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Abstract: The chemical constituents of JUUL Virginia Tobacco pods with 3.0% and 5.0% nicotine
by weight (VT3 and VT5) were characterized by non-targeted analyses, an approach to detect
chemicals that are not otherwise measured with dedicated methods or that are not known beforehand.
Aerosols were generated using intense and non-intense puffing regimens and analyzed by gas
chromatography electron ionization mass spectrometry and liquid chromatography electrospray
ionization high resolving power mass spectrometry. All compounds above 0.7 µg/g for GC–MS
analysis or above 0.5 µg/g for LC–HRMS analysis and differing from blank measurements were
identified and semi-quantified. All identifications were evaluated and categorized into five groups:
flavorants, harmful and potentially harmful constituents, extractables and/or leachables, reaction
products, and compounds that could not be identified/rationalized. For VT3, 79 compounds were
identified using an intense puffing regimen and 69 using a non-intense puffing regimen. There were
60 compounds common between both regimens. For VT5, 85 compounds were identified with an
intense puffing regimen and 73 with a non-intense puffing regimen; 67 compounds were in common.
For all nicotine concentrations, formulations and puffing regimens, reaction products accounted for
the greatest number of compounds (ranging from 70% to 75%; 0.08% to 0.1% by mass), and flavorants
comprised the second largest number of compounds (ranging from for 15% to 16%; 0.1 to 0.2% by
mass). A global comparison of the compounds detected in JUUL aerosol to those catalogued in
cigarette smoke indicated an approximate 50-fold decrease in chemical complexity. Both VT3 and
VT5 aerosols contained 59 unique compounds not identified in cigarette smoke.

Keywords: JUUL; aerosol; non-targeted analysis; chemical characterization; ENDS; e-cigarette;
GC–MS; LC–HRMS

1. Introduction

In light of the fact that combustible cigarette (CC) smoking is the number one cause of
preventable death in the world [1], causing over 8 million deaths each year and comprising
30% of cancer-related deaths overall [2], numerous public health agencies have developed
programs with the intent of both preventing smoking initiation and promoting smoking
cessation [3,4]. Tobacco product regulations, such as the U.S. Food and Drug Adminis-
tration (FDA) “Family Smoking Prevention and Tobacco Control Act”, were enacted to
help protect public health by regulating the manufacturing, distribution, and marketing of
tobacco products [5]. There are, however, many smokers who are not likely to quit in the
near term [6]. With this in mind, in 2017, the FDA announced the Comprehensive Plan for
Tobacco and Nicotine Regulation (“Comprehensive Plan”), which recognizes that nicotine
is delivered on a continuum of risk and seeks to render cigarettes and other combustible
tobacco products minimally or non-addictive through the creation of a very low nicotine
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cigarette product standard [7]. This continuum of risk places combustible cigarettes at the
highest risk and nicotine replacement therapies at the lowest risk of the harm spectrum.
This continuum of risk is based in large part on evidence that nicotine, while addictive, is
not itself responsible for serious disease and death in cigarette smokers [8]. Rather, it is the
combination of thousands of other chemical constituents present in the smoke of CCs [9].

The chemical composition of CC smoke has been well studied [10] and much is known
about the harmfulness of smoking [1]. This is due partly to the length of time researchers
have been studying smoking and its negative effects on the population [1]. A great deal
of our current understanding of the harmfulness of smoking cigarettes is founded on an
understanding of the compounds which are produced during the tobacco combustion
process. Temperatures at the center of a burning cigarette range from 600 to 900 ◦C. In
addition to combustion byproducts, the high temperatures involved in the production of
mainstream smoke result in incomplete combustion, which causes thermal degradation
of the tobacco plant materials, paper, and non-tobacco ingredients. Cigarette smoke
is a highly complex mixture of >5000 constituents including carcinogenic, mutagenetic
and respiratory toxicants [10,11]. Therefore, numerous public health organizations have
developed lists of toxicants in the smoke of CCs [12–14]. The FDA’s established list in
particular contains 93 harmful or potentially harmful constituents (HPHCs) recognized in
tobacco products [14].

Byproducts of tobacco combustion are responsible for many of the toxicants present in
cigarette smoke [11]. Electronic Nicotine Delivery System (ENDS) products are designed
to operate below combustion temperatures, which may reduce the toxicant production
when compared with CCs [9]. ENDS represent a fundamentally different approach to de-
livering nicotine versus CC [15] and may reduce the harm potential of nicotine-containing
aerosols [16,17]. The e-liquid of ENDS products is compositionally different than a tobacco
cigarette. Plant material and paper are not present nor combusted in an ENDS product.
Therefore, many HPHCs present in mainstream smoke are either not present in ENDS
product aerosols, or present at significantly lower levels than CC smoke, i.e., ammonia,
aromatic amines, carbon monoxide, tobacco-specific nitrosamines, polycyclic aromatic hy-
drocarbons, and volatile organic compounds [15,16,18–21]. However, questions regarding
the complexity of ENDS aerosols and the possible existence of unique constituents which
pose potential harm apart from the known HPHCs of CCs remain [22,23].

Bentley and colleagues performed non-targeted analysis (NTA) of the IQOS heated
tobacco product which showed that IQOS aerosol is much less complex than CC smoke [24].
The JUUL System, like IQOS, operates below combustion temperatures and, unlike IQOS,
has no tobacco paper or plant material (excluding tobacco-derived nicotine and tobacco-
derived flavorants). Therefore, we hypothesized that the chemical composition of JUUL
System aerosols would also be less complex and contain fewer HPHCs than CC smoke.

