47, 48), though one study reported
that the presence of vanillin drastically increased particle size.
Note that this inter-comparison of reviewed literature results
is difficult because observed inconsistencies could reflect that
the commercially available e-liquids contained undisclosed
ingredients or ingredients with unknown purity that influenced
PSD and/or that other critical factors that influenced PSD were
not consistent among prior studies.

The primary purpose of this study was to evaluate the
hypothesis that e-liquid composition (humectant ratio,
flavorings, and nicotine) influenced aerosol particle size.
To test this hypothesis, laboratory-prepared e-liquids and a
reference second-generation e-cigarette were used to generate
aerosols. A cascade impactor was used to measure the mass-
based aerosol PSD and real-time instruments were used to
monitor number-based PSD during puffing. The secondary
purpose of this work was to use the PSD data to model the
regional deposition of aerosol particles in the respiratory tract of
e-cigarette users. An estimate of the exhaled fraction of aerosol
was derived from these modeling results as an indicator of
potential for secondhand exposure.

MATERIALS AND METHODS

Existing literature indicated that the PG:VG humectant ratio
of e-liquids can range from 100:0 to 0:100 (9, 49). PG:VG
ratios of 70:30 and 30:70 are commonly used to evaluate size
distribution (33) and toxicity (50) of e-cigarette aerosols. An
analysis of 800 commercially available e-liquids indicated that
the total volume fraction of water and ethanol never exceeded
10% in the products, ie., either 10% water, 10% ethanol,
or 5% water and 5% ethanol (11). E-liquids for third and
prior generation e-cigarettes contained ~1-4% (10-40 mg/mL)
flavorings and 0.6-3% nicotine (6-30 mg/mL), though current
fourth generation e-cigarettes can contain 5-7% (50-70 mg/mL)
nicotine (51, 52). This wide variability in composition (and
ambiguity of ingredient purity and presence of undisclosed
ingredients) of commercially available e-liquids can present
challenges for experimental studies to elucidate the influence
of specific constituents on aerosol particle size. As such, for
experimental investigations, “model” or “reference” e-liquids
with proportions that mimic commercially available products
that are prepared in the laboratory under controlled conditions
are useful surrogates (recognizing that an ideal laboratory
reference e-liquid has less “real-world” generalizability than
commercially available products) (11, 53, 54). Hence, for the
current study, we chose to use laboratory-prepared e-liquids
composed of varying ratios of humectants with water and
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ethanol and/or flavorings and nicotine in accordance with the
Association Francaise de Normalization (AFNOR) standard
D90-300-2 (55). The sources and purity of reagents were
as follows: PG (ACS grade, CAS# 57-55-6, Fisher Scientific,
Pittsburgh, PA, USA), VG (Certified ACS grade, CAS# 56-81-
5, Fisher Scientific), 200 proof ethanol (ACS/USP grade, CAS#
64-17-5, Pharmaco-Aaper, Brookfield, CT), nicotine (>99% GC
grade liquid, CAS# 54-11-5), vanillin (99%, CAS# 121-33-5), 3-
methyl-1-butanol (99%, CAS# 123-51-3), 2-methylbutyric acid
(98%, CAS# 1730-91-2), 2,3-butanedione (99%, CAS# 431-03-8),
2,3-pentanedione (97%, CAS# 600-14-6), and 2,3-hexanedione
(99%, CAS# 3848-24-6) flavorings (all from ACROS Organics™,
Geel, Belgium). Two proportions of PG and VG humectants
(30:70, 70:30) with 18 milli-Ohm (M) water (1% w/w) and
200 proof ethanol (1% w/w) but no nicotine or flavorings
were prepared gravimetrically using a microbalance with mass
resolution of 0.1 mg (XS 250, Mettler-Toledo LLC, Columbus,
OH, USA). Each e-liquid was vortexed for 1 min to mix. To
evaluate the influence of nicotine on PSD, the humectants
e-liquids were also prepared with nicotine (2.4% w/w). To
evaluate the influence of flavorings on PSD, 1% (w/w) of each
flavoring (vanillin, 3-methyl-1-butanol, 2-methylbutyric acid,
2,3-butanedione, 2,3-pentanedione, and 2,3-hexanedione) was
dissolved in PG then diluted with VG to achieve PG:VG ratios
of 30:70 and 70:30; the final concentration of each flavoring in
the e-liquids prepared in this manner was 0.3% w/w. E-liquids
prepared with nicotine or flavorings were homogenized for 1h
using a rotator (Model 4152110, Thermo Scientific, Dubuque, IA)
to mix.

