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ABSTRACT: Flavors in electronic cigarette (ECIG) liquids may increase ECIG aerosol
toxicity via intact distillation or chemical transformation. For this report, we performed a
meta-analysis of the literature to categorize the compounds found in flavored ECIG
liquids into a few chemical classes and to predict their possible chemical transformations
upon ECIG liquid aerosolization. This analysis allowed us to propose specific
correlations between flavoring chemicals and aerosol toxicants. A literature search was
conducted in November 2019 using PubMed. Keywords included terms related to
ECIGs and flavors. Studies were included if they reported chemical ingredients of
flavored liquids and clearly stated the commercial names of these liquids. The obtained
data were visualized on a network diagram to show the common chemical compounds
identified in flavored ECIG liquids and categorize them into different chemical classes. Chemical classes
The systematic literature review included a total of 11 articles. Analysis of the data

reported gave a total of 189 flavored liquids and 173 distinct chemical compounds that

were categorized into 22 chemical classes according to their functional groups. The

subsequent prediction of chemical transformations of these functional groups highlighted the possible correlation of flavor
compounds to aerosol toxicants.
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Chemical classification
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B INTRODUCTION

Electronic cigarette (ECIG) prevalence has increased dramat-
ically in recent years, and ECIGs now rank as the most used
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specific flavor ingredients and the formation of specific aerosol
toxicants.'” ™"

In general, studies that analyze toxicant emissions in ECIG
aerosols usually target toxicants commonly found in combus-
tible cigarette smoke.”” Only one study performed a non-
targeted screening of ECIG aerosols to check for other
toxicants.”> In contrast, this screening or chemical profiling is
more commonly done on flavored ECIG liquids.”***
Knowing the chemical constituents of flavored liquids is
important, as it may give an insight into the toxicity of the
generated aerosols based on the transfer efficiency of these
chemical compounds and their reactivity under ECIG
conditions.'**?°° In this report, we performed a meta-analysis
of the published literature to identify all reported chemical
compounds in flavored ECIG liquids and classify these
compounds into chemical classes based on their functional
groups (FGs). Next, we predicted their possible chemical
reactivity upon ECIG aerosolization based on reported
literature.

B METHODOLOGY

Search Method. A literature search on the PubMed
database with no time restriction was conducted in November
2019, using the following terms: (flavor OR flavour OR
flavoring OR flavouring OR flavored OR flavoured OR
flavorant OR flavourant) AND (electronic cigarette OR e-
cigarette OR e-cig OR e-liquid OR electronic nicotine delivery
system OR ENDS OR vape OR e-hookah). The only limits
applied were that “hits” needed to be published online and
written in English.

Inclusion Criteria. Studies were included in the meta-
analysis if they (1) reported a general chemical profiling of
flavored liquids (screening of chemical ingredients of flavored
liquids) and (2) clearly stated the commercial names of these
liquids. These names are needed for the graphical representa-
tion of the data. To determine eligibility, two reviewers
independently examined the title and abstract of each reference
from the literature. Studies that did not meet the inclusion
criteria upon review of titles and abstracts were excluded. The
papers that did meet the study requirements were collected
and stored in a shared folder. The two reviewers read each of
these reports and removed irrelevant articles due to mismatch
with the above inclusion criteria. Each reviewer extracted
information from the text of the remaining articles, and they
cross-validated the data they found.

Network Representation of the Results. To visualize
the most common FGs of the identified chemical compounds
in ECIG liquids, we used the open-source network analysis and
visualization software Gephi (version 0.9.2). The extracted
information from the included articles was compiled in a
Microsoft Excel file, which included article title, commercial
names of the studied liquids, identified chemical compounds,
chemical structures, and determined functional groups. Each
liquid, chemical, and functional group was given a unique code
to be used later in the input to the Gephi software. The data
were sorted in the following hierarchy: commercial name of
flavored liquid, name of the chemical compound, and chemical
class according to FGs. The FGs were determined after careful
examination of the chemical structure of the identified
compound. These FGs were verified by an online tool (ACE
functional group finder).”’ Note that one chemical could have
two or more FGs, and thus could be linked in the etoile (star)
to more than one chemical class. The three categories were
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taken as nodes connected by undirected links: flavored liquids
are linked to chemical compounds, and the latter are linked to
chemical classes—the size of a spherical node changes with the
number of connections it has to the other nodes.

