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Abstract

Puff Bar™, one of the latest designs of e-cigarettes, heats a mixture of liquid using a
battery-powered coil at certain temperatures to emit aerosol. This study presents a mass-based
characterization of emissions from seven flavors of Puff Bar™ devices by aerosolizing with three
puff topographies [(puff volume: 55 < 65 < 75-mL) within 4-seconds at 30-seconds interval]. We
evaluated the effects of puff topographies on heating temperatures; characterized particles using

a cascade impactor; and measured volatile carbonyl compounds (VCCs). Modeled dosimetry and
calculated mass median aerodynamic diameters (MMADS) were used to estimate regional, total
respiratory deposition of the inhaled aerosol and exhaled fractions that could pose secondhand
exposure risk. Temperatures of Puff Bar™ e-liquids increased with increasing puff volumes:
55mL (116.6 °C), 65 mL (128.3 °C), and 75mL (168.9 °C). Flavor types significantly influenced
MMADs, total mass of particles, and VCCs (ug/puff: 2.15-2.30) in Puff Bar™" emissions (p <
0.05). Increasing puff volume (mL:55 < 65 < 75) significantly increased total mass (mg/puff:

4.6 < 5.6 < 6.2) of particles without substantially changing MMADs (~1um:1.02~0.99~0.98).
Aerosol emissions were estimated to deposit in the pulmonary region of e-cigarette user (41—
44%), which could have toxicological importance. More than 2/3 (67-77%) of inhaled particles
were estimated to be exhaled by users, which could affect bystanders. The VCCs measured
contained carcinogens—formaldehyde (29.6%) and acetaldehyde (16.4%)—as well as respiratory
irritants: acetone (23.9%), isovaleraldehyde (14.5%), and acrolein (4.9%). As Puff Bar™ emissions
contain respirable particles and harmful chemicals, efforts should be made to minimize exposures,
especially in indoor settings where people (including vulnerable populations) spend most of their
life-time.
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1. Introduction

Electronic cigarettes or vaping products (EVPs) operate by heating a liquid (“e-liquid™)

to generate an aerosol that a user inhales (a portion of which is subsequently exhaled).

This aerosol consists of liquid droplets (i.e., particles) and gases (i.e., chemicals) in air.
Since their introduction in 2007, EVP design types have been under-going subsequent
modifications (i.e., “generations™); current fourth generation EVPs are characterized by their
pod-style design in which the e-liquid is housed in a disposable pod (e.g., JUULV® brand
type) (Stefaniak et al. 2021). In February 2020, the U.S. Food and Drug Association (FDA)
restricted the sale of flavored pods other than those with menthol and tobacco flavor (US
FDA, 2020). Although this ban impacted pod-based EVPs such as JUULV® brand devices, it
did not cover disposable EVPS that contain flavored e-liquids such as Puff Bars™ (Dai and
Hao 2020). In June 2022, FDA denied authorization to market and ordered the removal of all
JUULV® products from the U.S. market (US FDA, 2022). These enforcements might further
increase usages of pod-alternative and non-regulated EVP devices like Puff Bars™ that offer
an e-liquid variety of over 100 flavor types (https://puffbar.com/).

EVP emissions are not only harmful to device users, but can also compromise indoor air
quality (1AQ) when users exhale, thereby posing a secondhand exposure risk (Li et al.

2020; Fernandez et al. 2015; Avino et al. 2018; Tzortzi et al. 2020; McClelland et al.

2021; Johnson et al. 2019). According to Kleipes et al., people spend large proportions

of time indoors at home or in cars (Klepeis et al. 2001). Indoor EVPs use potentially

creates a secondhand exposure risk to occupants (Logue et al. 2017; Khachatoorian et al.
2022). Secondhand exposures to EVP emissions have been documented in retail shops,
conventions, and other workplaces (Johnson et al. 2019; Khachatoorian et al. 2022; Li et

al. 2021). Studies documenting EVP use at some indoor workplaces in the United States
have demonstrated reduced productivity among non-users due to exposure to EVP emissions
(Romberg et al. 2021; MMWR 2019). These emissions can contain considerable amounts of
micrometer (um)-sized particles and toxicants, including carcinogenic (e.g., formaldehyde,
acetaldehyde) as well as irritant (e.g., acetone and acrolein) carbonyl compounds (Stefaniak
et al. 2021; Li et al. 2021). Exposure to volatile carbonyl compounds (VVCCs), which

are associated with epithelial and mucosal damages in airways and immune response
disruptions, have also been reported in primary EVP emissions (Stefaniak et al. 2021;
Merecz-Sadowska et al. 2020; Hwang et al. 2016).

Characteristics of emissions in fourth generation EVP devices are dependent on many
factors, including design type (e.g., pods or bars), e-liquid composition (e.g., density,
proportion of polypropylene glycerin [PG] and vegetable glycerol [VG], diluents, flavor
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types, or additives in humectants) and users’ puffing behavior (i.e., puff topography)

(Talih et al. 2019, 2020; Stefaniak et al. 2022; Ranpara et al. 2021b; Robinson et al.

2018). By heating either coil or wick, the temperature that aerosolizes flavored e-liquid

has been reported as an influential operating parameter that affects physical and chemical
characteristics of fourth generation EVP emissions (Margham et al. 2016; McAdam et

al. 2019; Li et al. 2021; Manigrasso et al. 2021; Lechasseur et al. 2019). Physical
characterization of EVP emissions, especially particle size distribution (PSD), is critical

to evaluate respiratory deposition when an EVP user inhales emitted aerosols. Puffing
volume (or puff flow rate) has been reported as an influential, modifiable factor that impacts
PSD and the regional lung deposition on inhalation from pod-based EVP emissions with
laboratory-based JUULV® alike e-liquids (Ranpara et al. 2021b). In that study, along with
influence of different flavor type JUULV® e-liquids on PSD, approximately 50-70% of
inhaled particles by JUULV® users were calculated to be exhaled (and potentially serve as
a secondhand exposure risk), which was consistent with studies of earlier generation EVP
(Ranpara et al. 2021b). However, environmental chamber studies conducted using human
exhaled breath evaluation with other EVP device type, puff topography, and experimental
set up differed from these mathematical predictions (Oldham et al. 2021a, 2021b). Son et al.
documented harmful VCC emissions when various flavored e-liquids were aerosolized using
previous (e.g., cig-a-like, top-coil, ‘mod’) and current (e.g., ‘pod’) generation EVP devices
at different puff volumes and temperatures (Son et al. 2020).