Aerosol Generation

To achieve comparable and repeatable aerosol generation, an
automated E-cigarette Aerosol Generator (ECAG; e ~ Aerosols,
LLC, Central Valley, NY, USA) was used to control power
delivered to the e-cigarette heating coil and maintain a consistent
coil temperature. The ECAG works on positive pressure to
aerosolize an e-liquid at a user-defined puff topography by
heating the coil at 3.7V (set) and 1.6 A (measured) of electric
current. Six measurement trials were performed for each e-liquid.
For each trial, 1.2mL of e-liquid was added to the chamber
(tank) of an NJOY top tanks (NJOY, Inc., Scottsdale, AZ) second-
generation reference e-cigarette from the NIDA Drug Supply
Program (56). A separate new NJOY chamber was used for each
e-liquid formulation (i.e., one new NJOY chamber was used for
all six trials with 30:70 PG:VG, a separate new chamber was used
for all trials with 70:30 PG:VG, and so on). The puff topography
was set to 55 ml puff volume for 3 s (1 puff) with a 30 s puff delay.
For each e-liquid, 2 puffs were generated per trial to measure the
mass-based PSD using a low flow cascade impactor (LFCI) and
~30 puffs were generated per trial to measure the number-based
PSD using mobility analyzers (57). The mass of e-liquid in the e-
cigarette chamber was weighed on the microbalance prior to and
after each trial.

Aerosol Characterization
Accurate measurement of e-cigarette aerosol characteristics
(mass, number, size) is challenging because (1) a high droplet

number concentration is generated during each puff, (2)
some droplets contain constituents that are highly volatile,
and (3) humectants are hygroscopic (8, 19, 36, 43, 58-60).
Given the presence of volatile constituents, e-cigarette aerosol
properties can change because of evaporation within aerosol
sampling instruments, which in turn, can significantly distort
PSD measurements (61). Hence, for e-cigarettes, the choice
of measurement approach is an important consideration in
the experimental design. To date, various approaches have
been utilized and included real-time instruments and cascade
impactors (4, 7, 8, 36, 58, 62, 63). Real-time instruments such
as mobility sizers operate at high sampling flow rates and
often require dilution of the aerosol to bring the number
concentration within the measurement range of the instrument;
both high sampling flow rate and high dilution can promote
evaporation of aerosol droplets, thereby introducing bias into
PSD measurements (7, 8, 35, 36, 63). In contrast, cascade
impactors are generally not affected by high particle number
concentrations, and if a low-flow impactor is used for aerosol
collection and its sampling flow rate is closely matched to the e-
cigarette puff flow rate, evaporative losses from dilution can be
minimized, and PSD determined more accurately. Additionally,
since the impactor stages must be analyzed gravimetrically,
further losses of very volatile constituents can be minimized by
quickly measuring mass or by applying an experimentally derived
correction factor (4, 7, 8, 35, 36, 58, 63). For additional details on
the relative advantages and disadvantages of sampling e-cigarette
aerosols, the reader is referred to prior literature (8, 35, 64). For
the purposes of this study, a LECI was used to characterize aerosol
mass-based size distribution to understand the influence of e-
liquid constituents on PSD and to model aerosol deposition in the
respiratory tract. Real-time mobility sizers were used to measure
aerosol number concentration and the data used to calculate PSD
values for comparison to the impactor results.

Determination of Mass-Based Aerosol

Particle Size Distribution

A LFCI (MiniMOUDI™, TSI Incorporated, Shoreview, MN,
USA) with 37-mm diameter aluminum collection substrates
(Fisher Scientific) was used to size-separate the aerosol generated
by the e-cigarette into 10 size fractions (dso cut-points = 0.056,
0.1, 0.18, 0.32, 0.56, 1.0, 1.8, 3.2, 5.6, and 10 uwm) at the default
sampling flow rate of 2 liters/min (LPM). Prior to sampling, the
NJOY e-cigarette was filled with 1.2 mL of e-liquid and puffed for
10 min to condition the e-cigarette and ECAG system. Aerosol
from each e-liquid was sampled directly into the LFCI without
further dilution by connecting the inlet of the impactor to the
e-cigarette mouthpiece using flexible, black conductive silicone
tubing that was 70cm long with 0.5cm (inner diameter) to
minimize aerosol wall losses. To maintain a constant sampling
flow rate of 2 LPM for the cascade impactor, a high efficiency
particulate air (HEPA)-filtered air bypass was used to provide
0.9 LPM of laboratory air during puffing with 1.1 LPM air
per puft provided by the ECAG. During the inter-puff interval,
the same calibrated sampling pump provided 2 LPM air flow
from the HEPA-filtered bypass to the impactor (Figure 1). After
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/