B RESULTS

Included Studies. After removal of duplicates and non-
English articles, the search retrieved 868 items. Studies were
included in the meta-analysis if they matched the inclusion
criteria. Upon review of the article titles and abstracts, 811
articles were excluded due to irrelevance to the study aims. A
review of the full text of the remaining 57 articles removed 46
items that were excluded due to a lack of relevance/failure to
meet the inclusion criteria. Thus, a total of 11 articles was
included in the meta-analysis. Figure 1 shows the PRISMA
diagram that illustrates the steps that accompanied the
selection process.

Identification i Pubmed database

search (n=868) |
i 0 new studies retrieved by !
«———  hand-searching the
' references '
Screening ! 868 papers E
| screened '
| Sllexcluded at |
——! ftitle/abstract due to
i mismatch with study aims 1
T sTfulltext |
Eligibility ! reviewed :
E 46 full-text articles i
' excluded :
Included 11 papers included !

Figure 1. A PRISMA diagram illustrating the process of literature
selection.

Classification of Flavor Chemicals. The data were
extracted from the included 11 articles.'®!7?*72729,3273%
Analysis revealed 189 flavored ECIG liquids containing some
combination of 173 chemical compounds (8.4 + 9.5 chemical
compounds per ECIG liquid). Figure 2 shows the Gephi
diagram, or the chemical class etoile, of the collected data with
the 173 distinct chemical compounds detected (Supporting
Information). The sphere in the center of the diagram
represents flavored ECIG liquids in general. Analysis of the
structures of these chemical compounds allowed their
classification into 22 chemical classes: alcohol, aldehyde,
alkene, amide, amine, aryl (or aromatics), diketone, epoxide,
ester, ether, furan, hydrazone, imidazole, ketone, lactone,
phenol, pyrazine, pyrazole, pyridine, pyrimidine, pyrrole, and
thiazole (Supporting Information). This representation shows
that, in principle, a large number of flavored ECIG liquids and
their corresponding chemical ingredients could be reduced to a
manageable number of chemical classes. Indeed, some of the
studies included in this Review mentioned the frequency of
chemical classes present in their sample set.'****>%°
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Figure 2. A chemical class étoile of 173 chemical compounds found in 189 flavored liquids and their classification into 22 chemical classes. Color
code: red = flavored ECIG liquids in general, orange = commercial flavored liquid, blue = chemical compound, green = chemical class.

The etoile shows that some chemical compounds are
common among the tested flavored ECIG liquids, like ethyl
maltol (n = 89, 47%), vanillin (n = 69, 37%), menthol (n = 54,
29%), ethyl vanillin (n = 43, 23%), linalool (n = 43, 23%),
benzaldehyde (n = 41, 22%), benzyl alcohol (n = 39, 21%),
maltol (n = 38, 20%), cinnamaldehyde (n = 37, 20%), ethyl
butanoate (n = 35, 19%), and hydroxyacetone (n = 31, 16%).
This observation is in agreement with the results of a recent
report that analyzed the flavor ingredients in ECIG liquids
marketed in The Netherlands using information provided by
the manufacturers.*

B DISCUSSION

Reactivity of Chemical Classes. The e¢toile shows that
ester (n = 58, 33%) and alkene (n = 57, 33%) are the most
frequent chemical classes, followed by aryl (n = 41, 24%),
alcohol (n = 31, 18%), ketone (n = 25, 14%), aldehyde (n = 17,
10%), and lactone (n = 1S5, 9%). Considering the ECIG
heating element as a pyroly51s reactor operating within an
oxygen-containing atmosphere,”” * the reactions taking place
during ECIG use can be classified as oxidation, thermal
degradation, radical generation/addition, and adduct forma-
tion. Under such conditions, esters are prone to break down
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into carboxylic acids and small alkenes.”” Ethyl butanoate, for
example, will decompose to give ethylene and butanoic acid.
Alkenes may undergo oxidation to give diols, carbonyls, or
peroxides.”** The aryl class in our classification includes
chemical compounds that have a benzene ring next to a
functional group (except for p-cymene). The aryl class
comprises chemical compounds like benzyl alcohol, benzalde-
hyde, cinnamaldehyde, and other related chemical compounds
that can undergo oxidation to carboxylic acids followed by
decarboxylation to give benzene, toluene, ethylbenzene, xylene
(BTEX), and styrene.” Alcohols under thermal conditions
undergo oxidation via radical intermediates to give carbonyl
compounds and/or carboxylic acids.** Lactones exhibit
transformations similar to esters.” Aldehydes can react with
ECIG carriers (propylene glycol (PG) and vegetable glycerol
(VG)) to give hemiacetals,” or oxidize to give carboxylic
acids.”” Ketones can undergo Baeyer—Villiger oxidation to give
esters or lactones.** In summary, under typical ECIG operating
conditions, predominant chemical classes are predicted to
produce mainly carbonyls, carboxylic acids, alkenes, and
volatile organic compounds like BTEX (Table 1).'>*~!
Other less frequent chemical classes, like epoxide and
hydrazine, could be highly reactive under ECIG pyrolysis