This study focuses, how aerosol generation and characteristics from Puff Bar™" devices are
impacted by changes in puff volume and subsequent flow rate (constant puff duration).
Specifically, we investigated the influence of puff volumes on 1) temperature that
aerosolizes e-liquids; 2) mass-based particle characterization (total mass/puff and PSD);
and 3) mass-based VCC characterization (total mass/puff, and their relative proportion) in
emissions.

2. Materials and methods

2.1. Puff bar™

We studied seven types of fruit flavored Puff Bar™ e-liquids (Wilmington, DE) The e-liquids
contained 5% nicotine and were currently or previously available in the market out of more
than 100 original flavors offered by the company (https://puffbar.com/). The seven flavors
included Cucumber, Grape, Melon Ice, Orange-Mango-Guava (OMG), Pomegranate, Sour
Apple, and Strawberry. The manufacturer reported the Puff Bar™ device contained 1.3
milliliter (mL) of e-liquid which allowed for ~300 puffs per device. We conducted three
independent measurements to calculate the density in grams per mL (g/mL) of e-liquids by
measuring the gravimetric mass at a volume of 200 microliter (ul) as previously described
(Ranpara et al. 2021b). Puff Bar™ devices were purchased online from the company (https:/
puffbar.com/) in February 2021 with shelf life of 1-2 years. Puff Bar™ device were stored

at laboratory conditions at 22.1 °C and 22.6% relative humidity with less than 5% relative
standard deviation. Duration between acquisition and testing for herein studied experiments
was less than 9 months. To avoid artificial elevation of coil temperature, first five puffs were
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excluded prior to considering measurements for evaluating temperatures, as well as particle
and chemical characterization described in experimental set up below.

2.2. Experimental set up

An automated e-cigarette aerosol generator (ECAG+, e~Aerosols LLC, Central Valley,

NY, USA) was programmed to aerosolize Puff Bar™ e-liquids. The ECAG+ works using
positive pressure to aerosolize e-liquids; the EVP device is connected perpendicular to the
generator to mimic an upright smoking position. Prior to conducting trials and recording
measurements, each Puff Bar™ was puffed five times to ensure the coil was consistently
heated at the calibrated puff topography. As a puff-flow-activated EVP, the modifiable Puff
Bar™ factor was the puff flow rate (by varying puff volume or puff duration or both), which
activates the coil to heat the e-liquid and create an aerosol that is inhaled by the user.

In accordance with 1ISO method and modified CORESTA 81 method, three puff volumes
were studied—55, 65, and 75mL—uwith fixed 4-second puff durations (rather than the
CORESTA specified 3s duration). Each puff was 30 seconds apart (puff interval) (Ranpara et
al. 2021b; 1SO 20768, 2018; CORESTA 2015). To achieve these puff volumes with a fixed
4-second puff duration, the puff flow rates in liters per minute (LPM) were: 0.8 £ 0.002,

1.0 £0.002, and 1.1 + 0.001, respectively and were calibrated using a soap-bubble flow
meter (Borgwaldt KC GmbH, Hamburg, Germany) as a primary volumetric flow calibration
device.

2.3. Effect of puff volumes on temperature heating of puff bar™ e-liquids

Previous studies have utilized a thermocouple to measure the temperature of the EVP coil
that heats the wick soaked with e-liquid to form aerosol from various generations of EVP
devices (Zhao, Shu, et al. 2016; Zhao, Pyrgiotakis, et al. 2016; Chen et al. 2018; Manigrasso
et al. 2021; Lechasseur et al. 2019). Figure 1 shows a disassembled Puff Bar™. To maintain
device integrity while measuring temperature during aerosolization of an e-liquid for each
puff profile, we removed only the mouthpiece of the Puff Bar™ and placed the probe as
close as possible to the coil (without contacting it) using a type-K thermocouple (Model#
4233, Fisher Scientific, Pittsburgh, PA, USA,; error: £2.2 °C). All tests were conducted under
ambient environment in a laboratory at 22.1 °C and 22.6% relative humidity with relative
standard deviation <5%. As illustrated in the schematic of the experimental setup (Figure
2a), three separate measurements (n = 3) for maximum temperature were recorded when all
the flavored Puff Bar™ e-liquids (other than Grape) aerosolized at each puff flow rate.

2.4. Mass-based particle characterization and dosimetric estimates

Previous studies have emphasized mass-based PSD of EVP aerosols as an influential

factor for estimating their regional respiratory deposition during inhalation and exhalation
(Sosnowski and Kramek-Romanowska 2016; Rostami, Samuel, and Pithawalla 2018;
Oldham et al. 2018; Zhao et al. 2018). Though critical, determining the PSD of

EVP aerosols is complex because these liquid droplets contain, and are, suspended in
volatile chemicals meaning their innate size can change during sampling and in the
respiratory tract depending on various conditions, such as evaporation, hygroscopic growth,
and thermodynamic behavior (Asgharian et al. 2018a, 2018b; Sosnowski and Kramek-
Romanowska 2016; Pankow 2017; Pankow et al. 2018). Changes in PSD from sampling
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conditions (e.g., high flow rates that induce evaporation) or from aerosol behavior in the
respiratory tract (e.g., bolus effects, hygrosocopic growth) can translate into uncertainty

in predictions of regional particle deposition. Changes in PSD from sampling conditions

can be controlled by the experimental setup. As in prior studies by our group and others,
EVP aerosol were sampled using a cascade impactor to maintain the native properties of

the aerosol intact (Zhao, Pyrgiotakis, et al. 2016; Ranpara et al. 20214, b; Oldham et al.
2018; Kane and Li 2021; Pourchez et al. 2018). Figure 2b shows a schematic of our testing
apparatus used to evaluate mass-based PSD with minimal dilution to sample total EVP
aerosol constituting particles and chemicals such as VCCs. Using the experimental set up,
no significant statistical deviations in mass-based aerodynamic diameters were observed by
aerosolizing e-liquids at different puff volumes (mL: 55, 65, and 75) at 7.5W with pod-based
EVP device (Ranpara et al. 2021b). A MiniMOUDI™ (MSP Corporation, Shoreview, MN,
USA) cascade impactor was used to size-fractionate EVP aerosols (size range: 0.056-10
um) at a sampling flow rate of 2.0 LPM. Three trials with two puffs per trial were conducted
for each Puff Bar™ flavor type. The self-powered Puff Bar™ and ECAG+forced emitted
EVP aerosols with the established puff topography directly into the MiniMOUDI™. While
the ECAG+ was operating at the specified puff topography, the rest of the MiniMOUDI™
sampling flow rate of 2.0 LPM entered from a bypass air flow that passed through a
high-efficiency particulate air filter (HEPA; Whatman® Schleicher & Schuell; Stockbridge,
GA, USA).