FIGURE 1 | Schematic of test system for measurement of e-liquid aerosol mass- (top) and number- (bottom) based particle size distributions. ECAG, e-cigarette
aerosol generator; FMPS, fast mobility particle sizer; LFCI, low-flow cascade impactor; LPM, liters per minute; SMPS, scanning mobility particle sizer.

the last puff of a trial, the mass of aerosol collected on each
pre-weighed aluminum substrate was quickly determined using
a microbalance (XS 250, Mettler-Toledo) within minutes of
sampling to minimize evaporation. For each trial, the mass
median aerodynamic diameter (MMAD) and geometric standard
deviation (GSD) were calculated from the log-transformed
gravimetric measurements of sample mass collected on each stage
of the LFCI using a probit model as described previously (65).
To verify that the LFCI impactor flow rate and gravimetric
weighing procedure did not substantially bias PSD
determinations, a mass loss experiment was performed (n
= 3 trials) in which three puffs per e-liquid were collected with
the impactor and masses were measured 1, 5, and 15-min post-
collection all while 2 LPM of air flowed through the impactor.
For purposes of this experiment, only the masses of e-liquid
aerosol collected on the impactor stages with dsg cut-points of
0.32, 0.56, and 1 wm were measured as these stages accounted
for more than 89% of the mass deposited in the impactor for

all e-liquids and trials. This observation that most mass was
limited to a few impactor stages was consistent with Baassiri et
al. who reported that 76% of the aerosol mass collected in their
study was on LFCI stages with dso cutoffs of 0.5-2.5pum (7).
For each e-liquid, the total mass loss among the three impactor
stages combined did not exceed 10% (Supplementary Figure 1).
Therefore, no correction factor was applied to the MMAD
estimates for each e-liquid formulation.

Determination of Number-Based Aerosol

Particle Size Distribution

A scanning mobility particle sizer spectrometer (SMPS; Model
3080, TSI Inc., Shoreview, MN, USA) and fast mobility
particle sizer spectrometer (FMPS; Model 3091, TSI Inc.) were
used to continuously measure mobility size during e-liquid
aerosolization. The SMPS is capable of measuring particles in
the size range 2-1,000nm in 128 channels with scan time of
1955 at a sampling flow rate of 0.3 LPM and sheath flow rate
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of 10 LPM. The FMPS is capable of measuring particles with
size 5.6-560 nm in 32 channels on a second-by-second basis at
a sampling flow rate of 10 LPM and sheath flow rate of 40 LPM.
To permit inter-comparison of data, the measurement size range
of the SMPS was truncated to 6-560 nm to match the FMPS
and the integrating time for the FMPS was adjusted to 195s to
match the SMPS. The aerosol count median diameter (CMD)
for each trial was obtained from the instrument software. Prior
to measuring e-cigarette aerosol, the inlet of each instrument
was connected to a high-efficiency particulate air filter (HEPA-
CAP™ 36, GE Healthcare Whatman™, Fisher Scientific) to
verify operability. To bring the aerosol number concentration
within the measurement range of these instruments, the aerosol
generated by the ECAG was diluted with ~200 LPM of HEPA-
filtered air. Using a flow splitter, the SMPS and FMPS were
connected to the diluter and sampled air for at least 5min to
measure background particle concentrations, next the ECAG
was turned on and the e-cigarette with an e-liquid was puffed
(same topography as for mass measurements) for 1h, followed
by post-puffing background air monitoring for 5min. Six trials
were conducted for each e-liquid per mobility sizer instrument.
The mass median diameter (MMD) was calculated from the
average CMD value for each e-liquid trial using the Hatch-Choate
equation (Equation 1), moment average, b = 3, and geometric
standard deviation, og:

MMD = CMD* exp (b* In? ag) . (1)

Values of the MMAD were calculated by multiplying the MMD
by the square root of the weighted average density of humectants
in the e-liquids (70:30 PG:VG = 1.11 g/cm?, 30:70 PG:VG =
1.19 g/cm?).

Using Equation 2 below, the mass of aerosol collected per
LFCI stage (Mitage), in units of ptg/cm3 was calculated as the
difference in mass of the aluminum substrate after sampling
(Mpost) compared with its mass before sampling (Mpr.) divided

by average ECAG sampling volume (Vgcsg). The total aerosol
mass concentration for each e-liquid formulation was calculated
by summing the calculated concentration values for all impactor
stages for a trial.