Regulators and other public health organizations are also interested in addressing the
concern that there may be uniquely harmful constituents in the aerosol of ENDS products.
On 5 August 2019, the FDA proposed the addition of 19 ENDS-specific chemicals to the
HPHC list [14]. These proposed additions include some flavorants, glycerol (vegetable
glycerin or VG), and propylene glycol (PG), which are constituents for many ENDS prod-
ucts. While the expanded HPHC list included some ENDS-specific constituents, it does
not fully encompass the range of ingredients used in ENDS formulations or constituents
present in ENDS aerosols. Formulation ingredients are unique to each ENDS product and
multiple ingredients may react to form a wide range of reaction products, similar to reaction
chemistry previously observed with a wide range of food grade flavors [25]. Erythropel
et al. reported data that indicated that primary constituents and flavorant aldehydes may
react with each other to form acetals of PG and VG [26–28]. It is plausible that in addition
to these reactions, which require mixing and time, other reactions could take place as a
result of heating, contact with the heating coil material, or increased exposure to water and
oxygen during aerosol formation. In addition, flavorants and extractable and leachable
(E&L) compounds that could be transferred to the aerosol should be evaluated as well.
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The majority of analytical work on ENDS has focused on targeting known chemicals
of interest (i.e., the analytes being determined are known beforehand and the methods are
tailored to detect those chemicals) based on changes to the device, formulation, power,
temperature or sampling approaches [29]. For example, Vreeke and colleagues used tar-
geted GC–MS and nuclear magnetic resonance to measure the amount of dihydroxyacetone
generated from ENDS as a function of operating wattages [30]. Electron spin resonance
has been used to determine free radicals in ENDS aerosols with GC–MS analysis employed
to characterize flavor components [31]. Kosmider et al. used GC–MS to determine nicotine
emission from ENDS as a function of PG and VG composition as well as device power [32],
while Zhao and colleagues used liquid chromatography coupled to tandem mass spec-
trometry and electron spin resonance (ESR) targeted methods to detect stable/short lived
reactive oxygen species (ROS) and found a substantial influence of e-cig brand, e-liquid
flavor, puffing pattern and operational voltage on ROS levels [33]. Farsalinos and Gillman
published a review focused on carbonyl emission from ENDS devices which covered
32 English-language studies in which 22 puffing variations and 9 trapping approaches are
represented [34]. While many known chemicals have been targeted for analysis, these
methods may yet leave unsampled portions, leading to potential gaps in the understanding
of ENDS aerosol composition. Apart from the work of a few research groups [35–37], little
has been published on the NTA of nicotine-containing aerosol from combustible and heated
tobacco products, and even less on ENDS aerosols [38–41].

To address the potential gaps in understanding left by targeted analysis, NTA char-
acterization requires the ability to capture, detect, and identify compounds relevant to a
specific chemical space. The non-targeted analyses performed in this study were designed
to span physicochemical properties from non-volatile to volatile and non-polar to polar
chemicals [24]. This is best achieved using at least a set of two complimentary non-targeted
methods. GC–MS methods are well suited and widely accepted for analysis of volatile
sensory, flavor, and aroma compounds [42] as demonstrated by its application to coffee [43],
fermentation products [44], bread [45], Scotch Whisky [46], wine [47], tobacco [48], olive
oil [49] and electronic cigarettes [50]. GC–MS methods are well suited for non-targeted
analyses because amount estimations without a reference standard are possible and be-
cause there are standardized electron ionization spectral libraries that facilitate compound
identification [51]. For example, Krüsemann, using heat-assisted diffusion of volatiles in
tobacco products to the gas phase, measured results against large databases in order to
create a library of flavor compounds [48]. GC–MS alone is not sufficient for characterizing
all portions of ENDS aerosol because there are liquid droplets also present in the aerosol
and they may contain chemicals that are not amendable to GC–MS analysis. This is due to
the fact that as the bulk liquids are heated, mixed with air and converted into an aerosol,
there is a potential for non-volatile and higher-molecular-weight compounds to be present
in the microdroplets of the carrier [36]. Therefore, for a thorough characterization, there is
a need for an LC–MS-based non-targeted approach as well.

This combination of GC–MS and LC–MS-based non-targeted methodologies was em-
ployed in the current study to detect chemicals not included in the FDA’s list of 93 HPHCs,
the proposed additions to the HPHC list, or elsewhere in the literature. The approach
was designed with the intent to detect a large portion of the composition of JUUL aerosol
and to elucidate constituents in common with, and unique from, the smoke of CCs using
published data. The thorough chemical characterization of JUUL System aerosols described
here is part of a multi-path approach to generate the necessary data for a toxicological risk
assessment of JUUL use.

2. Materials and Methods

Two semi-quantitative non-targeted analyses were implemented to compliment tar-
geted methods in order to provide a more complete list of aerosol constituents. The NTA
methods were developed to be suitable for the detection and identification of chemicals
from a broad chemical space (Figure 1). It is necessary to consider the properties of the an-
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ticipated compounds (i.e., volatile, non-volatile, polar, non-polar, etc.) in order to achieve a
robust and thorough characterization, and to minimize sample preparation/manipulation.
Therefore, the samples were collected and analyzed without any matrix removal steps,
which minimized analyte loss and enabled the capture of a full range of diverse chemical
constituents. This was achieved by collecting aerosols through a quartz filter pad and
chilled impinger containing ethanol. After collection, the pad and ethanol were combined
to extract the pad contents, and the resulting solution was sampled without any further
manipulation or dilution.
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Two complimentary analytical techniques were employed: gas chromatography elec-
tron ionization mass spectrometry and liquid chromatography electrospray ionization high
resolving power mass spectrometry. These techniques were optimized to complement
each other to provide maximal coverage of the chemicals potentially present in the aerosol
of ENDS products. The GC–MS method was optimized for the detection of volatile and
polar compounds [39]. Concurrently, the LC–HRMS method was optimized for detection
of non/semi-volatile compounds and non/semi-polar compounds [52] (Figure 1). These
techniques employ comparison to a known amount of an internal standard to achieve a
quantity estimation across multiple compounds. It should be noted, however, that while
these complementary methods cover a broad chemical space, not all chemicals present in
the aerosol are detectable under these methods. For example, chemicals such as metals,
non-ionizable compounds, compounds that are not amenable to chromatography, or com-
pounds outside of the mass-to-charge (M/Z) scan range of the mass detector cannot be
detected.