Knowledge of mass-based PSD (MMAD: mass median aerodynamic diameter; GSD:
geometric standard deviation), coupled with physiological information of respiratory

tract characteristics (anatomy, ventilation parameters), can be used to model dosimetry

for EVP users (Rostami, Samuel, and Pithawalla 2018; Oldham et al. 2018). Among

existed dosimetry models (e.g., computational fluid dynamics approaches, the International
Commission for Radiological Protection human respiratory tract model, and multiple path
particle dosimetry model (MPPD)), the MPPD maodel 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 (Li
et al. 2021). Hence, for our purposes, the freely available MPPD model (version 3.04, ARA,
Albuquerque, NM, USA) was considered to conceptually illustrate regional and total particle
deposition throughout the respiratory tract of e-cigarette users and derive an estimate of

the exhaled fraction. It is important to note that MPPD can be been modified to account

for the thermodynamic behavior of EVP aerosol in the respiratory tract (Asgharian et al.
2018a, 2018b); however, this version of the program is not yet publicly available. As such,
estimated numerical values reported herein using the current free version of MPPD should
be interpreted with caution.

The fraction of particles deposited in the respiratory tract was calculated based on a default
adult human symmetric model as an oronasal mouth breather (the Yeh—Schum model) in
an upright position. MPPD (version 3.04) uses empirically-derived equations to provide
deposition estimates for aerosols inhaled via the nose and mouth, which is characteristic
breathing pattern of traditional cigarette smokers or EVP users (i.e., oro-nasal breathing).
Additionally, MPPD calculates specific details of regional deposition in the lungs (e.g.,
regional, total, lobar, airway generation levels) in different species such as human, rats, and
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mice. Therefore, researchers (e.g., toxicologist) can replicate the inputs and correlate the
interpretations of our results with existing literature as well as across the future studies with
human or animal participants for exposure assessments. Regional depositions were reported
as mass deposited in the head, tracheobronchial (TB), and pulmonary regions, so estimated
results correspond with the results from realistic lung structures in accordance to upright
smoking positions depicted in experiment set up (section 2.2). Total inhaled respiratory
deposition fractions were calculated by summing the regional (the head, TB and pulmonary)
deposition fractions. The fraction of the aerosol exhaled by an EVP user was estimated as 1
minus the total inhaled deposited fraction.

2.5. Mass-based chemical characterization of puff bar™ emissions

As shown in Figure 2c, we measured 14 chemicals emitted from Puff Bar™ on 2,4-
dinitrophenylhydrazine (DNPH)-coated silica gel tubes (catalog # 226-119-7: SKC Inc.,
Eight Four, PA, USA) at a flow rate of 1.5 LPM using EPA method TO-11A. The
self-powered Puff Bar™ and ECAG+ forced emitted chemicals with the established puff
topography into the DNPH tube. While the ECAG+ was operating at determined puff
topography, the rest of the sampling flow rate of 1.5 LPM entered from a bypass air flow
that was dried and cleaned using a Drierite gas purifier (W.A. Hammond drierite company
LTD, Xenia, OH, USA) and molecular sieve (Sigma-Aldrich CO, St. Louis, MO, USA).

We conducted a sensitivity analysis for assessing these chemicals from Puff Bar™ emissions
at various conditions such as different puff numbers (2, 3, 4, and 5) within 3 min, and
different puffing durations (minutes: 5, 6, 7, and 8) (online supplementary information [SI]
Figures S1A and B). Based on this analysis, we chose 3 trials each with 3 puffs within 3 min
per trial to assess emissions from each Puff Bar™ flavor type using 3 puff topographies. We
focused on 8 of the 14 chemicals analyzed (see Table 1 for chemical information) because
the other six VCCs (benzaldehyde, butyraldehyde, crotonaldehyde, hexaldehyde, pentanal
(valeraldehyde), and 2,5-dimethylbenzaldehyde) were below detection limits or reported as
consistently less than 1% of total mass of chemicals for more than 3 puffs within 3 min

of sampling in our sensitivity analysis (Figures S1A and B). The total mass of VCCs was
calculated by summing the masses of all eight individual VCCs quantified in the Puff Bar™
emissions. The proportion of individual VCCs out of total mass of chemicals evaluated in
percentages (% = mass of chemical/total mass of chemicals) was also calculated. Total mass
and proportion of VCCs in the emission of all trials with Puff Bar™ for puff volume 55, 65,
and 75 mL were presented in the Sl, Tables S4-6.

2.6. Statistical analysis

Data were log-transformed and managed using JMP 15.1.0 (SAS Institute, Inc., Cary, NC,
USA). Deposited mass (in milligrams [mg]) of EVP aerosols for each impactor stage of the
MiniMOUDI™ was calculated by measuring the aluminum substrate before (pre-) and after
(post-) sampling. Trials were performed in triplicate (n = 3 per Puff Bar™ type per puff
volume). Significant differences (p < 0.05) between MMADSs (1m), total mass of aerosol
(mg/puff), and total mass of VCCs (ug/puff) were determined using an ANOVA and Tukey’s
HSD for multiple comparisons. These regression models investigated how puff volumes and
flavor types affected the total mass of aerosol, MMAD, and total mass of chemicals. Average
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and standard deviations (SD) for triplicate measurements were considered for total mass of
aerosol (mg/puff) and MMAD (um) when flavored Puff Bar™ e-liquids were aerosolized
with 55-, 65-, and 75- mL puff volumes. Total mass of aerosol, mass-based PSD, and lung
deposition of all trials with Puff Bar™ for puff volume 55, 65, and 75 mL were presented
in the SI, Tables S1-S3. For particle characterization, SD indicates variability in triplicate
MMAD measurements and GSD indicates width of PSD. We studied the influence of puff
volume on temperature (Section 2.3 and Figure 2a) separately from the characterization
of emissions for particles (Section 2.4 and Figure 2a) and for chemicals (Section 2.5 and
Figure 2¢). Therefore, we did not evaluate the association between temperature and the
characterized emission for particles (total mass of aerosols, MMAD) and chemicals (total
mass of VCCs).

