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Abstract

A broad variety of e-liquids are used by e-cigarette consumers. Additives to the e-liquid

carrier solvents, propylene glycol and glycerol, often include flavorants and nicotine at various
concentrations. Flavorants in general have been reported to increase toxicant formation in e-
cigarette aerosols, yet there is still much that remains unknown about the effects of flavorants,
nicotine, and flavorants + nicotine on harmful and potentially harmful constituents (HPHCs)
when aerosolizing e-liquids. Common flavorants benzaldehyde, vanillin, benzyl alcohol, and
trans-cinnamaldehyde have been identified as some of the most concentrated flavorants in some
commercial e-liquids, yet there is limited information on their effects on HPHC formation. E-
liquids containing flavorants + nicotine are also common, but the specific effects of flavorants +
nicotine on toxicant formation remain understudied. We used *H NMR spectroscopy to evaluate
HPHCs and herein report that benzaldehyde, vanillin, benzyl alcohol, frans-cinnamaldehyde, and
mixtures of these flavorants significantly increased toxicant formation produced during e-liquid
aerosolization compared to unflavored e-liquids. However, e-liquids aerosolized with flavorants
+ nicotine decreased the HPHCs for benzaldehyde, vanillin, benzyl alcohol, and a “flavorant
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mixture” but increased the HPHCs for e-liquids containing #rans-cinnamaldehyde compared to
e-liquids with flavorants and no nicotine. We determined how nicotine affects the production

of HPHCs from e-liquids with flavorant + nicotine versus flavorant, herein referred to as the
“nicotine degradation factor”. Benzaldehyde, vanillin, benzyl alcohol, and a “flavorant mixture”
with nicotine showed lower HPHC levels, having nicotine degradation factors <1 for acetaldehyde,
acrolein, and total formaldehyde. HPHC formation was most inhibited in e-liquids containing
vanillin + nicotine, with a degradation factor of ~0.5, while trans-cinnamaldehyde gave more
HPHC formation when nicotine was present, with a degradation factor of ~2.5 under the
conditions studied. Thus, the effects of flavorant molecules and nicotine are complex and warrant
further studies on their impacts in other e-liquid formulations as well as with more devices and
heating element types.
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INTRODUCTION

Electronic cigarettes (e-cigarettes) continue to be popular in the United States despite

a limited understanding of their toxicity. As of 2020, ~20% of high school students
reported using e-cigarettes.! Despite their prevalence, the potential harmfulness of specific
e-cigarettes and components still needs to be assessed. Variables such as device types,

coil resistances, device wattages, e-liquid compositions, and vaping patterns can impact
the degree to which e-cigarettes may be harmful. Aspects of e-cigarettes that can expose
consumers to potential harm include the production of carbonyls during vaping,? e-liquid
components (e.g., flavorants),3 and the release of metals mostly from e-cigarette heating
coils.* Herein, we analyze the impact of individual e-liquid components (i.e., nicotine and
common flavorants) on carbonyl production during vaping.

E-liquids typically contain a fluidl—made up of propylene glycol (PG) and/or glycerol (GL),
nicotine, and flavorants—that can be aerosolized during vaping. Some degradation can occur
when vaping the PG and GL solvent and consequently produce harmful and potentially
harmful constituents (HPHCs) as reported by Jensen et al.® Li et al.® found that aerosolizing
different PG:GL mol ratios (i.e., 100:0, 70:30, 50:50, 30:70, and 0:100) produced varying
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levels of carbonyls with high performance liquid chromatography-high resolution mass
spectrometry (HPLC-HRMS). We chose a 50:50 PG:GL mol ratio as the standard for this
study. The levels of these components, which generally encompass the majority of the
HPHCs, can be compared to assess the effect of a particular chemical on degradation.

The addition of flavorants to e-liquids can produce higher levels of HPHCs as well as
novel flavorant toxicants.”:8 Furthermore, Gillman et al.® and Khlystov and Samburoval?
reported that vaping flavored commercial e-liquids, which contain a mix of flavorants, can
increase the formation of aldehydes compared to vaping unflavored e-liquids. Triacetin

(a flavor enhancer) was shown by Vreeke et al.11 to enhance the levels of degradation
products. Sweeteners (e.g., sucralose) are also common additives, and sucralose was shown
to increase the HPHC aldehyde levels in aerosols, as compared to aerosols from unflavored
e-liquids.12.13 Thus, the effect of individual flavorants on toxicant formation needs to be
assessed further, in particular, for the most common and most concentrated molecules in
e-liquids.