Software platforms were utilized for data processing of both GC–MS and LC–HRMS
data to facilitate compound detection and identification. Agilent MassHunter Unknowns
Analysis software (GC–MS) (Santa Clara, CA, USA) and Thermo Compound Discoverer
version 3.0 (LC–HRMS) (Waltham, MA, USA) were employed to search both commercial
and custom mass spectral libraries to identify potential aerosol constituents. This workflow
was employed to investigate the chemical composition of JUUL aerosols with the aim
of providing semi-quantitative information of constituents and evaluating the relative
complexity of JUUL aerosols compared to cigarette smoke [10].
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In this study, differential analyses based on nine (n = 9) collection replicates of each
of the nicotine strengths (3.0% and 5.0%) and each collection condition (intense and non-
intense) were used to characterize compounds differing from collection blanks. This
method relies on the application of statistical tools to extract the relevant information
from a large and highly complex dataset [53,54]. Due to the large number of variables in
non-targeted analyses relative to the number of samples, these tools are imperative to avoid
misinterpretation of instrument and collection artifacts as sample relevant compounds [55].

To allow for a more complete understanding of aerosol chemistry, tentatively identi-
fied ENDS aerosol analytes were rationalized into defined groups (Table 1). Compounds
listed in the Flavor Extract Manufacturers Association (FEMA) flavor ingredient library [56]
were labeled as flavorants. Compounds which are listed by the FDA as HPHCs in To-
bacco Products and Tobacco Smoke: Established List [14] were labeled as HPHCs. Any
compounds which are commonly found to migrate from packaging materials of consumer
products [57–59] were labeled as extractables and leachables (E&L). Compounds proposed
to be a result of chemical reactions, except when the product is an HPHC, were labeled as
reaction products (Figure 2). All other compounds which were not able to be identified or
rationalized were assigned to group 5.

Table 1. Classification of Rational Compound Origin Identification.

Group Number Group Definition

1 Flavorants

2 HPHCs listed in Tobacco Products and Tobacco Smoke:
Established List

3 Extractables and leachables
4 Any compound resulting from a chemical reaction
5 Compounds unable to be identified/rationalized
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All samples were equilibrated to room temperature if removed from environmental
chambers. Prior to aerosol collection, the JUULpod was attached to a fully charged JUUL
device. All aerosol collections were performed on Borgwaldt LX20 (Hamburg, Germany
Part# 12000820) linear puffing machines and the JUUL System was inserted into a custom
pad holder containing a 55 mm glass fiber filter pad (GFFP) (Part # 9703-9024, Whatman) to
trap non-volatile compounds during aerosol collection. A chilled impinger (−5 ± 5 ◦C) con-
taining 10 µg/mL 6-methylcoumarin (Sigma-Aldrich P/N W269905-100G-K), in 200 proof
ethanol (Pharmco-Aaper P/N 111000200) as a trapping solvent was used in conjunction
with the GFFP. The device was oriented at a 45◦ angle, with the battery end downward.
The GFFP was extracted in the impinger solution and shaken for 30 to 60 min. The resulting
solution was subjected to GC–MS and LC–HRMS analysis. Additionally, aerosol blanks
were collected using an open port on the puffing machine and by puffing room air across
the filter pad and through the impinger concurrently with sample collections. The pad and
trapping solution for the blank were treated and analyzed the same as samples but were
differentiated from samples during data processing. Three production batches and three
replicates from each batch were analyzed for a total of nine replicates per JUUL product.
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As recommended in the FDA’s guidance on premarket tobacco product applications
for ENDS, non-intense and intense puffing regimens were used for all aerosol measure-
ments performed with the JUUL System [60]. The non-intense puffing regimen followed
the ISO 20768:2018 standard (square wave 55 mL over 3 s every 30 s). The intense puffing
regimen used a square wave puff volume of 110 mL over 6 s every 30 s (Table 2). As
opposed to discrete puffing blocks, an end of life (EOL) study was carried out to determine
the number of machine puffs needed to fully deplete a JUULpod. Sample collections were
set to achieve 85–90% of total EOL aerosol yield [61]. End of life testing was performed for
both non-intense and intense puffing regimens, using the same product batches included
in this study to ensure that the product performance was consistent with the samples
being tested. The puffing was done in sequential 50-puff blocks, with the devices removed
from the smoking machine every 50 puffs and inverted three times to settle the e-liquid
on the wick. Devices were replaced every 50 puffs with fully charged devices. The device
mass loss was determined by weighing the device prior to and after each 50-puff block.
The EOL for a given pod was defined as the 50-puff collection where device mass loss
was <10 mg/50 puffs for each replicate. The results of the EOL study showed that the
intense regimen required about 2/3 the number of puffs to deplete a JUULpod compared
to non-intense puffing, despite having 2-fold the puff volume. The six second duration
for intense puffs was chosen because the JUUL device heating cuts off after six seconds of
continuous puffing.

Table 2. Aerosol Generation for Samples.

Group Puff Volume (mL) Duration (s) Puff Interval (s) Puff Count (n)

VT3
intense 110 6 30 225

non-intense 55 3 30 315
VT5

intense 110 6 30 225
non-intense 55 3 30 320

LC–HRMS analysis was conducted at and by Juul Labs, Inc. using a Thermo Liquid
Chromatograph coupled with Q-Exactive Orbitrap mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA) in both the full scan and data-dependent acquisition
modes. Compounds were separated on a Waters (Milford, MA, USA) BEH C18 column
(2.1 × 100 mm, 1.7 µm) Part # 186002352 over 26 min. The mobile phase gradient started
at 95% 5 mM ammonium acetate in water, reaching 80% methanol at 22 min, followed by
a 4 min re-equilibration at starting conditions. Compounds were detected in the positive
electrospray ionization (+ESI) mode. Mass spectrometric data were acquired in the full
scan mode at 140,000 resolving power from m/z 60 to 800. A pooled mixture of all samples
was prepared as a quality control sample to monitor and compensate for time-dependent
batch effects as well as for collected data-dependent MS/MS spectra.

