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Figure 4. 'H NMR of 97:3 mol/mol triethyl citrate/limonene mixture
products identifiable in the "H NMR of triethyl citrate/limonene 97:3
the 80:20 mixture. (B) Full '"H NMR spectrum in DMSO-d,. (C)

acetaldehyde peak.

vaped. (A) Compounds ethanol, ethyl acetate, and acetaldehyde were major
condensate mixture collected after vaping. Similar spectra were collected for
Expanded ethyl acetate peak. (D) Expanded ethanol peak. (E) Expanded

active ingredients, and terpenes in BALF samples provides
evidence to support studies that look at multiple zones of the
respiratory tract, specifically the mid and lower regions.

For this study, the use of cells representative of the
bronchiolar (BEAS-2B) and alveolar respiratory regions
(AS49) was important in detecting changes in cytotoxicity in
the middle and distal regions of the respiratory tract. Bronchial
and epithelial cells are common models used for lung injury
studies as these are common regions where xenobiotic
metabolism is induced after inhalation exposure.”” Potential
changes in toxicity and chemical interaction in response to
exposure between each cell type can aid in the development of
high-throughput targeted assessments specific to perturbation
to epithelial cells in the bronchial and alveolar regions of the
respiratory system. For example, BEAS-2B and AS549 cells have
been used in respiratory syncytial virus (RSV) infection studies
as both cell models have been found to respond differently
when infected with RSV.*® In this study, BEAS-2B cells
expressed genes that restricted infection, whereas infected
AS49 cells activated genes responsible for pro-inflammatory
response.”” This indicates the importance of the application of
different cell models for inhalation studies to improve the
understanding of downstream effects of inhaled aerosols and
particles as they move into more sensitive regions. There must
be more testing with different in vitro models to find the
common pathways that could be linked to potential lung
injury.

Because of the variance in e-liquid composition between
manufactured or at-home solutions, the isolation of a set of
chemicals used in vaping products is difficult. Recently, vaping
focused studies have isolated analytical methods to isolate
common chemicals used in market e-liquids. This has aided in

focusing biological analysis of vaping compounds on
commonly reported vaping ingredients. In one study, Guo et
al. used gas chromatography—mass spectrometry (GC-MS) to
screen cannabis vaping cartridges and found that many of the
common flavoring agents used were caryophyllene, bisabolol,
myrcene, and limonene, most of which did not correspond to
the listed ingredients on the package or the name of the e-
liquid.” Limonene was found in 8 of the 12 samples tested and
was used in conjunction with myrcene in one product type
called Blue Dream.’ Even though products like Blue Dream are
marketed for the sedative properties of myrcene, there are also
other common tergenes like limonene used in addition that
may not be listed.” The presentation of limonene in BALF
samples and in several vape cartridges indicates attractive
properties of limonene that can be used in both nicotine- and
cannabis-containing va}z)es, supporting toxicity assessment
conducted in our study.”**’ A literature assessment of vaping
constituent analysis was essential in isolating a common
terpene and diluent for toxicological assessment.

The resulting toxicities after single exposures of unvaped
triethyl citrate and limonene were investigated to provide a
foundational understanding of the starting toxicity of the
parent form of the e-liquid ingredients before thermal
transformation. Inoculation exposures can also serve as a
high-throughput approach for initial toxicity screening of
multiple vaping ingredients or mixtures. As a result, the LCy,
values of triethyl citrate was higher than limonene in both
AS49 cells and BEAS-2B cells. In the binary mixtures of both
triethyl citrate and limonene, the increased ratio of limonene in
the 80:20% v/v mixture resulted in higher toxicity than that
observed in the equipotent mixture, indicating that the ratio of
terpene use in e-liquid mixtures should be limited as toxicity
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can greatly vary between constituents (Figure 2E). This is
similar to results seen in solutions tested in Marescotti et al.’s
study where mixtures containing flavoring agents with high
Tox-Scores were reported to be potential contributors to
increased toxicity.””