Vanillin (vanilla flavor), benzyl alcohol (cherry/fruity/floral flavor), benzaldehyde (cherry/
fruity/nutty flavor), and #rans-cinnamaldehyde (cinnamon flavor) are among the most
popular flavorants in commercial e-liquids as reported by Behar et al.1* 7rans-
cinnamaldehyde is one of the most concerning flavorants analyzed as it is typically
present at high concentrations in cinnamon-flavored e-liquids and has been linked with
cytotoxicity,1 adverse effects on cardiovascular function during early development of
zebrafish embryos,16 impairment of respiratory immune cell function,’ disruption of
mitochondrial function and inhibition of bioenergetic processes,! and oxidative stress in
human osteoblast-like cells.1® Benzaldehyde is present in many e-liquids and is especially
concentrated in cherry-flavored e-liquids, despite being known to cause respiratory tract
irritation.29 Multiple flavorants, including ethyl maltol, ethyl vanillin, and citral have been
found to promote free radical formation during vaping.21

Despite the prevalence of nicotine in e-liquids, there is limited information about the effect
of nicotine on flavorant and PG + GL degradation. Talih et al.22 theorized that e-cigarette
consumers may be exposed to greater levels of carbonyls when vaping e-liquids with lower
nicotine concentrations due to possible self-regulated nicotine dosing (i.e., vaping more
overall in order to achieve a particular total nicotine intake). Baker et al.23 conducted

a study that showed that consumers self-regulated (“titrated™) their nicotine intake when
provided with a lower nicotine e-liquid to achieve a particular total nicotine dose, which was
independent of flavorants.

Herein, we used 'H NMR spectroscopy to analyze the aerosols produced by vaping PG +
GL e-liquids without and with flavorants and flavorants + nicotine. The HPHC levels in
these aerosol samples were compared with those from unflavored e-liquids to determine the
effects of these common e-liquid additives individually and together.
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USP grade PG, USP grade GL, benzaldehyde (>99%), and styrene (>99%) were purchased
from Sigma-Aldrich (st. Louis, MO). (S)-(=)-nicotine (99%) and vanillin (>99%) were
purchased from Alfa Aesar (Ward Hill, MA). Benzyl alcohol (>99%), frans-cinnamaldehyde
(>98%), and trans-cinnamic acid (>99.8%) were obtained from Tokyo Chemical Industry
Co., Ltd. (Tokyo, Japan). “Unicorn Blood” with 6 mg/mL nicotine was purchased online
from Fuzion Vapor. The commercial e-liquid “Unicorn Blood” was chosen because it
contains nicotine and sucralose (which we have previously shown leads to increased
production of carbonyl degradants).12 The procedure we used to aerosolize the “Unicorn
Blood” e-liquid with a refillable tank e-cigarette is given in the caption of Figure S1.
Benzene (>99.7%) was purchased from EMD Millipore Corporation (Billerica, MA).
Toluene (>99%) was obtained from Mallinckrodt Chemicals (Phillipsburg, NJ). DMSO-gj
(D 99.9%) and D,0 (D 99.9%) were purchased from Cambridge Isotope Laboratories, Inc.
(Andover, MA).

Methods.

2.2.1. Vaping Experiments.—E-liquid stock containing equimolar quantities of PG
and GL was prepared. Aliquots of this stock were then combined with either 2.5

mg/mL benzaldehyde, 31 mg/mL vanillin, 39 mg/mL benzyl alcohol, 39 mg/mL trans-
cinnamaldehyde, 155 mg/mL #rans-cinnamaldehyde, or a “flavorant mixture” (0.025
mg/mL benzaldehyde, 7.75 mg/mL vanillin, 9.75 mg/mL benzyl alcohol, 39 mg/mL trans-
cinnamaldehyde). Lastly, aliquots of the PG + GL + flavorant mixtures were combined with
6 mg/mL nicotine. The concentrations of flavorants were selected based upon commercial
e-liquid values reported by Behar et al.14 The chosen nicotine concentration is common and
within the range of observed values (0-60 mg/mL) in commercial e-liquids.2# All ratios
were verified by TH NMR spectroscopy.