https://dx.doi.org/10.1021/acs.chemrestox.0c00247
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https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00247?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00247?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00247?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrestox.0c00247?fig=fig2&ref=pdf
pubs.acs.org/crt?ref=pdf
https://dx.doi.org/10.1021/acs.chemrestox.0c00247?ref=pdf

Chemical Research in Toxicology

pubs.acs.org/crt

Table 1. Summary of Predicted Chemical Transformations
of Flavor Chemical Compounds Identified in the Literature

esters - carboxylic acids + alkenes
alkenes - diols + carbonyls + peroxides
aryls - BTEX + styrene

alcohols - carbonyls + carboxylic acids
lactones - carboxylic acids + alkenes
aldehydes - hemiacetals + carboxylic acids
ketones - esters + lactones

conditions. Also, the presence of more than one FG in a
chemical and the presence of multiple components in the same
reaction medium can lead to more than the identified products
through secondary reactions. Moreover, as many ECIGs today
contain nicotine salts and have low-pH liquids, those
innovations may affect the outcome of the depicted chemical
reactions. Nevertheless, predicting the primary reaction
pathways that may take place in flavored ECIG liquids when
aerosolized may help guide future research on the assessment
of ECIG aerosol toxicant profile. Importantly, ECIG operating
parameters (e.g., power output and puff duration) can highly
impact the generation of toxicants in the aerosols and should
be considered in any prediction of chemical transformations of
flavor ingredients. Also, there is a possibility that chemical
transformations of liquid ingredients can be catalyzed on the
surface of the heating element and this effect may complicate
such a prediction.”” An antecedent to this can be traced back
to the pioneering work of Uchiyama on carbonyl emissions
from the thermal degradation and oxidation of PG and VG in
ECIG liquid.****

This work could help economize the efforts of targeted
analysis of toxicants in ECIG aerosols as it highlights potential
analytes of interest. Also, the predicted reactivity can inform
the design of clinical trials so that researchers avoid flavored
liquids that are expected to emit highly toxic compounds, and
it may aid in the development of specific biomarkers of
exposure to certain flavors. This work will be extended by
subsequent empirical validation of some of the predicted
reaction pathways of flavor chemicals. For example, future
research might focus on the transformation of alcohol and aryl
FGs, under different ECIG operating conditions, to give
carbonyl and BTEX emissions, respectively.

Limitations. This work has several limitations that may
restrict its generalizability. Due to the inclusion criterion that a
published report needed to state explicitly the commercial
names of flavored ECIG liquids, which was required for our
graphical presentation, we may have missed some important
chemical compounds in the excluded reports. However, the
idea behind our approach is not to provide a comprehensive
list of all identified chemical compounds, but to build
correlations between liquid chemicals and aerosol toxicants.
Also, chemical compounds that have more than one FG may
present a challenge to our predictions due to competing
reactivities of the different FGs, or the detrimental effect of one
FG on the reactivity of the other. This structure specificity of
FG reactivity is to be assessed as we strive to validate our
predictions by empirical data. Of course, the influence of ECIG
operating parameters on the formation of toxicants should be
taken into consideration. In addition, our reactivity prediction
highlights the possible detection of toxicants under specific
conditions and that result must be determined experimentally.
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B CONCLUSION

This report highlights the importance of categorizing flavor
ingredients into a few chemical classes and correlating their
chemical reactivity with the toxicant formation in the aerosols.
This work can be used to construct a conceptual framework
that may help in enhancing knowledge on how flavor
compounds in ECIG liquids contribute to toxicant emissions
in ECIG aerosols. This database will be made available online
for other researchers to identify aerosol toxicants to be studied
and to allow researchers to understand the possible
provenances of their analytical discoveries.
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products regulation.
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B ABBREVIATIONS

ECIG, electronic cigarette; PG, propylene glycol; VG,
vegetable glycerol; ROS, reactive oxygen species; FG, func-
tional group; ENDS, electronic nicotine delivery system
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