3. Results

3.1. Influence of puff volume on temperature of e-liquids

When flavored Puff Bar™ e-liquids were aerosolized at three puff volumes (mL: 55, 65, and
75), corresponding temperatures of the flavored e-liquids ranged from 85 °C to 250 °C, with
an average = SD of 140.9 + 44.6 °C. We observed a significant influence of puff volume (p
< 0.05), but not of flavor type, on the heated temperature of e-liquids. Specifically, a 75mL
puff volume (168.9 °C) was significantly different than a 55mL (116.6 °C) or a 65mL (128.3
°C) puff volume. However, we did not observe a significant difference in temperature of
e-liquids between 55mL and 65mL puff volumes.

3.2. Influence of puff volume and flavor type on particle emissions

Table 2 shows comparisons of e-liquid densities, total mass (mg/puff), MMAD (um: average
+ SD of three trials), and average GSD of flavored Puff Bar™ e-liquids when aerosolized
using three puff volumes. Density of the flavored Puff Bar™ e-liquids ranged from 1.08
g/mL (Cucumber) to 1.23 g/mL (Strawberry) with an average £ SD (g/mL: 1.14 + 0.1). We
observed significant influences of puff volumes (p < 0.001) and flavor type (p < 0.0001)

on total mass of emitted aerosols. Tukey’s HSD revealed significant differences (p < 0.05)
in total mass of aerosols emitted between puff volumes of 55mL (4.6 mg/puff) and 75mL
(6.2 mg/puff), as well as between 55mL (4.6 mg/puff) and 65mL (5.6 mg/puff) but not
between 65mL and 75mL. Overall, we noticed greater total mass emissions with increasing
puff volumes (55mL: 4.6 mg/puff, 65mL: 5.6 mg/puff, and 75mL: 6.2 mg/puff), except for
the flavor OMG (65mL.: 4.67 mg/puff, 75mL.: 4.31 mg/puff).

An MMAD particle size of approximately 1 um was observed regardless of puff volume (55
mL: 1.02 pm, 65 mL: 0.99 pm, and 75 mL: 0.98 um). Additionally, we observed comparable
GSD measurements among puff volumes (55 mL: 1.50, 65 mL: 1.42, and 75 mL: 1.39). We
observed significant influences of puff volume and flavor type (p < 0.0001) on MMADSs

of emitted particles. We only observed significant differences in MMADs between 55mL
(1.02 um £ 0.05) and 75 mL (0.98 pm + 0.07) puff volumes, but this small difference of
0.04 um did not affect regional dosimetry estimates for aerosol deposition in the respiratory
tract (see Section 3.3). The greatest average MMAD + SD (1.12 ym + 0.02) and GSD (1.69)
resulted with 55 mL puff volume aerosolizing Grape flavor. The smallest average MMAD +
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SD (0.87 um £ 0.02) and GSD (1.23) were measured when aerosolizing Melon Ice flavor at
75mL puff volume.

3.3. Dosimetry estimates for puff bar™ emissions

Based on MMAD and GSD, dosimery estimates resulted in similar total and regional
respiratory tract depositions, which translated to similar exhaled fractions (Table 2).
Comparing the three puff volumes, a wider range in the estimated total respiratory
deposition was observed at 55mL (26—-33%) and 75mL (23— 30%) compared to 65mL
(24-28%). Hence, a greater puff volume coupled with smaller observed MMADs will,

upon inhalation, result in greater deposition in the pulmonary region, lower total respiratory
deposition, and therefore greater percentage of exhaled aerosol. For example, Melon Ice at
75-mL puff volume resulted in the smallest MMAD (0.87 pm £ 0.02), greatest pulmonary
region deposition (44%), lowest total respiratory deposition (23%), and greatest exhaled
aerosol estimates (77%). Generally, regional deposition estimates were comparable between
the 55mL (head: 36%, pulmonary: 43%) and 75mL (head: 35%, pulmonary: 43%) puff
volumes. Generally, increasing puff volumes resulted in subsequently smaller GSDs but
were estimated to deposit a similar percentage of aerosol in the head region. For example,
increasing puff volumes from 55mL (GSD: 1.50) to 65mL (GSD: 1.42) and 75mL (GSD:
1.39) resulted in smaller GSDs but estimated percentage of aerosol deposit in the head
region were similar (55 mL: 36%, 65 mL:35%, 75 mL: 34%). The Grape flavor at 55mL
puff volume had the greatest GSD (1.69) and greatest MMAD (1.12 4m + 0.02) and resulted
in the greatest predicted deposition in the head (39%). Overall, most (average 73% = 2) total
inhaled aerosols emitted from Puff Bar™ were estimated to be exhaled by users, which could
negatively impact 1AQ and pose a risk of secondhand exposure to bystanders.

3.4. Influence of puff volume and flavor type on chemical emissions

Figure 3 shows total mass (ug/puff) of eight out of fourteen VCCs emitted when flavored
Puff Bar™ e-liquids were aerosolized at three puff volumes. For brevity, the results of the
other six VCCs that contributed less to the total mass (as less than detection limits or
reported as consistently less than 1% of total mass of chemicals for more than 3 puffs within
3 min of sampling) are presented in the SI Figures S1A and B. Overall, flavor type but not
puff volume, resulted in significant differences in total mass of emitted VCCs. The smallest
and the largest total mass of VCCs were reported with the OMG flavor at 55mL (0.76
mg/puff + 0.09) and Strawberry at 75 mL (5.48 pg/puff + 0.48), respectively. Generally, the
total mass of VCCs emitted from different flavor types demonstrated non-linear patterns on
increasing puff volumes other than Strawberry and Cucumber. For Strawberry (55 mL: 3.38
pg/puff, 65 mL: 4.84 pg/puff, and 75 mL: 5.48 pg/puff) and Cucumber (55 mL: 1.27 pg/puff,
65 mL: 1.55 pg/puff, and 75 mL: 1.72 pg/puff), the total VCCs mass consistently increased
with increasing puff volumes.