E-liquids with flavorants were vaped in the following order: PG + GL, PG + GL + flavorant,
PG + GL + flavorant+6 mg/mL nicotine, and then PG + GL. The initial and final aerosolized
PG + GL degradation levels were compared to demonstrate that the sequence of vaping
experiments did not damage the coil in each series, which would have been shown by
significantly increased degradation in the final PG + GL aerosol versus initial. The second
PG + GL condition was aerosolized last for every experiment except for one trial with

2.5 mg/mL benzaldehyde, 31 mg/mL vanillin, 39 mg/mL benzyl alcohol, and 155 mg/mL
trans-cinnamaldehyde as the flavorant. Each experiment was repeated with 3 separate coils
of the same type/brand. In addition, a set of e-liquids without flavorants were vaped in the
following order: PG + GL, PG + GL+6 mg/mL nicotine, and PG + GL.

Devices used, setup, collection methods including the sample puff protocol, and NMR
parameters were detailed previously.25-27 The power button was pressed 1 s prior to the
start of each puff and followed the CORESTA puff protocol.2> All samples were collected
using a Kangertech Subtank Mini (equipped with a 1.2 Q coil) attached to a KBOX Mini
(Kangertech, Shenzen, China) using 22 W.
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New coils were conditioned with 10 puffs at 26 W prior to first time use per previous
methods.26 Ten or 20 “wicking puffs” at 22 W were done using each new e-liquid
condition prior to sample collection. Samples (3 puffs/sample) were generated using 22

W and collected as described elsewhere.>12:28 When the e-liquid was changed during an
experiment, the tank was emptied of e-liquid and dried using lint-free tissues prior to
refilling the tank with the new e-liquid. Between experiments, coils were washed with
methanol and dried using a vacuum oven at room temperature. All aerosolized samples
were evaluated by TH NMR spectroscopy within 1 h of collection. The aerosol and e-liquid
composition samples were prepared in DMSO-gg, then analyzed using a 600 MHz Bruker
AVANCE Il NMR spectrometer using either 16 or 64 scans, a 30° observation pulse, and a
3 s relaxation delay at 25 °C.

2.2.2. Identification of Degradation Products Derived from Flavorants.—To
identify substances unambiguously, vaped PG + GL + 155 mg/mL trans-cinnamaldehyde +
6 mg/mL nicotine was independently spiked with toluene, styrene, and benzaldehyde; PG
+ GL+155 mg/mL trans-cinnamaldehyde was spiked with cinnamic acid; and PG + GL +
2.5 mg/mL benzaldehyde + 6 mg/mL nicotine was spiked with benzene (data not shown)
to identify if the spiked substance was formed upon aerosolization. The amount of each
degradation product in the aerosol samples was determined by comparing the integrations
from the spiked and original samples.

3. RESULTS AND DISCUSSION

3.1

Percentage of Aerosol Collected.

The percentage of the aerosol collected in the sample vial (%-collected) was calculated for
each sample by dividing the absolute value of the change in the collected vial mass by the
absolute value of the change in e-cigarette tank mass and multiplying by 100 to generate

a percent. Values were then averaged for each condition, and the standard deviation (SD)
was calculated. The average % aerosol collected = SD from the samples generated in each
experiment are shown in Tables 1 and S1.

The average % aerosol collected was similar for most of the flavorants when comparing
trials 1-3 (each trial represents a different coil). However, there was a notable decrease in
the average % aerosol collected when vaping PG + GL e-liquids containing 155 mg/mL
trans-cinnamaldehyde compared to the initial aerosolized PG + GL for each trial (Table 1).
The average % aerosol collected decreased less when e-liquids contained 39 mg/mL trans-
cinnamaldehyde instead of 155 mg/mL #rans-cinnamaldehyde (Table 1). This is similar to
the report by Duell et al.,>12:28 stating that the addition of sucralose (a flavorant enhancer)
to e-liquids also can alter the % aerosol collected compared to the PG + GL only conditions.
Aldehydes can polymerize, form hemiacetals, and/or form acetals in the PG + GL mixture,
which could alter the particulate matter (PM) and gas phase fractions in the aerosol, thereby
causing variations in the % aerosol collected.2%:30
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3.2. Flavorants and Flavorant + Nicotine Effects on Degradation.