Mpost (mg) - Mpre (mg) * 1000 pg
Mstuge = 2)
VEcac (cm?) mg

Dose Modeling

Knowledge of particle size, coupled with physiological data
on respiratory tract characteristics (anatomy, ventilation
parameters), can be used to model dosimetry for e-cigarette
users. When known, the PSD of exhaled aerosol from e-cigarette
users can be used to model dosimetry for bystanders. Several
models exist for estimating particle deposition throughout the
respiratory tract, including computational fluid dynamics (CFD)
approaches, the International Commission for Radiological
Protection (ICRP) human respiratory tract model, and
the multiple path particle dosimetry model (MPPD) (34).
Among these models, the MPPD model is based on realistic

lung geometry, physiology and deposition mechanisms,
and it provides estimates of both the whole-lung and the
regional particle deposition fractions that were validated with
experimental data (34). Hence, for our purposes, the freely
available MPPD model (version 3.04, ARA) was used to
conceptually estimate regional and total particle deposition
throughout the respiratory tract of e-cigarette users and derive
an estimate of the exhaled particle fraction.

The mass fraction of particles that could deposit in the head
(H), tracheobronchial (TB), and pulmonary (P) regions were
estimated using in MPPD using the Yeh/Schum symmetric lung
model for an oronasal-mouth breather. This model was chosen
rather than oral-only inhalation because available evidence
indicates histological changes in the nasal cavity epithelial
lining and oral mucosal damage among e-cigarette users (6,
66, 67). Supplementary Table 1 summarizes the details of the
physiological parameters used for particle deposition modeling.
The total amount of particles that could deposit in the respiratory
tract was calculated by summing the H, TB, and P regional
deposition fractions. The mass fraction of particles that could
be exhaled by the e-cigarette user was conceptually estimated
as 1—total deposited fraction, to provide a rough indicator of
secondhand exposure potential (68).

It is important to note that the CFD, ICRP, and MPPD
models are intended for reasonably diluted non-volatile particles;
however, aerosol generated by e-cigarettes do not meet this
condition because the high number concentration produced by
a puff behaves as a “cloud” or bolus and droplets may change
in size via coagulation during mouth hold and/or absorption of
water, conductive heat and diffusive/convective vapor transport,
and dilution/mixing as they travel throughout the respiratory
tract, which in turn will affect estimates of the amount deposited
in a given region (19, 20, 59). Hence, estimates of particle
deposition in the respiratory tract and subsequent exhalation
fraction provided herein are intended only to illustrate these
concepts and the numerical values reported should be interpreted
with caution.

Statistical Analyses

Data acquired from LFCI trials (n = 6 per e-liquid type)
were compared using least squares linear regression models and
Tukey’s HSD to account for multiple comparisons. Statistics were
computed using JMP 13.0 and SAS 9.4 (SAS Institute Inc., Cary,
NC) at o = 0.05 as the level of significance.

RESULTS

Table1 summarizes the mass-based aerosol characteristics
measured using a LFCI for each e-liquid. The mass of e-
liquid consumed ranged from 2,578 png/puff (30:70 PG:VG) to
3,971 pg/puft (70:30 PG:VG); amounts did not differ by e-
liquid type. The average aerosol mass concentration per puff
ranged from ~50 to over 90 wg/cm®. For the 70:30 PG:VG
e-liquids, the presence of flavorings and nicotine resulted in
significantly higher mass concentrations per puff compared with
the 70:30 PG:VG e-liquid. In general, variability (coefficient
of variation) in mass concentrations per puff were higher
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TABLE 1 | Influence of e-liquid formulation on mass-based aerosol characteristics measured using a low-flow cascade impactor (n = 6 trials/e-liquid).

E-liquid consumed (pg/puff)

Concentration per puff (Lg/cm?)