Compound Discoverer version 3.0 software (Thermo Fisher Scientific, Waltham, MA,
USA) was used to detect compounds and search +ESI spectra compound libraries (Juul
Labs, Inc., Washington, DC, USA) custom compound mass spectral library and Thermo
mzCloud mass spectral database) to identify the compounds detected by the NTA. All
reported constituent amounts were estimated by comparison with the internal standard. All
compounds with estimated amounts at or above 0.5 µg/g and a probability value (p-value)
less than 0.05 were considered sample relevant. A p-value less than 0.05 is considered
statistically significant (less than a 5% probability that the results are random) [62]. A match
factor criterion guideline for the identification confidence levels of compounds identified
by LC–HRMS was formulated as shown in Table 3. The final identification confidence
levels were assigned after a visual inspection of the mass spectrum.
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Table 3. Confidence Levels of Compounds Identified by LC–HRMS NTA.

Confirmed Comparison to standard reference material

High High mass accuracy measurement generated a molecular formula which was
consistent with a rationalized identification

Medium Automated search of a library with MS/MS spectral peaks in common
Low Manual search of online library for best spectral match
NA Not applicable

GC–MS analyses were conducted at and by Altria Client Services, LLC. (Richmond VA,
USA) using a validated method that was included under the site’s ISO 17025 accreditation.
The scope of this method is to identify new compounds or compounds that increase in
concentration over time during stability studies for ENDS products. This provides semi-
quantitative results based on the response factor of an analog internal standard. Analyses
were performed on an Agilent (Santa Clara, CA, USA) gas chromatograph with electron
ionization single quadrupole mass spectrometer (7890 GC/5977 MSD). Compounds were
separated using a Restek Stabilwax capillary column (30 m, 0.25 mm ID) over a 27 min
temperature gradient starting at 60 ◦C and held for 1.25 min, followed by 15 ◦C/min to
210 ◦C and held for 2 min, finishing by ramping 30 ◦C/min to 260 ◦C held for 9 min and
mass spectrometric data were acquired in the full scan mode from m/z 60 to 400.

MassHunter Unknowns Analysis software (Agilent, Santa Clara, CA, USA) was
used to deconvolute GC–MS full scan EI mass spectra to detect compounds and assign
tentative identifications. Compound identifications for peaks in study samples were
completed by comparing the mass spectra from the samples to the National Institute
of Standards and Technology 2017 mass spectral database and an in-house-developed
custom mass spectral library. The custom library consists of mass spectra from matrix
matched reference standards, tentative identifications, and previously observed unknown
compounds relevant to the sample. All reported compounds from the GC–MS results
were detected in the aerosol at greater than 3-fold the estimated amounts in blanks (pad
blank, aerosol collection blank, and reagent blank). All reported constituent amounts were
estimated by comparison with the internal standard. A match factor criterion guideline for
the identification confidence levels of compounds identified by GC–MS was formulated as
shown in Table 4. The final identification confidence levels were assigned after a visual
inspection of the mass spectrum.

Table 4. Confidence Levels of Compounds Identified by GC–MS NTA.

Confirmed Identification confirmed by comparison to standard reference material by high
and unit mass resolution mass spectrometry

High A mass spectrum match factor score of 850 to 1000
Medium A mass spectrum match factor score of 700 to 849

Low A mass spectrum match factor score of 500 to 699
NA Not Applicable

Full instrument conditions are outlined in the Extended Methods section of the Sup-
plemental Information.

3. Results

All reported compounds from LC–HRMS and GC–MS NTA results were detected
in the aerosol at or above 0.5 µg/g with a p-value less than 0.05 [62] for LC–HRMS anal-
ysis and at or above 0.7 µg/g and greater than 3-fold the signal in the sample vs. the
blank for GC–MS analysis. Nicotine, PG, VG, and benzoic acid are not reported as their
concentration exceeded the dynamic range and linear response of the detectors. This
rendered it challenging to estimate their amounts while also estimating the amounts of
low concentration analytes. Glycidol is also excluded from the NTA results because it
is known to form from thermal degradation of glycerol under GC inlet temperatures of
260 ◦C [63]. The confidence levels of tentative identifications were determined based on
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the criteria presented in Tables 3 and 4. The identity of each compound was rationalized
and categorized into one of the five groups: (1) flavorant, (2) HPHC [14], (3) extractable or
leachable, (4) reaction product, or (5) not rationalized (Table 1).

3.1. Virginia Tobacco 3.0% Nicotine (VT3)

A total of 79 compounds were detected in VT3 aerosol collected under the intense
puffing regimen, and 69 compounds were detected under the non-intense regimen. The
total aerosol constituents tentatively identified in VT3 aerosol (intense and non-intense)
using LC–HRMS and GC–MS are outlined in Supplementary Tables S1–S4.

A comparison of GC–MS and LC–HRMS results indicate that the techniques used in
this study are generally complementary, with a small overlap of eight compounds detected
in both analyses. For both intense and non-intense aerosol samples, these compounds
included hydroxyacetone, 2-hydroxypropyl but-3-enoate isomer 1 and isomer 2, veratryl
aldehyde, veratryl aldehyde PG acetal isomer 1 and isomer 2, triethyl citrate, and dama-
scenone. The GC–MS method is less susceptible to analyte-specific ionization efficiency
when compared to the LC–HRMS method. Therefore, in instances when both LC–HRMS
and GC–MS detected the same compound, the GC–MS estimated amounts were used for
the calculation in Tables 5 and 6.

Table 5. Summary of Non-Targeted Analyses of VT3 Aerosol Using the Intense Puffing Regimen.

Group
Number Group Name Average Mass (µg/g) Average % Aerosol Mass Number of Compounds % Number of Compounds

1 Flavorants 1315.0 1315 × 10−4 13 16
2 HPHCs ND ND ND ND

3 Extractables and
Leachables 30.7 30.7 × 10−4 5 6

4 Reaction
Products 970.9 970.9 × 10−4 55 70

5 Not
Rationalized 16.6 16.6 × 10−4 6 8

Total 2333.2 2333.2 × 10−4 79 100

ND = not detected.