The levels of propanal, acetaldehyde, glycolaldehyde, acrolein, formaldehyde, formaldehyde
hemiacetals at about 6.2 ppm, total multiple formaldehyde-addition products (sum of 5.8
+5.3+5.1 ppm MAPs), and total formaldehyde (sum of formaldehyde + formaldehyde
hemiacetal + total MAPSs) were determined in aerosol samples by integrating their respective
peaks relative to the 3-proton PG methyl peak (divided by 3 to represent 1 proton) in the

1H NMR spectra (Figures 1 and 2). While mass spectrometry (MS) methods may be more
generally available in labs working on e-cigarettes, NMR spectroscopy may allow detection
and quantitation of species that are not directly amenable to MS. For example, Salamanca

et al.3! compared the total formaldehyde levels (formaldehyde + formaldehyde hemiacetals
in their study) in aerosolized equimolar PG + GL e-liquids using 2,4-dinitrophenylhydrazine
(DNPH) derivatization by HPLC with direct analysis of aerosols by NMR spectroscopy.
They found that formaldehyde hemiacetals detected by NMR make up a considerable
fraction of the total formaldehyde levels produced upon e-liquid aerosolization. However,
the total formaldehyde levels were significantly underestimated using derivatization.31:32

The MAP peaks are from formaldehyde-releasing agents, similar to the formaldehyde
hemiacetals identified by Jensen et al.,28 that are formed by the addition of formaldehyde

to glycerol and exhibit triplets at 5.8, 5.3, and 5.1 ppm (Figures 3, S1, and S2). The 5.8
(Figure S1) and 5.3 ppm peaks are found when vaping GL but not when vaping PG (with
no GL). The peak at ~5.1 ppm appears to correspond to a product (again hemiacetal-like)
from either solvent. Both disappear when D,O is added, consistent with hemiacetal -CH,—
OH resonances. Because the 6.2 ppm region is from the single addition products,>28 we
provisionally assign these 5.8, 5.3, and 5.1 ppm to MAP resonances, from both PG and GL
(at 5.1 ppm) and from GL (at 5.3 and 5.8 ppm). Consistent with these assignments, the
homonuclear correlation spectroscopy (COSY) and total correlation spectroscopy (TOCSY)
from an aerosolized “Unicorn Blood” e-liquid sample shows connectivities to upfield
doublets that become singlets when the hemiacetal -CH,—OH is exchanged by D,0 to
form —CH,—OD (Figure S2). An aerosolized “Unicorn Blood” sample was collected and
analyzed because the sucralose-containing commercial e-liquid has been shown to produce
high levels of HPHCs (including MAPSs).12 The high concentration of MAPSs made the
connectivities easier to observe on the COSY and TOCSY. We were unable to determine the
integration of the formaldehyde hemiacetals, and consequently the total formaldehyde, for
e-liquids containing trans-cinnamaldehyde due to peak overlap from the PG- and GL-trans-
cinnamaldehyde acetals (Figure 1).

The % values, relative to the remaining PG peak, for the degradation products are shown

in Table S3. The effects of additives on HPHC formation in aerosolized PG + GL e-liquids
were evaluated by comparing the degradation levels of acetaldehyde, acrolein, and total
formaldehyde for e-liquids without (set to 1) versus with flavorant and flavorant + nicotine
(Tables 2-4). The concentrations of flavorants used were chosen based on the upper limit
of values observed in commercial e-liquids.13 Vaping e-liquids with the addition of each
flavorant resulted in increased amounts of acetaldehyde, acrolein, and total formaldehyde
relative to PG + GL (Tables 2—4). We also compared the HPHCs in aerosols produced from
the initial and final PG + GL only e-liquids to assess coil changes that may have occurred
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during the vaping process. Individual flavorants in e-liquids could thermally degrade to
contribute to the levels of HPHC formation. 7rans-cinnamaldehyde (an a,f-unsaturated
aldehyde) could undergo nucleophilic attack at the S-carbon to produce acrolein similar to
trans-2-hexenal .33 However, specific degradation of flavorants will be limited by the amount
of flavorant present, which is typically small relative to PG and GL.