E-liquid Mean + SD CV (%) Mean + SD CV (%) MMAD (j.m) GSD
30:70 PGVG 3,906 + 1,233" 32 67.4 + 21.6MBC 32 0.93°8 1.43
30:70 PG:VG w/flavorings 2,578 + 451.3° 18 51.0 +7.8° 15 0.888 1.38
30:70 PG:VG w/nicotine 3,272 + 220.6" 6.7 84.5 + 22.7A 27 0.86° 1.36
70:30 PGVG 3,931 + 1,648" 42 51.7 £ 3.08¢ 1.00° 1.43
70:30 PG:VG w/flavorings 3,328 + 284.77 8.5 78.8 £ 5378 7 0.93°8 1.36
70:30 PG:VG w/nicotine 3,507 + 560.0° 16 90.3 + 19.54 22 0.91A8 1.38

SD, standard deviation; CV, coefficient of variation; MMAD, mass median aerodynamic diameter; GSD, geometric standard deviation; PG, propylene glycol; VG, vegetable glycerin.
Levels not connected by same letter (A, B, C) are significantly different. For main effects on comparisons of MMADs, the absence of flavoring or nicotine in the humectant significantly
increased MIMADs of aerosol from e-liquids (p = 0.005). Also, significantly increased MMADs were observed for 70:30 PG:VG compared with aerosol from e-liquids prepared with

30:70 PG:VG (p = 0.017).

Humectants

#3070PGVG
=3070PGVG_FLAVORS
=:3070PGVG_NIC
---7030PGVG
=-7030PGVG_FLAVORS
=7030PGVG_NIC

2e+6

dN/dLogDp (#/cm3)
o
_i.
A

Oe+

FIGURE 2 | Particle number concentration by size for fast mobility particle sizer (FMPS) measurements. PG, propylene glycol; VG, vegetable glycerin; Nic, nicotine.

for 30:70 PG:VG e-liquids compared to the 70:30 PG:VG e-
liquids. The presence of flavorings or nicotine influenced particle
size, i.e, MMADs of aerosol from e-liquids that contained
humectants only were significantly larger compared with aerosol
from e-liquids that contained flavorings or nicotine (p =
0.005). MMADs were also influenced by the relative proportion
of humectants. Specifically, aerosols from e-liquids prepared
with 70:30 PG:VG had significantly larger MMADs compared

with aerosol from e-liquids prepared with 30:70 PG:VG
(p = 0.017).

Figures 2, 3 show the particle number concentration from
FMPS and SMPS measurements, respectively. Major peaks were
on the order of a few hundred nanometers for both instruments.
As summarized in Table2, CMD values from all mobility
sizer measurements were below 0.15um. The MMAD values
calculated from the FMPS data were all below 75 nm, and MMAD
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TABLE 2 | Number and calculated mass-based aerosol characteristics from fast mobility particle sizer (FMPS) and scanning mobility particle sizer (SMPS) measurements

(n = 6 trials/e-liquid).

FMPS SMPS
E-liquid CMD (m) GSD MMAD (.m) CMD (xm) GSD MMAD (j.m)
30:70 PG:VG 0.075 1.004 0.082 0.132 2.6 2.23
30:70 PG:VG w/flavorings 0.060 1.005 0.066 0.141 2.4 1.54
30:70 PG:VG w/nicotine 0.062 1.005 0.068 0.140 2.4 1.52
70:30 PG:VG 0.064 1.004 0.067 0.076 26 1.24
70:30 PG:VG w/flavorings 0.073 1.004 0.077 0.078 25 1.02
70:30 PG:VG w/nicotine 0.072 1.004 0.076 0.071 2.5 0.93

CMD, count median diameter; GSD, geometric standard deviation; MMAD, mass median aerodynamic diameter; PG, propylene glycol; VG, vegetable glycerin.

values calculated from the SMPS data ranged from 0.93 to
2.23 pm.

Figure 4 summarizes the regional and total particle deposition
estimates in the respiratory tract for each e-liquid that was
determined from the LFCI data and assuming a symmetrical lung
model. Though significant differences were observed in MMAD
values among some e-liquid formulations, regional and total
deposition estimates were similar, i.e., ~8-10% of particles will
deposit in the H region, 6% will deposit in the TB region, and 10-
12% will deposit in the P region, with total deposition of 23-27%.

Assuming that any undeposited aerosol is exhaled, the remainder
of particles could contribute to potential secondhand exposure.

DISCUSSION

The primary purpose of this study was to evaluate the hypothesis
that e-liquid composition (humectant ratio, flavorings, and
nicotine) influenced aerosol particle size. To test this hypothesis,
laboratory-prepared e-liquids and a reference second-generation
e-cigarette were used to generate aerosols that were sampled
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FIGURE 4 | Regional and total aerosol deposition in e-cigarette users and exhaled fraction by e-liquid (low-flow cascade impactor data). H, head region; TB,
tracheobronchial region; P, puimonary region; PG, propylene glycol; VG, vegetable glycerin.