Table 6. Summary of Non-Targeted Analyses of VT3 Aerosol Using the Non-Intense Puffing Regimen.

Group
Number Group Name Average Mass (µg/g) Average % Aerosol Mass Number of Compounds % Number of Compounds

1 Flavorant 2014.3 2014.3 × 10−4 11 16
2 HPHCs ND ND ND ND

3 Extractables and
Leachables 46.0 46.0 × 10−4 5 7

4 Reaction
Products 958.8 958.8 × 10−4 52 75

5 Not
Rationalized 0.8 0.8 × 10−4 1 1

Total 3019.9 3019.9 × 10−4 69 100

ND = not detected.

Figure 3 provides a visual summary of the total percent (%) mass breakdown of
constituents in the VT3 intense aerosol detected by NTA. In total, the five groups represent
0.23% of the total aerosol mass. The remaining aerosol mass detected by NTA consisted of
the major ingredient components PG, VG, nicotine and benzoic acid.

Table 5 summarizes the total number and percent aerosol mass represented by each
group of compounds identified in the VT3 intense puffing regimen data. Among the five
groups, reaction products (Figure 3) accounted for 70% of the total number of compounds
identified. These reaction products however, make up only one-tenth of one percent
(0.097%) of the total aerosol mass. Flavorants accounted for 16% of the total number of
compounds and 0.13% of the aerosol. Extractables and leachables accounted for 6% of
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the total number of compounds and a small percentage of the total aerosol mass (0.003%).
There were no HPHCs detected for VT3 intense aerosol using these NTA methods—as
is the case for all SKUs included in this study; this is due to several reasons. First, some
HPHCs are byproducts of complete and incomplete combustion of tobacco plant materials
and paper. Given that there is no tobacco plant material—excluding tobacco-derived
nicotine and tobacco derived flavorants—nor paper in JUUL products, many HPHCs are
not observed at all. Second, some highly volatile or reactive HPHCs, such as formaldehyde,
are typically collected with specialized derivatization protocols unlike those used in NTA.
Third, some HPHCs that would be detectable by the reported NTA method, for example
tobacco-specific nitrosamines NNN and NNK, are found by targeted methods to be absent
from or present in concentrations below the limit of detection for these NTA methods [64].
Only a very small percentage of the total aerosol mass (0.0001%) was classified as unknowns
or could not be rationalized into a specific group based on tentative identifications.
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Figure 3. % Total Mass of Aerosol Constituents Detected by NTA Grouped by Type for Aerosol of
VT3 Under the Intense Puffing Regimen.

Table 6 summarizes the total number and percent aerosol mass represented by each
group of the compounds identified in the VT3 non-intense puffing regimen data. Among
the 5 groups, reaction products accounted for 75% of the total number of compounds
identified. These reaction products, however, make up only one-tenth of one percent
(0.096%) of the total aerosol mass. Flavorants comprised 16% of the total number of
compounds and 0.20% of the aerosol mass. Extractables and leachables accounted for 7% of
the total number of compounds and a small percentage of the total aerosol mass (0.0046%).
HPHCs were not detected (ND) for VT3 non-intense aerosol using these NTA methods and
only a very small percentage of the total aerosol mass (0.0001%) were unknowns or could
not be rationalized into a specific group based on the tentative identification.

As summarized in Table 7, there were 60 compounds in common between the two puffing
topographies. Intense puffing resulted in 19 unique identifications (24% of 79 compounds)
while non-intense puffing resulted in 9 unique IDs (13% of 69 compounds). Therefore,
the total number of compounds in the aerosol of VT3 was determined to be 88 (60 com-
mon identifications + 28 unique identifications). Overall, 42% of compound IDs were
confirmed by standard reference material. The remaining 58% compounds were identi-
fied with “high” (24%), “medium” (8%), “low” (1%), and “NA” (25%) confidence levels.
Among 22 compounds with “NA” confidence level, 13 compounds were classified as
nicotine-related degradants. In summary, excluding nicotine, benzoic acid, PG, and VG,
the compounds discovered by semi-quantitative NTA methods accounted for approxi-
mately 0.2% and 0.3% of the total detected aerosol mass in the intense and non-intense
aerosol, respectively.

Although the total number of compounds detected using non-intense topography
was smaller than the total number of compounds detected using the intense regimen,
the total calculated average mass of collected non-primary-ingredient compounds under
non-intense puffing was larger than that for the intense regimen. A difference in the
masses collected in the flavorant group accounted for the majority of this inconsistency,
and coelution of triethyl citrate with benzoic acid in some analyses was determined to be
the primary cause of the inconsistency between intense and non-intense aerosol samples for
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this group. Prior to the analysis non-intense samples, chromatographic separation between
triethyl citrate and benzoic acid was improved, resulting in higher levels of measured
triethyl citrate. Overall, approximately 50% of the NTA detected mass was attributed to
flavorants. There were six compounds in total that were determined to be associated with
E&L, under either puffing regimen. The majority of compounds rationalized as reaction
products were associated with PG, VG or nicotine related degradation. A very small
percentage of the total aerosol mass (0.0017% for intense and 0.0001% for non-intense
puffing topographies) could not be rationalized into a specific group based on the tentative
chemical identification.

Table 7. Summary of Non-Targeted Analyses of VT3 Aerosol Using Both Puffing Regimens.

Group
Number Group Name Intense Number

of Compounds

Non-Intense
Number of

Compounds

Number of
Common

Compounds

Average Mass
(µg/g) Intense

Average Mass
(µg/g) Non-Intense

1 Flavorant 13 11 11 1315.0 2014.3
2 HPHCs ND ND ND ND ND

3 Extractables and
Leachables 5 5 4 30.7 46.0

4 Reaction Products 55 52 45 970.9 958.8
5 Not Rationalized 6 1 0 16.6 0.8

Total 79 69 60 2333.2 3019.9

ND = not detected.