There was a decrease in HPHCs for e-liquids containing benzaldehyde, vanillin, benzyl
alcohol, and a “flavorant mixture” when aerosolized with 6 mg/mL nicotine versus without
nicotine (Tables 2—4). The basicity of nicotine would decrease the HPHCs in aerosols

from e-liquids with benzaldehyde, vanillin, benzyl alcohol, and a “flavorant mixture” if
the primary thermal degradation mechanism is acid-catalyzed. For example, sucralose

and triacetin could thermally degrade into hydrochloric acid and acetic acid that were
shown to enhance degradation levels, respectively.1112 However, the degradation levels
increased in aerosolized frans-cinnamaldehyde-containing PG + GL e-liquids (39 and 155
mg/mL trans-cinnamaldehyde) with 6 mg/mL nicotine versus without (Tables 2-4). Trans-
cinnamaldehyde can initially be oxidized to produce acids that promote the neutralization
of nicotine and promote degradation during aerosolization. Friedman et al.3* showed that
trans-cinnamaldehyde in food products and essential oils can be oxidized with heat to
produce benzaldehyde and glyoxal. Yu et al.3® used gas chromatography—mass spectrometry
(GC-MS) to identify oxidation products from frans-cinnamaldehyde, finding acetaldehyde,
benzaldehyde, benzoic acid, and cinnamic acid as some of the main oxidation products.

The effect of nicotine on degradation in aerosolized e-liquids with flavorants was determined
by dividing the degradation levels of “PG + GL + flavorant+6 mg/mL nicotine” by “PG +
GL + flavorant” in Tables 2—-4. The average values (£SD) for the “nicotine degradation
factors” are shown in Table 5. The nicotine degradation factors for acetaldehyde,

acrolein, and total formaldehyde were similar for each flavorant (Table 5). E-liquids with
benzaldehyde, vanillin, benzyl alcohol, and the “flavorant mixture” had nicotine degradation
factors less than 1 (where 1 = no observed effect), thereby inhibiting HPHC formation
(Table 5). Vanillin was the flavorant that generated toxicants that were most inhibited by a
nicotine degradation factor of ~0.5 (Table 5). E-liquids with the greatest promoted toxicant
formation contained 39 and 155 mg/mL frans-cinnamaldehyde and had nicotine degradation
factors of 2.3 and 2.9, respectively (Table 5).

The interactions of nicotine with the e-cigarette solvents, flavorants, and metal coil could
further alter toxicant formation upon aerosolization. Son et al.36 found that hydroxy! radical
levels were slightly higher in aerosolized GL and PG + GL e-liquids when the nicotine
concentration was higher; aerosolized PG e-liquids had higher hydroxyl radical levels
when the nicotine concentration was lower. Bhagwat et al.37 observed an increase in lipid
peroxidation products when rat brain tissues were exposed to chronic levels of nicotine
(1.6 mg/kg/day) daily for a 10 day period, indicating that nicotine had oxidative properties.
However, Linert et al.38 found that nicotine could be an antioxidant with its ability to bind
Fe2* and reduce transferrin-mediated Fe uptake in rat brain tissue. The role of nicotine as
a prooxidant or antioxidant in flavored and unflavored e-liquids during aerosolization is
unknown and requires further study.
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The effect of 6 mg/mL nicotine on toxicant formation was determined by aerosolizing
e-liquids containing PG + GL, followed by PG + GL + 6 mg/mL nicotine, and PG + GL (to
compare the final and initial degradation levels). The average % aerosol collected for each
trial is shown in Table S1, and the HPHC levels produced upon aerosolization are shown

in Table S3. The degradation levels for acetaldehyde, acrolein, and total formaldehyde were
similar in aerosolized e-liquids with and without nicotine (Table S2). The average nicotine
degradation factor (degradation levels of “PG + GL + 6 mg/mL nicotine” divided by the
average initial “PG + GL”) was 1, which indicates nicotine had no effect on the HPHCs
formed upon aerosolization (Table 5).