using a LFCI to measure the mass-based aerosol PSD and real-
time instruments to monitor number-based PSD during puffing.
LFCI measurements indicated that humectant ratio influenced
PSD of laboratory-prepared e-liquids aerosolized using a second-
generation e-cigarette. In the current study, MMADs determined
using a LFCI were larger for e-liquids that contained a higher
proportion of PG (Table 1). This observed influence of PG
on mass-based PSD is consistent with a prior report (39),
but contrasts observations from other investigators that mass-
based particle size measured using impactors decreased as the
percentage of PG in the e-liquid increased (4, 7, 36, 58). The exact
reason for this divergence in experimental results is unknown
at this time but could be related to the hygroscopic and/or
volatility properties of the humectant constituents (33). The
presence of nicotine or flavorings yielded significantly smaller
MMADs (LFCI data) compared with e-liquids composed of
only humectants (Table 1). Larcombe et al. observed that for
VG-based e-liquids, particle size measured in situ with an
optical particle spectrometer was smaller in the presence of
nicotine (41). Other reports indicated that particle size for e-
liquids measured using an optical particle sizer or mobility
particle sizers increased in the presence of nicotine (33, 41, 42).
Some investigators have reported that the presence of nicotine
had no effect on particle size measured using mobility and
aerodynamic particle sizers or low-pressure impactors (8, 43—
47). Fuoco et al. observed that flavorings did not influence
PSD of aerosolized e-liquids (45), whereas Lechasseur et al.
reported that the presence of vanillin dramatically increased

number-based particle size (33). The reason for the observed
inconsistent influence of vanillin on PSD between our study
and Lechasseur et al. is unknown but could be related to the
measurement methods and/or the concentration of vanillin in
the tested e-liquids. In our study, the concentration of vanillin
in e-liquids was 0.3%, whereas in the Lechasseur et al. study,
the concentration of vanillin in e-liquids was 1%. It is difficult
to interpret the meaning of similarities and differences in results
from the current study with published literature. In the current
study, e-liquids were prepared in the laboratory to maintain
control over composition and a reference e-cigarette was used
to facilitate future replication of our work. However, even with
this standardization, inter-comparison of measurement among
studies is complicated because of differences in e-cigarette
device power settings, differences in experimental setups (e.g.,
amount of dilution air or puff topography), and differences
in aerosol monitoring approaches (e.g., the same sampler or
monitor operated under different conditions or use of different
samplers and monitors that measure PSD based on some
other principle).

MMADs measured using a LFCI ranged from 0.86 to
1.00 pm (Table 1) and importantly, were obtained with minimal
evaporative loss during sampling. These data are generally
consistent with MMADs reported in other studies that measured
PSD using a LFCI, e.g., Alderman et al. (0.5-0.6 um), Oldham et
al. (0.9-1.2 wm), Kane and Li (0.5-0.9 pwm) for various e-cigarette
devices, and Pourchez et al. (0.7-1.2wm) for various e-liquids
that were aerosolized at different power settings (4, 35, 36, 58).
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In contrast, Mikheev et al. reported MMADs of ~0.3 um for
several different flavored e-liquids and Baassiri et al. reported
MMAD:s that ranged from 2.3 to 3.6 um (7, 8). It is important
to note that it is difficult to inter-compare measurement
results among studies because other factors that could influence
PSD such as e-liquid composition (including purities and
impurities in commercial products) and e-cigarette generation
and device power settings were not standardized among studies
in the literature.

Despite significant differences in PSD determined among
e-liquid formulations (Table1), the modeled regional and
total aerosol particle deposition fractions in the respiratory
tract were similar (Figure4). Baassari et al. also noted
that despite influences of certain factors on aerosol PSD,
these variations might not translate to clinically important
differences in lung deposition patterns (7). Hence, when
modeling particle lung deposition, future efforts should be
placed on improving understanding of those consumable-
, device-, and user-related factors that have large impacts
on PSD (ie., sufficient to alter estimates of respiratory
tract deposition).