To further address the influence of different flavors, the SI Figure S2 presents the total mass
of VCCs normalized by puff volume and number for comparability across different flavor
type. Generally, total VCCs (ug/ml/puff) for a given flavor e-liquid was reduced or remained
constant on increasing puff flow rate from 0.8 LPM to 1.1 LPM. The only exception was
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Strawberry, with which normalized total VCC increased when aerosolized from puff flow
rate 0.8 LPM (0.061 pg/mL/puff) to 1.0 LPM (0.074 pg/mL/puff).

The top five VCCs emitted by mass from Puff Bar™ e-liquids (ug/puff) are presented in
Figure 4. These five VCCs are carcinogens (formaldehyde [0.61 + 0.35] and acetaldehyde
[0.46 + 0.47]) and respiratory irritants (acetone [0.42 + 0.14], isovaleraldehyde [0.22 +
0.05], and acrolein [0.18 + 0.25]). Figure 5 shows the proportion of specific VCCs out of
the total mass of VCCs. The largest to smallest proportion of VVCCs for all flavors and puff
volumes were formaldehyde (29.6% + 0.12), acetone (23.9% + 0.09), acetaldehyde (16.4%
+ 0.09), isovaleraldehyde (14.5% % 0.08), and acrolein (5.0% + 0.05). We also noticed trace
amounts (less than 5.0% of the total) of other respiratory irritants such as propionaldehyde
(4.7% £ 0.04), 2-butanone (3.1% + 0.04), and total tolualde-hyde (2.3% = 0.02) (Sl Figures
S1A and B).

The mass and proportions of VCCs present in emissions from flavored Puff Bar™ e-liquids
varied nonlinearly by puff volumes. For example, the largest masses of acetaldehyde

(1.37 pg/puff) and formalde-hyde (1.36 pg/puff) were observed with 75mL puff volume

for Strawberry flavor but accounted for 25% of proportions for both VCCs. The largest
proportion of acetaldehyde (36%) and formaldehyde (55%) were observed with 55mL puff
volume for Grape and 65mL puff volume for Cucumber, respectively. The largest proportion
of acetone (44%) and isovaleralde-hyde (30%) were observed with OMG for 65mL and
75mL puff volumes. However, OMG had the smallest proportion of formaldehyde for all the
puff volumes (55, 65, and 75 mL). Similarly, with Grape flavor, acetaldehyde was greater

at 55mL (36%) compared to 65mL (11%) and 75mL (10%) puff volumes. However, for

the same Grape flavor, formaldehyde was smaller at 55mL (28%) puff volume compared to
65mL (46%) and 75mL (48%) puff volumes. The only observed statistical significance of
puff volumes on mass (ug/puff) of VCCs was for isovaleraldehyde. For this VCC, the mass
emitted at 55mL (0.21 pg/puff) was significantly smaller than the mass emitted at 75mL
(0.25 pg/puff), but not with the mass at 65mL (0.22 pg/puff).

4. Discussion

Even though the sale of flavored e-liquid containing pods (other than menthol and Tobacco)
have been restricted or completely banned, other fourth generation EVVP devices, especially
disposable Puff Bar™ prefilled with a variety of flavored e-liquids, continue to be available
and popular in the market in the United States (Dai and Hao 2020). To our knowledge,

this is the first controlled study assessing the effect of puff volume on Puff Bar™ e-liquid
temperature, aerosol and chemical emissions, and inhalation dosimetry evaluations of
different Puff Bar™ e-liquid flavors.

4.1. Puff volumes and flavor types influence mass-based aerosol emissions

For all Puff Bar™ flavors, the total mass of aerosol emitted increased with increasing

puff volume, i.e., (55mL (4.6 mg/puff), 65mL (5.6 mg/puff), 75mL (6.2 mg/puff)). We
observed higher puff volume (75mL compared with 55 mL, p < 0.05) emitted increased total
aerosol mass, ranging by flavor from 2.02 mg/puff to 7.73 mg/puff. Sampling 15 puffs with
4-second of puff durations with JUUL® e-liquids, Talih et al. (2019) reported comparable
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total mass of aerosols between JUUL® (2.59 + 0.1 mg/puff) and combustible cigarette (2.64
+ 0.1 mg/puff). Even with dissimilar puff topographies from Talih’s studies, greater (1.8—
2.4-fold) total aerosol mass per puff was observed in Puff Bar™" emissions (4.6-6.2 mg/puff)
compared with both JUUL® and combustible cigarette emissions (~2.6 mg/puff). Puffing
behavior (e.g., puff volumes, duration, frequency) crucially influence e-liquid heating
mechanics that eventually impact aerosol emissions (McAdam et al. 2019). Using a different
generation EVP (i.e., “cig-a-like” disposables), McAdam et al. (2019) concluded that airflow
(i.e., puff volume or rate) could not “heavily” impact aerosol generation at higher puff
volumes inside the relatively smaller volume of a cig-a-like device. In the current study,
though Puff Bar™ have a relatively smaller internal volume compared with the volume of

a puff, the mass of aerosol per puff increased only slightly (1.6 mg/puff) from 55mL to
75mL. At rapid puff flow rates, factors such as heating mechanics (cooling of the wick,
aerosol residence time, etc.) might explain our observation (Margham et al. (2016). Puff
Bar™ emissions resulted in similar MMADSs of approximately 1 zm at each puff volume.
The data here are generally consistent with MMADSs reported in other studies that use a
low-flow cascade impactor; for example, Oldham et al. (0.9-1.2 gm), Kane and Li (0.5-0.9
um) for various e-cigarette devices, and Pourchez et al. (0.7-1.2 um) for various e-liquids
that were aerosolized at different power settings. Though consistent, inter-comparisons
among studies are not straightforward because, along with different EVP generations, other
associated factors were not standardized across the studies such as sampling setup, e-liquid
composition (including PG:VVG proportions and impurities in commercial products), and e-
liquid heating parameters (Stefaniak et al. 2021). A more direct comparison of the influence
of puff volume and flavor types on PSD and dosimetry estimates from Puff Bar™ emissions
can be made with our previous publication on refillable pods and JUUL® brand EVPs
(same generation type), which used the same puff topographies (i.e., puff volumes using