We analyzed the composition of e-liquids containing benzaldehyde, vanillin, and trans-
cinnamaldehyde over time and observed that the composition changed as determined by 1H
NMR. The e-liquids with aldehyde flavorants formed acetals with PG and GL, as indicated
by the new peaks in the aged trans-cinnamaldehyde e-liquids (Figure S3). Erythropel et al.2?
reported that #rans-cinnamaldehyde, benzaldehyde, and vanillin form and reach equilibrium
with PG-acetal conversions up to ~92% in 1 day, ~95% in 5 days, and ~40% in 7 days,
respectively. We did not observe a difference in the HPHCs produced from aerosolized
e-liquids with aldehyde flavorants before and after they reached equilibrium with their
respective PG-acetals, which is consistent with the values reported by Erythropel et al.2® The
PG-flavorant acetals had a similar effect as the parent flavorant on HPHCs produced upon
e-liquid aerosolization under our conditions. Similar to what was reported by Erythropel et
al.,3% we noticed that the PG- and GL-flavorant acetals carried over into the aerosols. The
differences in degradation levels from each trial with flavorants were more likely associated
with the quality of the coil used in each experiment2 instead of acetal versus aldehyde
presence in the e-liquid.

By the time consumers purchase e-liquids flavored with aldehydes, the PG- and GL-
flavorant acetals likely reach equilibrium. The PG- and GL-flavorant acetals can have
different toxicological properties than the individual solvents and flavorants. Jabba et al.40
reported that PG-flavorant acetals were cytotoxic to pulmonary epithelial cells and hindered
mitochondrial function generally more than the parent flavorants. According to the results
reported herein, consumers can also be exposed to higher levels of carbonyls when vaping
flavored e-liquids compared to unflavored e-liquids,”-8:10 although consumers who vape
flavored e-liquids with nicotine can be exposed to higher or lower amounts of carbonyls
compared to flavored e-liquids without nicotine, depending on the specific flavorants. El-
Hellani et al.#1 and Reilly et al.#2 inferred that nicotine did not affect carbonyl and oxidant
production, but under our conditions, we found that nicotine can promote, inhibit, or have
no effect on HPHC formation, depending on the conditions including the identities of the
flavorants.

3.3. Toxicological Implications of Degradation Products Derived from Flavorants.

Aerosolized PG + GL e-liquids containing frans-cinnamaldehyde were individually spiked
with benzaldehyde, frans-cinnamic acid, toluene, and styrene in order to confirm the
identities of the unknown peaks in the 1H NMR spectra. Also, benzene was identified as

a degradation product in aerosolized e-liquids containing benzaldehyde with and without
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nicotine, which is consistent with what was reported by Pankow et al.#3 As noted above,
Yu et al.3 identified benzaldehyde and trans-cinnamic acid as oxidation products of trans-
cinnamaldehyde, and Li et al.** identified styrene and toluene as pyrolysis products of
trans-cinnamaldehyde.

The presence of benzaldehyde, frans-cinnamic acid, toluene, and styrene in aerosolized
trans-cinnamaldehyde-containing PG + GL e-liquids (39 and 155 mg/mL #rans-
cinnamaldehyde) with and without 6 mg/mL nicotine was identified based on NMR
chemical shifts and peak splitting. Benzaldehyde, toluene, and styrene were individually
spiked into NMR samples containing aerosolized e-liquids with 155 mg/mL #rans-
cinnamaldehyde and 6 mg/mL nicotine (Figures S4-S6). Trans-cinnamic acid was spiked
into NMR samples containing aerosolized e-liquids with 155 mg/mL #rans-cinnamaldehyde
(Figure S7). The benzaldehyde, toluene, and styrene resonances were not present in

the previous aerosolized PG + GL or unvaped #rans-cinnamaldehyde-containing e-liquid
samples, indicating that they were formed during aerosolization (Figures S4-S6). The trans-
cinnamic acid peaks were not observed in the aerosolized PG + GL but were observed in
the unvaped frans-cinnamaldehyde-containing e-liquid, and then formed ~2x more during
aerosolization (Figure S7). We estimated that 1 x 1074, 3 x 1074, 0.05, and 0.02 mg/

puff benzaldehyde, frans-cinnamic acid, toluene, and styrene were formed in each aerosol,
respectively, under our conditions (Figures S4-S7).