A global compilation of 5162 compounds in CC smoke catalogued by Rodgman
and Perfetti [10] was compared to the 88 compounds detected in VT3 aerosol (Figure 4).
Conservatively, this comparison was performed using CAS number, meaning that unless
a compound from the NTA was fully identified, it was labeled to be exclusive to JUUL
aerosol. Of the 88 compounds detected in VT3, 29 were found to be in common with
cigarette smoke and 59 were found to be unique to VT3 (supplemental Table S9). Of the 59
compounds, 44 were termed unique due to lack of CAS number and 24 were classified as
nicotine degradants. Table 8 summarizes the total number and aerosol mass represented
by each group of the 59 unique compounds in VT3 aerosol. The largest contributing group
by mass was flavorant due to the presence of triethyl citrate. Triethyl citrate has been
detected in tobacco [65] and in an isolated pyrolysis study, but not detected in tobacco
smoke [10,66]. The largest number of compounds exclusive to VT3 aerosols fall into the
category of reaction products. Of the 48 reaction products, 19 were nicotine degradants (13
without known structures), 9 were PG/VG degradants and 20 were the product of chemical
reactions. The remaining 6 compounds which were not rationalized comprised a very
small amount of the total mass (0.0016%). A complete list of all compounds either common
with or unique from CC smoke used to generate Figure 4 is presented in Supplementary
Table S9.
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Table 8. Compounds Exclusive to JUUL VT3 Aerosol Compared to Cigarette Smoke.

Group Name Number of Compounds Unique to VT3 Aerosol Average Mass (µg/g) Average % Aerosol Mass

Flavorant 1 1439.4 1439.4 × 10−4

HPHCs ND ND ND
Extractables and Leachables 4 32.9 32.9 × 10−4

Reaction Products 48 988.6 988.6 × 10−4

Not Rationalized 6 16.0 16.0 × 10−4

Total 59 2476.9 2476.9 × 10−4

ND = not detected.

3.2. Virginia Tobacco 5.0% Nicotine (VT5)

A total of 85 compounds were detected in VT5 aerosol collected under the intense
puffing regimen and 73 compounds were detected under the non-intense puffing regimen.
The total aerosol constituents discovered in VT5 aerosol (intense and non-intense) using
LC–HRMS and GC–MS are outlined in Supplementary Tables S5–S8.

A comparison of LC–HRMS and GC–MS results indicates that the techniques used
in this study are generally complementary, with only ten compounds detected in both
analyses. These compounds included hydroxyacetone, 2-hydroxypropyl but-3-enoate
isomers 1 and 2, veratryl aldehyde, 1-(1-methyl-5-(pyridine-3-yl)-1H-pyrrol-2-yl) propan-
2-one isomer 1 and 2, veratryl aldehyde PG acetal isomers 1 and 2, triethyl citrate, and
damascenone for both intense and non-intense aerosol samples. As with the VT3 data,
when both LC–HRMS and GC–MS NTA detected the same compounds, the GC–MS
estimated amounts were used for calculations in Tables 9 and 10.

Table 9. Summary of Non-Targeted Analyses in VT5 Aerosol Using the Intense Puffing Regimen.

Group Number Group Name Average Mass (µg/g) Average % Aerosol Mass Number of
Compounds

% Number of
Compounds

1 Flavorants 975.9 975.9 × 10−4 13 15
2 HPHCs ND ND ND ND

3 Extractables and
Leachables 41.8 41.8 × 10−4 3 4

4 Reaction Products 891.6 891.6 × 10−4 61 72
5 Not Rationalized 38.0 38.0 × 10−4 8 9

Total 1947.2 1947.2 × 10−4 85 100

ND = not detected.

Table 10. Summary of Non-Targeted Analyses in VT5 Aerosol Using the Non-Intense Puffing Regimen.

Group Number Group Name Average Mass (µg/g) Average % Aerosol Mass Number of
Compounds

% Number of
Compounds

1 Flavorants 983.7 983.7 × 10−4 12 16
2 HPHCs ND ND ND ND

3 Extractables and
Leachables 38.1 38.1 × 10−4 3 4

4 Reaction Products 801.2 801.2 × 10−4 52 71
5 Not Rationalized 22.0 22.0 × 10−4 6 8

Total 1844.9 1844.9 × 10-4 73 100

ND = not detected.

Figure 5 provides a visual summary of the total percent (%) mass breakdown of
constituents in the VT5 intense aerosol detected by NTA. In total, the 5 groups represent
less than approximately 0.2% of the total aerosol mass and the rest of the aerosol mass
percent detected by NTA is comprised of the major ingredient components PG, VG, nicotine,
and benzoic acid.
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Figure 5. % Total Mass of Constituents by Type in Aerosol of VT5 Under the Intense Puffing Regimen.

Table 9 summarizes the total number and percent aerosol mass represented by each
group of compounds identified in the VT5 intense puffing regimen data. Among the five
groups, reaction products accounted for 72% of the total number of compounds identified.
These reaction products, however, make up less than one-tenth of one percent (0.089%)
of the total detected aerosol mass. Flavorants accounted for 15% of the total number of
compounds and 0.098% of the detected aerosol mass. E&L accounted for 4% of the total
number of compounds and 0.0042% of the total aerosol mass. There were no HPHCs
detected for VT5 intense aerosol using these NTA methods and only 0.0038% of the total
aerosol mass were unknowns or could not be rationalized into a specific group based on
the tentative identification.

Table 10 summarizes the total number and percent aerosol mass represented by
each group of the compounds identified in the VT5 non-intense puffing regimen data.
Among the five groups, reaction products accounted for 71% of the total number of
compounds identified, but less than one-tenth of one percent (0.080%) of the total aerosol
mass. Flavorants comprised 16% of the total number of compounds and 0.098% of the
detected aerosol mass. Extractables and leachables accounted for 4% of the total number of
compounds 0.0038% of the total detected aerosol mass. There was only 0.0022% of the total
aerosol mass were unknowns or could not be rationalized into a specific group based on
the tentative identification.