55, 65, 75mL within a 4-second puff duration, and 30 second puff interval) and mass-based
sampling parameters for (Ranpara et al. 2021b). For Puff Bar™", we observed smaller sized
particles at greater puff volumes with significant differences between 55mL and 75mL.
Using JUUL® brand EVPs, we observed a similar trend in MMADSs when aerosolized using
the same puff topography (Ranpara et al. 2021b).

4.2. Modeled regional respiratory tract deposition and exhaled fractions

Along with e-liquid compositions, EVP user’s puffing behavior (e.g., puff volume, puff
duration, etc.), sampling conditions, physiological parameters such as mouth hold, inhalation
depth, temperature of oral cavity, anatomical variabilities of the lungs, and thermodynamic
behavior of EVP aerosol in the respiratory tract can affect modeled dosimetry estimates

of emitted aerosol (Asgharian et al. 2018a; Asgharian et al. 2018b; Ooi et al. 2019;
Pichelstorfer et al. 2021); however, the current freely available version 3.04 of MPPD
does not account for all of these relevant considerations. Recognizing these limitations,
similar with the computed deposition fractions demonstrated in Pichelstorfer et al. (2021),
our study showed that total particle mass fraction is preferentially deposited in the deeper
lung region (i.e., pulmonary and TB) of the lung during inhalation. In our previous study,
modeling predicted total respiratory tract deposition of JUUL® emissions of 28-47%
(Ranpara et al. 2021b), which is greater compared with results from the current study for
Puff Bar™ emissions (22-33%). However, within the respiratory tract, modeling predicted
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that a greater proportion of the total inhaled aerosol will deposit in the pulmonary region

for Puff Bar™ emissions (41-44%) compared with JUUL® emissions (30-37%) though
deposition in the TB region was similar (JUUL®: 18-23%, Puff Bar™': 20-24%). Overall,
more than 60% of the total inhaled particles from Puff Bar™ are predicted to deposit in

the pulmonary and TB regions, which might help to better understand respiratory health
effect endpoints reported in the literature (Cho and Paik 2016; Wang et al. 2016). Other

than herein considered dosimetric estimates for the Pulmonary region, a dynamic model that
accounts for changes in EVP aerosol properties predicted 65% particle deposition, whereas
an insoluble model that does not account for changes in EVPA aerosol properties predicted
25% particle deposition (Asgharian et al. 2018a). Pichelstorfer et al. (2021) 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 an insoluble model such as MPPD version 3.04. 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
(Asgharian et al.2018a, 2018b). 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 estimates: 67—77%). More than 2/3 of inhaled particles (67—77%)
are estimated to be exhaled by Puff Bar™ users. Similarly, Sundahl, Berg, and Svensson
(2017) reported that after inhalation from user, 75-90% of e-cigarette droplets containing
nicotine would be exhaled into the surrounding atmosphere.

These exhaled fractions estimated with Puff Bar™" emissions were greater compared with
that of JUUL® (52-64%) (Ranpara et al. 2021b). Exhaled fraction estimates from previous
JUUL® (Ranpara et al. 2021b) and NJOY top tanks (NJOY, Inc., Scottsdale, AZ) (Stefaniak
et al. 2022) based humectant research are consistent with Puff Bar™ (>70%) studied here at
puff volumes of 65 and 75 mL. Though our exhaled EVP aerosol estimation were limited to
particles only, other researchers have conducted exhaled breath studies to evaluate chemicals
including VCCs (Long 2014; St Helen et al. 2016; Samburova et al. 2018; Papaefstathiou

et al. 2020; Edmiston et al. 2021) as well as at real-world exposure scenario such as in

vape shop (Zwack, Stefaniak, and LeBouf 2017). Confirming significant amounts of VCCs
produced during e-cigarette emissions observed in laboratory studies (Gillman et al. 2016;
Jensen et al. 2015; Sleiman et al. 2016; Salamanca et al. 2018), Samburova et al. (2018)
concluded that concentrations of formaldehyde and acetaldehyde were higher (2—-125 times)
in exhaled e-cigarette aerosols than in background breath of e-cigarette users among 12
human participants. Other studies reported no incremental change or below detection limit
exposure levels of VCCs in exhaled e-cigarette aerosols, indicative of full deposition in

the respiratory tract of the user (Long 2014; Edmiston et al. 2021; Zwack, Stefaniak, and
LeBouf 2017).
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4.3. Flavor types, not puff volume, influenced mass-based VCCs emitted from puff bar™

Increasing puff volume (or flow rates) from 55mL (0.8 LPM) to 75mL (1.1 LPM) increased
(non-significantly) total mass of VCCs emitted from 2.15 to 2.30 ug/puff and this slight
increase (~0.15 pg/puff) was not significant at p < 0.05. Previously, Son et al. (2020)
reported that greater puff flow rates did not change carbonyl emissions for a cig-a-like and
JUUL® EVPs (p > 0.052). Talih et al. (2020) reported the total mass of VCCs with JUUL®
e-liquids as 1.63-1.71 pg/puff (Talih et al. 2020). Other than Strawberry and Pomegranate
(=3.3 pg/puff), the remaining flavor types of Puff Bar™ (Cucumber, OMG, Grape, Melon
Ice, and Sour Apple) emitted less than 2.02 pg/puff total VCCs for all puff volumes. Son et
al. (2020) also reported that cig-a-like EVP with a Grape-flavored e-liquid had lower VCC
emissions than other flavors. Similar to our findings characterizing Puff Bar™ chemical
emissions, other studies have demonstrated the influence of different flavor types on total
mass of emitted VCCs for different devices: JUUL® (Talih et al. 2019, 2020) and cig-a-like
EVP (Son et al. 2020). Studying a variety of Puff Bar™ flavors, Yogeswaran, Muthumalage,
and Rahman (2021) presented ROS concentrations varied within the same flavors (e.g.,
OMG) across different EVP brand types and with various flavored e-liquids in Puff Bar™
emissions. Influence of flavor types of e-liquids on emitted harmful chemicals is consistent
with Puff Bar™ emission characterization presented in this study.