MMAD:s calculated from the SMPS data (Table 2) tended to be
smaller for e-liquids prepared using 70:30 PG:VG compared with
e-liquids prepared using 30:70 PG:VG. PG has a lower boiling
point and higher vapor pressure compared with VG, so more of
the 70:30 PG:VG e-liquids evaporated, yielding relatively smaller
MMAD:s. For the e-liquids with prepared with 30:70 PG:VG, the
higher boiling point and vapor pressure of VG would translate
into less evaporation, yielding relatively larger MMAD values.
In general, MMADs calculated from the SMPS data (Table 2)
tended to be similar or larger to MMADs measured without
dilution using a LECI (Table 1). This observation was somewhat
surprising given the need for dilution air to sample aerosol using
the SMPS and likely reflects the larger GSD of the SMPS data
(~2.5 for all e-liquids) compared with the GSD of the LFCI
data (~1.4 for all e-liquids). From the Hatch-Choate equation
(Equation 1), conversion of CMD values from the SMPS to
MMD values depends on Ln(GSD)?, so a larger GSD will yield
a larger calculated MMD value. All MMAD:s calculated from the
FMPS data were below 75 nm and were monodisperse, i.e., GSDs
< 1.005 (Table 2). Both the FMPS and SMPS sampled diluted
aerosol with sheath flow of, respectively, 40 and 10 LPM, though
the inlet sampling flowrate of the FMPS was 10 LPM compared
with the SMPS at 0.3 LPM, which resulted in more dilution
(400x compared with 3x) of the sampled aerosol (Figure 1).
These data illustrate that the high dilution of the e-cigarette
aerosol necessary for measurement using an FMPS and the
high sampling flow rate of this instrument resulted in extensive
evaporation independent of humectant composition to the point
where only the non-volatile components of droplets remained
during measurement. Previously, Ingebrethsen et al. reported
that average particle diameters determined for e-cigarette
aerosols by an electrical mobility sizer were ~50 nm, which was
believed to result from almost complete particle evaporation
at the dilution levels and conditions of their measurements
(60). Mikheev et al. (63) also observed that e-cigarette aerosol
particles contained both volatile and less volatile compounds and

when the volatile compounds evaporated at high sampling flow
rates and dilution using a mobility sizer, the remaining particles
were nanoparticles.

Based on our dosimetry modeling using the LFCI data, it
was estimated that ~75% of aerosol particles breathed in by
a user could be exhaled and serve as a source of secondhand
exposure (Figure4). Similarly, Sundahl et al. (68) modeled
nicotine deposition in the respiratory tract of e-cigarette users
and reported that 75-90% of nicotine droplets would be
exhaled into the surrounding atmosphere. Dosimetry studies
on secondhand exposure to e-cigarette aerosols are scarce (6).
One study used a smoking machine to generate aerosol from
an e-cigarette and measured PSD in situ using laser diffraction.
The authors used the PSD data to model passive exposure and
predicted total respiratory deposition of 15-30% (of which, 7-
10% was in the P region) to a bystander (69). Note that in
this study design, changes in aerosol PSD during inhalation
and exhalation were not captured by using a smoking machine.
Another study had e-cigarette users exhale aerosol in a room and
measured PSD at a distance of 2 meters away using a FMPS to
simulate a bystander; based on size distribution measurements,
the authors predicted 20% of particles would deposit in the
H region, 32% in the TB region, and 48% in the P region
of a passively exposed person (70). As demonstrated in the
current study, e-cigarette aerosol size values determined using
a FMPS were likely smaller than in situ because of extensive
evaporation of volatile constituents during sampling, which in
turn, could yield higher estimates of regional particle deposition
throughout the respiratory tract. Regardless, the data presented
herein, and these cited studies conceptually support the potential
for secondhand exposure from e-cigarettes to bystanders in
homes and employees in workplace settings; however, estimates
of magnitude should be interpreted with caution because
aerosol PSD input to these dosimetry models were strongly
influenced by the choice of sampling method and modeling
required the assumption that e-cigarette aerosol behaved as
non-volatile particles.

Study Limitations

The current study used MPPD to conceptually demonstrate
particle deposition in the respiratory tract of an e-cigarette
user and estimate the exhaled fraction, which could serve as a
source of secondhand exposure to bystanders. It is important to
understand that models for non-volatile aerosols such as MPPD
are not suitable for making accurate predictions of e-cigarette
deposition in the respiratory tract (69). Recently, investigators
have developed dynamic models for e-cigarette aerosols that
contain volatile constituents (19, 20, 59). These dynamic models
account for the high number concentration produced by an e-
cigarette puff, the cloud behavior of aerosol that can change PSD
via coagulation during mouth hold (i.e., increase in particle size
and decrease in particle number), hygroscopic growth of droplets
from absorption of water in the humid environment of the
lung, conductive heat and diffusive/convective vapor transport
of volatile constituents, and dilution/mixing in residual air in
the lung as particles travel throughout the respiratory tract.
Additionally, droplet chemistry is an important factor because

Frontiers in Public Health | www.frontiersin.org

March 2022 | Volume 10 | Article 782068


https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

Stefaniak et al.