Jiang et al. used a bronchial cell model to test for changes in
cellular toxicity and cell membrane integrity after exposure to
unvaped and vaped e-liquid ingredients.”" Similar cellular
toxicity results of 100% viability were measured with solvent
control tests of 1% DMSO dissolved in media between this
study and Jiang et al.’s study, allowing for use of DMSO as the
solvent for inoculation exposure testing. Jiang et al. reported a
decrease in cell viability as unvaped triethyl citrate was tested
at a range from 0.01 to 1% v/v concentrations. Similarly, for
this study BEAS-2B cells were used to test for cellular toxicity
in the bronchial region of the respiratory tract, and exposures
to triethyl citrate alone resulted in viability trends similar to
those reported by Jiang et al. The team also found that
unvaped and vaped TEC showed dose-dependent cell death
with little significance between the liquid and aerosolized
forms.'" Although important to test vaped forms of the
ingredients, the findings of Jiang et al’s study comparing
unvaped and vaped triethyl citrate contribute to the possibility
of using inoculation studies for quick toxicity assessments of
multiple vaping ingredients.

The next phase of this study was to investigate the resulting
chemical interaction of an equipotent and 80:20% v/v binary
mixtures of triethyl citrate and limonene. Isobolographic
analysis was used in this study to assess and define the
chemical interaction of the two binary mixture solutions made
using chemical standards of triethyl citrate and limonene.'*”’
Chemical interactions could result as synergistic, additive, or
antagonistic when compared to the initial single exposures of
each chemical, as prescribed by the Loewe additivity model.*
Essentially, this model is a mass conservation law where the
ratio of the binary mixture predicted and measured LCy, values
provide an interaction index. If the interaction index is less
than 1, the effect of the combination is considered synergistic.
If the index is equal to 1, then the effect is considered additive,
and if the interaction index is greater than 1, then the effect is
defined as antagonistic.'” The point of intersection provides
the predicted LCs, that would fall on the additive line and
serves as a marker of comparison for the measured LCs. For
this study, Liu et al’s isobolographic modeling used for
chemical interaction of binary mixtures of water disinfection
byproducts was used for the analysis of binary vaping mixtures
tested on human lung cells. Our model defined each binary
mixture chemical interaction as antagonistic, which was
supported by interaction indices reported greater than 1.

Our reported chemical interactions differ from the
synergistic interactions reported in Marescotti et al’s study.
This is due to the difference in mixture composition in our
study as we focused on a binary mixture of a diluent and
terpene, whereas in Marescotti et al.’s study they used flavored
mixtures compared to baseline mixtures containing two
diluents (propylene glycol (PG) and vegetable glycerol
(VG)) and 0.6% nicotine.”® The addition of an active
ingredient and multiple diluents may have had effects on the
resulting synergistic interaction reported in this study. A
second study looked at equimolar ratios of nicotine-free vaping
solutions mixed with the 10 ﬂavorin§ agents that were tested
for toxicity against monocytic cells.”” This study discovered
increased cytotoxicity in equimolar ratios. Our study also

served to isolate the chemical interaction specifically for
diluent and terpene mixtures as a beginning assessment of the
direct effects of these chemcials without introducing an active
ingredient.