The Environmental Protection Agency’s (EPA) Integrated Risk Information System (IRIS)
determined that the no-observed-adverse-effect level (NOAEL) for toluene was 46 mg/m3
per day (1.9 mg/m3 per 1 h) for human subjects.*> The physiological daily inhalation rate
(PDIR) of 17.48 m3/day (0.73 m3/h) for 23-30 year old males was used to estimate the
breath volume.*® The IRIS limit per hour for toluene would be 1.40 mg/h based on the
chosen inhalation rate. The e-cigarette used in this study produced 0.05 mg/puff toluene at
22 W at a flow rate of 18.3 mL/s. Kosmider et al.#” found that the average number of puffs
per day for 24 adult e-cigarette consumers was 156 puffs/day (~7 puffs/h). At 7 puffs/h, the
rate of toluene inhalation would be 0.35 mg/h, which does not exceed the IRIS limit and
does not account for any aerosol exhaled.

The EPA determined that the Acute Exposure Guideline Level (AEGL-1) for nondisabling
effects of styrene inhalation in the central nervous system of humans was 85 mg/m?3 per
hour.48 Using the PDIR for 23-30 year old males of 17.48 m3/day (0.73 m3/h) yields

an AEGL-1 limit of 62.1 mg/h.%6 If 156 puffs/day*’ (7 puffs/h) were inhaled using the
e-cigarette and e-liquid in this study at 22 W, a flow rate of 18.3 mL/s, and 0.02 mg/puff,
the consumer would inhale styrene at a rate of 0.14 mg/h. Under our conditions, the levels
of styrene inhaled do not exceed the AEGL-1 limit (also assuming that no aerosol is
exhaled). The consumer could be exposed to higher concentrations of toluene and styrene
by vaping with a higher power setting (>22 W)*! and/or having a higher concentration of
trans-cinnamaldehyde (>155 mg/mL) in the e-liquid.#2 Inhaling any styrene and/or toluene
is concerning due to classifications as a Group 2A probable human carcinogen and nervous
system depressant, respectively.45:49
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Yu et al.35 found that the oxidation of frans-cinnamaldehyde to benzaldehyde formed more
readily at higher temperatures and involved oxidative cleavage; however, the oxidation

of frans-cinnamaldehyde to frans-cinnamic acid was less dependent on temperature than
the formation of benzaldehyde. The trans-cinnamaldehyde in e-liquids underwent partial
oxidation during storage at room temperature resulting in #rans-cinnamic acid formation
(Figure S7). Li et al. reported that toluene and styrene were produced upon the pyrolysis
of trans-cinnamaldehyde** and proposed seven possible pathways for styrene to form, many
of which begin with the H radical addition to or abstraction from #rans-cinnamaldehyde
(Figures S4 and S5). Toluene and styrene were previously identified as degradation
products from e-cigarettes through GC-MS analysis by others, but conversion to toluene
or styrene from cinnamaldehyde was not reported.5° The presence of benzaldehyde, trans-
cinnamic acid, styrene, and toluene in aerosolized e-liquids with #rans-cinnamaldehyde
shows that frans-cinnamaldehyde underwent oxidation and free radical cleavage during
thermal degradation.