After normalizing total VCC mass to puff volume and number (SI Figure S2), values

were reduced or remained constant (i.e., upon increasing puff flow rate from 0.8 LPM to

1.1 LPM) within same flavor type, except for Strawberry. Alteration in the trend without
normalization (Figure 3) for emitted total mass of VCCs for Strawberry and other studied
flavor types accounted for a significant influence of flavor type. In general, regardless

of puff volumes, total mass of VCC in Puff Bar™ emissions remained fairly constant

within a flavor type and was influenced significantly by flavor type. For example, after
normalization to puff volume and number, total mass of VCCs emitted with Cucumber
were similar (ug/mL/puff: 0.023~0.024~0.023) but considerably different than other flavor
types such as Strawberry (ug/mL/puff; 0.062~0.074~0.073). Margham et al. (2016) reported
that emissions of formaldehyde, acetaldehyde, and acrolein decreased with increasing

puff volume and suggested that increased flow rate at higher puff volumes reduced the
temperature of the wick or changes in aerosol residence time in previous generation EVP
(i.e., Vype ePen). In our study, total mass of VCCs (~0.15 pg/puff or ~0.01 pg/mL/puff)

in Puff Bar™ emissions slightly increased with higher puff volumes; this change was not
statistically significant (p < 0.05) and whether it is practically relevant (e.g., health relevant
levels of VCC deposition in the lung) is unknown at this time. Like evaluations of emissions
with previous generation EVP conducted in Margham et al. (2016), we observed that VCC
mass in Puff Bar™ emissions was not influenced by puff volume and puff number (SI Figure
S2).

Other studies have reported the formation of formaldehyde, acetaldehyde, propanol,
acrolein, acetone, and benzene by reactions (e.g., degradation) upon heating of PG:VG
e-liquids at different coil temperatures, with the proportion of carbonyls varying among EVP
devices, puff topographies, and e-liquid types (Margham et al. 2016; Ogunwale et al. 2017,
Qu et al. 2019; Sleiman et al. 2016). Evaluating VCC emissions from JUUL® e-liquids,
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Talih et al. 2019, 2020) found acetone (highest measured), acetaldehyde, formaldehyde,
methacrolein, and valeraldehyde to account for most of the mass proportion of total VCCs,
which is similar to our study results. Son et al. (2020 reported that fruit-flavored JUUL®
e-liquid generated more formaldehyde (ug/puff: 0.14 + 0.04) than other flavor JUUL®
e-liquids (ug/puff: 0.07-0.10). In our study, formaldehyde (1.36 pg/puff, 55%), acetone
(0.69 pg/puff, 44%) and acetaldehyde (1.37 pg/puff, 36%) had the greatest masses and
proportions of total VCCs in Puff Bar™ emissions at herein evaluated puff topographies.
The discrepancy between studies for the mass results of formaldehyde could be due to
difference in EVP device type, sampling methods, puff topographies, or experimental setups.
Even at different puff topography, fruit-flavored JUUL® generated the greatest mass of
formaldehyde compared with other flavor types (Son et al. 2020). Studying emission profiles
of flavored e-liquids in different EVP types, Klager et al. (2017) reported that the main VCC
exposures to EVP users are from formaldehyde and acetaldehyde, like we evaluated in our
study with Puff Bar™ emissions. The greater proportions of formal-dehyde observed in our
results are similar to those quantified by other research groups (Flora et al. 2016; Gillman

et al. 2016; Goniewicz et al. 2014; Jensen et al. 2015). Ooi et al. (2019) reported that levels
of acetaldehyde and acrolein were increased for e-liquids as VG content increased from 0 of
80%, and our results for Puff Bar™ (~70% VG) are consistent with their findings. Acrolein
(Son et al. 2020) and methacrolein (Talih et al. 2019, 2020) were previously reported

in JUUL® emissions and were quantified in the current study in Puff Bar™ emissions.
Isovaleraldehyde (as one of the top five VCCs) and other carbonyls measured in Puff

Bar™ emissions have also been found in emissions from tobacco combustible cigarettes and
flavored e-liquids of different EVP brands (Talih et al. 2019; Klager et al. 2017).

4.4, Contribution to the field of public health

Our findings demonstrate the potential impact of puff volume, and fruit flavor types on
Puff Bar™ emissions to EVP users and bystanders in indoor environments at occupational
or residential settings. Aerosolized fruit flavored e-liquid emissions, which contain more
carbonyls than unflavored e-liquids, have been shown to generate reactive oxygen species
that promote oxidative-stress induced damages in lung cells (Yogeswaran, Muthumalage,
and Rahman 2021). In addition to nicotine, the literature has demonstrated that numerous
chemicals (i.e., flavorings) and particles from EVP emissions impact body systems
besides the respiratory system such as brain function (Heldt et al. 2020; Ruszkiewicz

et al. 2020), even following short-term exposures (Kuntic et al. 2020), though much
remains to be understood on the systemic distribution of inhaled aerosols and chemicals.
Additionally, secondhand exposures to EVP emissions in indoor settings could pose
considerable health risks to nearby vulnerable populations, such as children with higher
breathing rates (Manigrasso et al. 2021) and pregnant women with hyperventilated breathing
patterns (LoMauro and Aliverti 2015). Like combustible tobacco cigarettes and other
EVP generations, exhaled Puff Bar™ emissions could compromise air quality in homes
and automobiles where people spend more than 80% of their lifetime. Our results with
Puff Bar™ emission characterization will serve as a foundation for future research with
exposure assessments and epidemiological studies required to further understand and
thereby, elucidate adverse health outcomes among EVP users and bystanders.
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4.5. Study limitations, assumptions, and challenges