Aerosol Size and Dose Modeling

the thermodynamics of vapor-liquid partitioning of constituents
has a major influence on the deposition characteristics of
vapor constituents in the respiratory tract. Several studies have
demonstrated that droplet chemistry varies with PG:VG ratio
(54, 71, 72). Hence, for e-cigarette aerosol, dosimetry modeling
based on PSD alone is insufficient to accurately predict the fate of
inhaled particles (59).

By accounting for both physical and chemical factors, dynamic
models can be applied to realistic scenarios for e-cigarette use,
i.e., puff withdrawal into the oral cavity, mouth hold, dilution of
the e-cigarette puff in the mouth with the subsequent dilution
from inhaled air, inhalation of the diluted puff into the lower
respiratory tract, lung-hold, and exhalation of aerosol into the
surrounding air (19, 59). Results of dynamic modeling indicated
that particle size gets progressively larger as aerosol travels from
puff withdrawal from the e-cigarette into the oral cavity (smallest
particle size) to after puff to mouth hold to reaching the alveolar
region to exhaled fraction (largest particle size); the smallest
particles will coagulate during the puffing and mouth hold phases
and grow in size (19, 20, 59). As these particles travel through
the lungs, their size will continue to grow from absorption of
water in the humid lung, and the net effect is that exhaled
particles will be larger than inhaled particles (19, 20, 59). This
growth in particle size has implications for dosimetry modeling
for e-cigarette users and for secondhand exposure potential.
For example, modeling by Asgharian et al. indicated that for a
1 wm e-cigarette aerosol particle (similar to the size reported in
Table 1), total deposition calculated using a dynamic model was
~85%; however, the total deposition predicted using an insoluble
particle model was ~35%. For the P region, the dynamic
model predicted 65% particle deposition, whereas the insoluble
model predicted 25% particle deposition (19). Assuming that
all the non-deposited particles are exhaled, the dynamic model
indicated ~15% of particles would be available for secondhand
exposure, whereas the insoluble model indicated 65% of particles
could be a source of secondhand exposure (similar to our
results presented in Figure 4). Pichelstorfer et al. (20) also
compared dynamic and insoluble particle models and reported
that dynamic models yielded median number-based and mass-
based particle sizes that were 242 and 466% larger than situations
where dynamics were ignored, which again means that the actual
amount deposited would be higher than predicted using a non-
volatile particle model. The primary reason for this difference in
deposition predictions between dynamic and insoluble models
is the volatility of e-cigarette aerosol constituents and the
corresponding contribution to deposition from vapor uptake,
which were not accounted for in the insoluble particle models
(19). Currently, these dynamic models are not yet widely available
for use by the research community though it is expected that
in the future, if available, their use will be adopted to improve
dosimetry estimates.

Finally, it is worth noting that in the current work, we
only focused on the influence of consumable-related factors on
aerosol PSD, though it is recognized that device- and user-
related factors can also influence aerosol particle size. For
example, PSD is reported to be influenced by device coil power
setting and temperature (4, 33, 39, 62) as well as puff flow
rate (8, 35, 73).

SUMMARY

Laboratory-prepared e-liquids and a second-generation
reference e-cigarette were used to test the hypothesis that
e-liquid composition (humectant ratio, flavorings, and nicotine)
influenced aerosol PSD. Results from LFCI measurements
demonstrated that the proportion of humectants and the
presence of nicotine or flavorings significantly influenced
MMAD values; however, these differences did not translate
into meaningful differences in estimates of regional particle
deposition throughout the respiratory tract of e-cigarette users.
Notably, use of a LFCI permitted determination of mass-based
MMADs with minimal bias from evaporation during sampling.
In contrast, monitoring using a FMPS demonstrated significant
evaporation of volatile aerosol particle constituents, which
yielded PSDs that were an order of magnitude smaller than
the native state of droplets produced during puffing. This
improved method to characterize physical properties of volatile
aerosol particles yielded MMAD values more representative of
e-cigarette aerosol in situ, which in turn, can help to improve
validity of size distribution values input to dosimetry models to
estimate exposures to users and bystanders. Particle deposition
modeling assuming non-volatile particles conceptually supported
the premise that e-cigarettes can be a source of secondhand
exposure to persons in proximity to users, whether at home,
in a vehicle, or in a workplace. Use of a model developed for
non-volatile aerosol particles precluded accurate estimation
of the magnitude of aerosol deposition in the respiratory tract
of users and the exhaled fraction that could serve a source of
secondhand exposure. As dynamic models become more readily
available to researchers, understanding of the fate of aerosol
generated by e-cigarettes will improve.
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