The presence of benzene was determined in the aerosolized benzaldehyde-containing PG +
GL e-liquids based on the observed chemical shift (7.37 ppm) and peak shape consistent
with that reported for benzene by Pankow et al.*3 The peak was not observed in the
unvaped e-liquid nor vaped samples of PG + GL. We calculated approximately 4 x 10~4
mg/puff of benzene in the aerosolized e-liquid with benzaldehyde. Benzene is carcinogenic
to humans, and there is no safe level of exposure via inhalation according to the World
Health Organization (WHO).%1 Pankow et al. identified benzene as a degradation product of
various e-liquid mixtures (including benzaldehyde-containing e-liquids) upon vaporization,
and Namysl et al. identified benzene as a pyrolysis product of benzaldehyde.43:52

4. CONCLUSIONS

We found that benzaldehyde, vanillin, benzyl alcohol, and #rans-cinnamaldehyde can
enhance PG and GL degradation during vaping, consistent with other reports, including
that e-liquids that contain greater concentrations of flavorants produce more HPHCs (as
measured by carbonyl production).”10:53 We also found that nicotine inhibited the levels of
HPHC formation in the presence of benzaldehyde, vanillin, benzyl alcohol, and a “flavorant
mixture” when aerosolized, as compared to flavored e-liquids without nicotine. However,
nicotine enhanced the levels of degradation when added to e-liquids with low and high
concentrations of #rans-cinnamaldehyde (39 and 155 mg/mL, respectively), as compared to
the same e-liquids without nicotine. The effects of other common flavorants with nicotine
should also be explored because there is widespread use of many different flavorants and
combinations thereof>*25 and because concentrations of nicotine in e-liquids can vary by
brand and local regulations.>*
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ABBREVIATIONS

COsYy homonuclear correlation spectroscopy

TOCSY total correlation spectroscopy

e-cigarette electronic cigarette

e-liquid electronic cigarette liquid

PG propylene glycol

GL glycerol

NMR nuclear magnetic resonance

HPHC harmful and potentially harmful constituents

PM particulate matter

HPLC-HRMS high performance liquid chromatography-high resolution
mass spectrometry

MAP multiple addition formaldehyde hemiacetal product

MS mass spectrometry

DNPH 2,4-dinitrophenylhydrazine

GC-MS gas chromatography—mass spectrometry

IRIS Integrated Risk Information System

NOAEL no-observed-adverse-effect level

PDIR physiological daily inhalation rate

EPA Environmental Protection Agency

AEGL acute exposure guideline levels

WHO World Health Organization
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Figure 1.

1H NMR spectra for aerosolized (A) PG + GL, (B) PG + GL + 2.5 mg/mL benzaldehyde,
and (C) PG + GL + 2.5 mg/mL benzaldehyde + 6 mg/mL nicotine show the enhancing

effects of benzaldehyde and inhibitory effects of nicotine on the

degradation levels relative

to the PG + GL. The intensities were normalized to the PG methyl resonance at ~1.05 ppm.
The samples (3 puffs each) were aerosolized at 22 W using a 1.2 Q coil and the CORESTA
puff method. 1 = propanal; 2 = acetaldehyde; 3 = glycolaldehyde; 4 = formaldehyde; 5 =
acrolein; 6 = formaldehyde hemiacetals; 7 = 5.8 ppm multiple addition product (MAP).
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Figure 2.

1H NMR spectra for the aerosolized (A) PG + GL, (B) PG + GL + 155 mg/mL trans-
cinnamaldehyde, and (C) PG + GL + 155 mg/mL trans-cinnamaldehyde+6 mg/mL nicotine
illustrate the enhancing effects of frans-cinnamaldehyde and nicotine on the levels of
degradation relative to PG + GL. The samples (3 puffs each) were generated at 22 W

using a 1.2 Q coil and the CORESTA puff method. The intensities were normalized to the
PG methyl resonance at ~1.05 ppm. 1 = propanal; 2 = acetaldehyde; 3 = glycolaldehyde;

4 = formaldehyde; 5 = acrolein; 6 = trans-cinnamaldehyde-acetal peaks overlapped the
formaldehyde hemiacetals; 7 = styrene; 8 = 5.8 ppm MAP.
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Figure 3.
1H NMR spectrum for vaped pure glycerol in DMSO-a. These peaks labeled “L” are labile,

in the context of e-liquids, hemiacetal -CH,—OH resonances that are coupled to upfield
doublets (see Figure S2), which become singlets when the -CH,—OH is exchanged to form
—CH,-0D, as discussed in the text. The triplet in the 6.2 ppm region has already been
identified as hemiacetals from PL and GL.>28
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