In this study, we evaluated emissions from only seven types of Puff Bar™, and limited

the analysis to fruit flavors. The results of this study should not be extended to other Puff
Bar™ flavor types not tested because they might emit different amounts of aerosols or
chemicals even with the same experimental parameters. Another point to consider is that
e-liquid temperature and Puff Bar™" emissions were characterized in this experimental study
with three puff volumes (mL: 55, 65, and 75) at constant puff duration (4 seconds) and

puff interval (30 seconds), but other topographies could yield different results. The limited
number of puffs from each Puff Bar™" device were analyzed, with an assumption regarding
aerosol constituent levels to be reasonably constant throughout the emission from the
product. Translating results of laboratory studies performed using fixed puff parameters to
EVP user exposures becomes problematic because puff topography among EVP users varies
widely and influences emission profiles. The lack of a standardized protocol, other than
CORESTA Method 81 which likely does not reflect human consumption patterns, would
limit the generalizability in real-world scenarios and the comparability of our findings under
experimental parameters considered in this laboratory study with wide-scale EVVP-related
research (Stefaniak et al. 2021; Farsalinos et al. 2013).

Puff Bar™ design type does not allow the user to change the e-liquid heating temperature by
modifying the electric settings such as voltage and power applied to the coil. To maintain the
integrity of the Puff Bar™ devices, we conducted separate sets of experiments to measure the
temperature of the e-liquid during puffing and to characterize emissions while aerosolizing
e-liquids. Therefore, association between e-liquid temperature and emission characteristics
(i.e., total aerosol mass, PSD, total VCCs mass and their relative proportions) was not
analyzed in this study. The placement of the thermocouple could affect the measured
e-liquid temperature depending on its proximity to the coil.

We did not analyze the bulk composition of e-liquids (e.g., chemical constituents and
proportions) in Puff Bars™". Variations in sampling set ups as well as e-liquid formulation
could affect the characterization of particles and VCCs emitted when aerosolized. Clearance
of aerosols and chemicals during inhalation and exhalation process were not considered in
the dosimetry model and would likely affect the fraction of EVP emissions that are exhaled
by users. Possible deviations in particle mass measurements of MMAD due to hygroscopic
growth and evaporative loss were not evaluated in this study. Therefore, applicability of
MPPD which was designed for solid particles might present different results for the dynamic
VCCs from e-cigarette emission (Ingebrethsen, Cole, and Alderman 2012; David et al. 2020;
Kane and Li 2021). Considering our previous experience with JUUL® and looking at the
similarities in operating parameters (e.g., e-liquid density, electric settings, experimental

set up and sampling methods) between Puff Bar™ and JUUL®, these deviations in mass
might not substantially impact PSD and thereby dosimetry estimations. In the future,
laboratory-based reference e-liquids with flavorings and nicotine in a “blank” Puff Bar™
device type should be considered to evaluate the effect of constituents on PSD to explore
any deviations in measurements. Further evaluation should be considered to extend chemical
characterization of aerosol constituents (that are missed in the study such as metals and
tobacco specific nitrosamines) for advanced toxicity profile on Puff Bar™ emissions.
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5. Summary

With Puff Bar™ device type, the only factor an EVP user can modify is puff volume and
flow rate. Hence, we studied the impact of different puff volumes at constant puff duration
and interval on heating e-liquids and subsequent particle and gas-phase emissions. We
observed that changing puff volume translated into changes in e-liquid temperature ranging
from 85 °C to 250 °C. The average temperatures increased more than 50 °C when the

puff volume increased from 55mL to 75mL. Depending on puff volume and flavor types,
total aerosol mass of the smaller-sized particles (~1 um) emitted from Puff Bar™ EVPs
ranged from 2.02 mg/puff to 7.7 mg/puff and the total chemical mass of VCCs ranged
from 0.76 ug/puff to 5.5 g/puff. Further, the majority of VCCs emitted from Puff Bar™
included carcinogens such as formaldehyde (29.6%), and acetaldehyde (16.4%) as well as
respiratory irritants such as acetone (23.9%), isovaleraldehyde (14.5%), acrolein (4.9%),
propionaldehyde (4.7%), 2-butanone (3.1%), and total tolualdehyde (2.3%). Only trace
amount (i.e., below detection limits or consistently less than 1% of total mass of VCCs) of
other VCCs such as benzaldehyde, butyraldehyde, crotonaldehyde, hexaldehyde, pentanal
(valeraldehyde), and 2,5-dimethylbenzaldehyde were reported with a particular testing
condition in Puff Bar™ emissions. Inhalation of total mass of aerosols and chemicals from
Puff Bar™ emissions could contribute to a range of adverse health outcomes (respiratory,
cardiovascular, cerebrovascular, etc.) among EVP users, and exhaled particles (>67%) could
compromise air quality in occupational or non-occupational indoor settings (Wold et al.
2022). Exhaled aerosols can potentially compromise IAQ and negatively impact overall
health for bystanders, especially vulnerable populations (Aboaziza et al. 2023; Aslaner et al.
2022; Burrage et al. 2021).
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Figure 1.
Structure of Puff Bar™ devices.
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Schematic of experimental set up. Influence of puff volumes on (a) temperature to heating
Puff Bar™ e-liquid (b) mass-based particle size distribution (c) chemical characterization

using EPA method TO-11A.
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on aerosolizing at puff volumes (mL: 55, 65, and 75) for n = 3 per puff volume. *Puff Bar™
flavor types but not puff volumes significantly influence (at p < 0.05) total mass of VCCs.
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Mass (ug/puff) of top five VCCs emitted in different flavor types of Puff Bar™ on
aerosolizing at puff volumes (mL: 55, 65, and 75) for n = 3 per puff volume (average +
SD): Formaldehyde (0.61 + 0.35), Acetaldehydes (0.46 + 0.47), Acetone (0.42 £ 0.14),
Isovaleraldehyde (0.22 + 0.05), and Acrolein (0.18 + 0.25).
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(average = SD): Formaldehyde (29.6% + 0.12), Acetone (23.9% = 0.09), Acetaldehyde
(16.4% + 0.09), Isovaleraldehyde (14.5% + 0.08), Acrolein (5.0% + 0.05).
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