As summarized in Table 11, there were 67 compounds in common between the
two puffing regimens. Intense puffing resulted in 18 unique identifications (21% of
85 compounds) and non-intense puffing resulted in 6 unique compounds (8% of the
73 compounds). Therefore, the total number of unique compounds in VT5 aerosol was
determined to be 91 (67 common identifications + 24 unique IDs). Overall, 47% of com-
pound identifications were confirmed by standard reference material. The remaining 53%
of compounds were identified with “high” (20%), “medium” (6%), “low” (2%), and “NA”
(25%) confidence levels. Among 23 compounds with “NA” confidence level, 14 compounds
were classified as nicotine-related degradants.

Table 11. Summary of Non-Targeted Analyses in Aerosol for Virginia Tobacco 5.0% Using Two Puffing Regimens.

Group Number Group Name
Intense

Number of
Compounds

Non-Intense
Number of

Compounds

Number of
Common

Compounds

Average Mass
(µg/g) Intense

Average Mass
(µg/g) Non-Intense

1 Flavorants 13 12 12 975.9 983.7
2 HPHCs ND ND ND ND ND

3 Extractables and
Leachables 3 3 2 41.8 38.1

4 Reaction Products 61 52 49 891.6 801.2
5 Not Rationalized 8 6 4 38.0 22.0

Total 85 73 67 1947.2 1844.9

ND = not detected.

In summary, the semi-quantitative NTA methods accounted for approximately 0.2%
of the total aerosol mass in both intense and non-intense aerosols. The total number of
compounds detected using non-intense topography was smaller than the total number
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of compounds detected using the intense regimen. Most of the total detected mass of
both puffing regimens was comprised of flavorants and reaction products. There were
four compounds in total that were determined to be associated with E&L, under either
puffing regimen. Most reaction products were associated with either PG, VG, or nicotine-
related degradation. The small number of remaining compounds were related to E&L or
could not be rationalized into one of these categories. Only a very small percentage of
the total detected aerosol mass (0.0038% for intense and 0.0022% for non-intense puffing
regimens) could not be rationalized into a specific group based on the tentative chemical
identification.

As with VT3, the 91 compounds detected in the aerosol of VT5 were compared to
the 5162 compounds in CC smoke catalogued by Rodgman and Perfetti (Figure 6). This
comparison was also performed using only compounds fully identified with a CAS number,
meaning that compounds which were not identified fully were labeled to be exclusive to
JUUL aerosol. Of the 91 compounds detected in VT5, 32 were found to be in common
with cigarette smoke and 59 were labeled as unique to VT5. Table 12 summarizes the
total number and aerosol mass represented by each group of the 59 unique compounds
in VT5 aerosol (Table 10). A high percentage of the mass of analytes exclusive to JUUL
was related to one flavorant compound, triethyl citrate. According to Rodgman and
Perfetti, triethyl citrate has been detected in tobacco and an isolated pyrolysis study, but
not detected in tobacco smoke [10]. Reaction products account for the largest number
and mass of compounds exclusive to VT5 aerosol. Of the 47 reaction products, 20 were
nicotine degradants (14 without known structures), 9 were PG/VG degradants and 18
were the product of other chemical reactions. The remaining 9 compounds which were not
rationalized comprised only 0.0039% of the total mass. A complete list of all compounds
either common with or unique from CC smoke used to generate Figure 6 is presented in
Supplementary Table S10.
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Table 12. Compounds Exclusive to JUUL VT5 Aerosol Compared to Cigarette Smoke.

Group Name Intense Number of
Compounds

Average Mass (µg/g) from Higher of
Intense of Non-Intense Average % Aerosol Mass

Flavorants 1 423.1 423.1 × 10−4

HPHCs ND ND ND
Extractables and Leachables 2 36.6 36.6 × 10−4

Reaction Products 47 823.4 823.4 × 10−4

Not Rationalized 9 38.7 38.7 × 10−4

59 1321.8 1321.8 × 10−4
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4. Discussion

Evaluating ENDS aerosols based only on knowledge of the harmful chemicals found
in cigarette smoke leaves a gap in the assessment of ENDS aerosols [21,67]. This is due
in part to the difference in regulated electronic heating and combustion as well as the
ingredients unique to ENDS (i.e., propylene glycol and glycerol). Nicotine delivery from a
CC is based on the combustion of plant material, whereas nicotine delivery from ENDS
products is based on heating and aerosolizing nicotine-containing liquids. Measurement
shows that JUUL operates within a regulated temperature range [68] with the intent
of minimizing HPHCs formed as heat degradation byproducts [19,20,69]. Due to these
fundamental differences in design, the use of only targeted methods to analyze ENDS
products may leave a gap in our understanding of their aerosols. Therefore, in order to
identify a wider range of the constituents contained within JUUL Virginia Tobacco aerosols,
two complementary NTA methods were applied.

The LC–HRMS and GC–MS NTA methods presented here were optimized to screen
for chemicals with a broad range of physiochemical properties, potentially present in ENDS
aerosol. However, these methods are not exhaustive, and some chemical classes may not be
well suited for a general sample collection and mass spectral analyses. More generally, mass
spectrometry detection has limitations in its inability to detect nonionizable compounds,
and compounds outside the defined mass-to-charge scan range. Another limitation inherent
to a non-targeted analysis is the challenge in estimating the amounts of very high and very
low concentration analytes in the same analysis; these NTA methods were developed to be
sensitive to sub ppm range and were unable to provide reliable amount estimations for the
detected primary constituents (PG, VG, nicotine, and benzoic acid), owing to the broad
peak shape and detector saturation caused by their high concentrations. This, along with
water, which was not detectable by these NTA methods, affected the ability to perform
a careful mass balance analysis. Despite these limitations, the reported NTA approach
provides a broad coverage of chemical properties—volatile, semi-volatile, non-volatile,
non-polar, and polar compounds. Therefore, only a small percentage of aerosol constituents
are thought to have gone undetected.