The use of NMR analysis is helpful in isolating degradation
products after heating of the 97:3 mixture. Similar spectra were
collected for the 80:20 mixture. The reported degradants that
may be more well understood because of previous studies on
tobacco products can be helpful in selecting which diluents and
terpenes should be further investigated at different ratios for
specific biomarkers like ROS production and the presence of
inflammatory cytokines. A limitation of this study is the
cytotoxicity analysis of only unvaped TEC and limonene. The
use of NMR analysis was conducted to provide preliminary
data measuring the main degradant byproducts after heating of
the equipotent mixture tested for cytotoxicity and chemical
interaction analysis (Figures 2 and 3). Figure 4B shows the full
"H NMR spectrum of the vaped mixture running through the
600 MHz NMR (512 scans, 3 s relaxation delay). The
identification of each product was confirmed by running
standards of each under similar NMR settings. Previously,
Jiang et al. had characterized emissions from vaping TEC."'
They reported “smaller esters” such as diethyl ester propane-
dioic acid, malonic acid diisopropyl ester, diethyl ester
propanedioic acid,and o-acetylcitric acid triethyl ester. During
the investigation herein, we analyzed products formed upon
vaping TEC by 'H NMR. In contrast to the prior study, we
found that TEC vaping results in relatively prominent
emissions of ethanol and ethyl acetate (Figure 4 and Figure
S$3), and also acetaldehyde. The main degradants measured via
NMR serve as an indication of the main degradants of concern
in both binary mixtures tested via inoculation exposure (Figure
2). The degradants can then be used for further toxicity
analysis using the same inoculation exposure setup used for
dose—response assessment in Figure 2. The existing literature
of degradant products can then be used to guide future
biological end point assessments.”' ">

B CONCLUSION

Although this study fulfilled toxicity and chemical interaction
analysis of two binary vaping mixtures, we have only touched
the surface of the application of dose—response assessments
and isobolographic analysis for vaping solutions. The complex-
ity of e-liquid formulations has led to difficulties in isolating the
main toxicants of concern contributing to the presentation of
lung illnesses in vaping users of different ages and vaping
history backgrounds. e-Liquids can contain up to several
diluents, flavoring agents (terpenes, aldehydes, etc.), and an
active ingredient contributing to an overwhelming task of
defining and categorizing these chemicals before isolating the
biological effects after inhalation of these chemicals. Therefore,
for this study the focus was on collecting toxicity data of a
binary mixture consisting of a diluent (triethyl citrate) and a
terpene (limonene) to provide a streamlined approach for
future vaping toxicity studies.

Through the application of easy-to-use lung cell models like
AS549 and BEAS-2B cells, the assessment of toxicity effects of
the middle and distal regions of the respiratory tract were able
to be used for dose—response curve construction. Easy-to-use
cell types aided in providing representative lung cell models for
dose—response analysis. Dose—response assessments are
essential for hazard risk assessment studies by providing
quantitative data that defines the responses to increasing
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concentrations of the toxicant of concern. For this study, the
dose—response curves were used to calculate LCy, values for
single constituent and binary mixture exposures. LCs, values
showed that the terpene (i.e., flavoring agent) had increased
cytotoxicity in both lung cell types. Cytotoxicity was also
affected by terpene concentration in the binary mixtures tested,
resulting in increased toxicity for the 80:20% v/v, which
contained 17% v/v more limonene than the equipotent ratio.
This provides a model of how to proceed in the testing of
vaping mixtures. Marescotti et al. also found that initial
cytotoxicity assessments aided in determining which flavoring
agents would contribute to increased cytotoxicity when
combined with other flavoring agents and vaping ingredients.*’
The conclusions provided by dose—response analysis provides
information to support hazard identification of tested vaping
chemicals.

Even though the approach used for this study to isolate and
define the chemical interaction effect of two binary mixtures of
a diluent and terpene resulted in an antagonistic interaction,
this has provided information and support to look at the
addition of a third vaping ingredient for future mixture
analysis. Two studies have indicated potential synergistic
interactions of vaping solutions containing more than two
compounds, including and not including the active ingredient
in more sensitive lung models like primary cells and
monocytes.’”** These studies coupled with our results show
the importance of testing vaping mixtures in different lung in
vitro models and the introduction of more than two
constituents in mixtures. Lung model type and mixture
composition can be factors contributing to the presentation
of synergisic responses in these studies.
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Figure S1 presents the same data shown in Figure 2 with
the main difference in the shifting of the x-axis to the left
in panels B and D for the presentation of centered
dose—response curves; Figure S2 provides the molarity
concentrations of the individual chemicals used to
formulate each binary mixture depending on cell type;
Figure S3 shows the levels of ethanol, ethyl acetate, and
acetaldehyde observed by '"H NMR spectroscopy upon
vaping triethyl citrate (PDF)
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