Overall, the NTA identified 88 and 91 chemical constituents (excluding PG, VG,
nicotine, and benzoic acid) in VT3 and VT5, respectively. Of these compounds, 47% were
confirmed using reference standards. Most of the compounds, approximately 50% of the
NTA detected aerosol mass, were flavorants. Reaction products, including nicotine-related
degradants, made up approximately 30–40% of the aerosol mass detected by NTA with the
small amount remaining consisting of E&L and non-rationalized compounds. Overall, the
5 groups accounted for approximately 0.2-0.3% of the total aerosol mass with flavorants and
reaction products comprising most of the mass detected. The unknown/not rationalized
compounds were estimated to be present in low amounts and were detected with low
signals, which posed challenges in compound identification. In total, more compounds
were present in the 5.0% nicotine concentration product than the 3.0% nicotine product and
more compounds were identified in aerosols generated with the intense puffing regimen
than the non-intense puffing regimen. The NTA did not detect any HPHCs in the aerosol
of JUUL Virginia Tobacco products.

The consistent composition of the aerosols across nicotine strengths and puffing
conditions is contrasted with the variability in the composition of natural tobacco in
traditional cigarettes. Botanical preparations contain a wide variety of bioactive secondary
metabolites, which vary considerably depending on the cultivar and geography [70]. The
variability of tobacco and the temperature of combustion (smoldering side stream smoke
vs. mainstream smoke generated during the draw) both affect the composition of CC
smoke, which is much more complex overall than the aerosol of ENDS products [11,71]. In
contrast to CC, JUUL devices only produce aerosol during the draw and their electrical
performance is well regulated [19,72]. This means that the puffing regimen should not
appreciably impact the composition of the aerosol, which was shown to be true in this
study, making a detailed and reproducible characterization of the chemicals possible.



Separations 2021, 8, 130 15 of 19

In addition to the identification and semi-quantitation of the aerosol constituents,
potential mechanisms for the formation of all tentatively identified compounds were con-
sidered. If an automated spectra search returned a tentative identification for which there
was not a reasonable chemical mechanism of compound generation, then those identifica-
tions were re-evaluated. Understanding of the formation of the compounds detected by the
non-targeted screening methods would have allowed for strategic formulation adjustment
had that been necessary.

A global compilation of the 5162 compounds in CC smoke was catalogued by Rodg-
man and Perfetti [10], 93 of which have been identified by FDA as HPHCs. In addition to
the specific links that are known between HPHCs and tobacco related diseases, there are
additional risks related to the chemical complexity of CC smoke. Such chemical complexity
has made it difficult to determine the active constituents responsible for all tobacco-related
health risks of smoking and it is now being realized that a component of the health effects
of this complex mixture are likely to result from a combined effect of these chemicals
through multiple mechanisms rather than as a result of the effects of a single smoke con-
stituent [9,71]. In this light, chemical complexity in and of itself may contribute to the
harmfulness of cigarette smoke. Therefore, understanding the chemical complexity of
JUUL aerosol in relation to CC smoke may aid in determining the relative potential health
risks of using JUUL as an alternative to smoking for smokers who have not yet quit. The
comparison of aerosol constituents detected by NTA to the list of chemicals in cigarette
smoke catalogued by Perfetti and Rodgman resulted in 59 unique compound identifications
in both VT3 and VT5 aerosols (out of 88 and 91 total constituents detected, respectively).
Most of the aerosol mass from the 59 unique compounds in Virginia Tobacco products was
comprised of one flavorant compound, triethyl citrate. Approximately 30% of the reaction
products unique to VT aerosol were classified as nicotine-related compounds with limited
structural information. Overall, the JUUL Virginia Tobacco aerosols studied here are shown
to be approximately 50-fold less complex when compared to cigarette smoke.

The present study sought to construct a more complete appraisal of the full chemical
space of JUUL Virginia Tobacco aerosol as a compliment to targeted analyses of pre-defined
constituents, and to provide data for the comparative risk assessment of JUUL aerosols
compared to CC smoking. The compound identifications and concentration estimates
obtained by NTA provided a reasonably comprehensive characterization of JUUL Virginia
Tobacco aerosols and proposed potential sources and chemical reactions for each com-
pound allowed for a better understanding of aerosol composition and potential ingredient
degradants. To this end, the present study contributes important understanding of the
chemical composition of JUUL Virginia Tobacco aerosols toward appropriate assessment of
the comparative public health risk for JUUL products compared to CC.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/separations8090130/s1, Table S1: Liquid Chromatographic Conditions; Table S2: Q-Exactive
Mass Spectrometer Parameters; Table S3: Gas Chromatographic Parameters; Table S4: GC–MS
Characterization of Aerosol Collected Under the Intense Puffing Regimen from Three Batches of
Virginia Tobacco 3.0%; Table S5: GC–MS Characterization of Aerosol Collected Under the Non-Intense
Puffing Regimen from Three Batches of Virginia Tobacco 3.0%; Table S6: LC–MS Characterization of
Aerosol Collected Under the Intense Puffing Regimen from Three Batches of Virginia Tobacco 3.0%;
Table S7: LC–HRMS Characterization of Aerosol Collected Under the Non-Intense Puffing Regimen
from Three Batches of Virginia Tobacco 3.0%; Table S8: GC–MS Characterization of Aerosol Collected
Under the Intense Puffing Regimen from Three Batches of Virginia Tobacco 5.0%; Table S9: GC–MS
Characterization of Aerosol Collected Under the Non-Intense Puffing Regimen from Three Batches of
Virginia Tobacco 5.0%; Table S10: LC–HRMS Characterization of Aerosol Collected Under the Intense
Puffing Regimen from Three Batches of Virginia Tobacco 5.0%; Table S11: LC–HRMS Characterization
of Aerosol Collected Under the Non-Intense Puffing Regimen from Three Batches of Virginia Tobacco
5.0%; Table S12: List of Compounds Detected in the Aerosol Collected from JUUL Virginia Tobacco
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of Compounds Detected in the Aerosol Collected from JUUL Virginia Tobacco 5.0% Under the Intense
and Non-Intense Puffing Regimens by Non-Targeted Analyses.
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