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ABSTRACT
OF THE THESIS Of

Amira Ajaj Yassine for Master of Science
Major: Chemistry

Title: Analytical Chemistry Challenges in Electronic Cigarettes Studies.

Electronic cigarettes (ECIGs) are battery-powered devices that generate inhalable aerosol
by vaporizing liquids consisting of propylene glycol (PG), vegetable glycerin (VG),
nicotine, additives, and flavoring compounds. Since their introduction, ECIGs have
gained wide popularity that continues to rise, reaching an epidemic level among youth.
In line with this popular surge, research has intensified to address the knowledge gaps in
ECIG toxicity by determining toxins in the main liquid constituents and their pyrolysis
products in the remaining liquids, aerosols, and gases. This work came with many
challenges that are mainly due to the presence of non-aqueous viscous carriers consisting
of PG and VG mixtures at different ratios.

In this thesis, after giving a small introduction about the work in the first chapter, a
systematic review was presented in the second chapter. This review highlights the
challenges faced by researchers when detecting the main constituents of the e-liquids
(nicotine and flavors), additives (caffeine, synthetic cannabinoids, and pyrazine),
contaminants (tobacco-specific nitrosamines and emerging chemicals of concerns), and
aerosols emissions (carbonyls, “benzene, toluene, ethylbenzene, and xylene” known as
BTEX, polyaromatic hydrocarbons, and phenols).

In the third chapter, we present a novel method based on using headspace gas
chromatography to determine the volatile flavorants in the e-liquid while minimizing the
interferences that are usually generated from the associated matrix. In particular, the
presented method is used to quantify menthol and other menthol-derived flavoring
compounds in mentholated JUUL pods samples (e-liquids). Three different brands:
Menthol, Classic Menthol, and Cool Mint that were purchased in different years 2017,
2018, and 2020 were tested. Results showed different concentrations of flavoring
compounds in the various tested pods indicating a change in the chemical composition of
the JUUL mentholated pods after the flavor enforcement policy imposed by the US Food
and Drug Administration (FDA) in 2020.

The following chapter included both a review of the different methods that were used to
calculate the ratio of the free base nicotine (fb) of nicotine in the different e-liquid
mixtures and the development of a new method for the same purpose based on
potentiometric titrations and the calculation of physical and chemical parameters of the
different solutions. In fact, the determination of the fraction of fb was found important to
policy makers as the prevalence of the fb form in ECIGs has been associated with the
harshness sensory of inhalable aerosols. This work culminated in developing a chemical-
based mathematical model thatcan predictthe fraction fbafterimputing a few parameters
like the dielectric constant of the e-liquid and the concentration of nicotine on the label.
The outputs of the model were compared to the fraction fb that has been reported in the



literature based on liquid-liquid extraction (LLE) and '"H NMR methods. The reported

and computed values were highly correlated with a percentage difference ranging
between 1.41-2.57% for 'H NMR and 6.64-9.13% for LLE.

The conclusion presented in the last chapter, included a summary of the challenges
associated with working with non-aqueous media, the description and results of the
menthol containing products, the list of the new physical and chemical parameters that
were determined for the first time and were used in the predictive model in addition to
proposing a future work plan.
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CHAPTER 1

INTRODUCTION

Electronic cigarettes (ECIGs) are battery-powered devices designed to deliver
nicotine and/or other substances. They do so by vaporizing an e-liquid consisting of
propylene glycol (PG), vegetable glycerin (VG), nicotine, additives, and flavoring
compounds.!- 2 Since their introduction, they got popularity that continues to rise
exponentially, especially among young people -4

Despite their ever-growing acceptance, significant public health concerns were
raised because little was known about the chemical composition of their liquid and
acrosol. Over the years, researchers have tried to develop several analytical protocols
such as chromatographic, and spectroscopic methods to determine these compositions.
However, due to the e-liquid matrix consisting of propylene glycol (PG) and vegetable
glycerin (VG), these determinations were found full of challenges. These challenges have
led sometimes to variability in the reported values of the components determined using
different protocols and have avoided every so often the determination of compounds
present at trace levels.?

In Chapter 2, a systematic review was done to define the challenges that are
encountered and the proposed solutions that were proposed to determine the main
constituents of the e-liquids (nicotine and flavors), additives (caffeine, synthetic
cannabinoids, and pyrazine), contaminants (tobacco-specific nitrosamines and emerging
chemicals of concerns), and aerosols emissions (carbonyls, BTEX, polyaromatic

hydrocarbons, and phenols).
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In Chapter 3, a headspace gas chromatography method to determine mentholated
compounds in ECIGs is presented. This method allows the identification and
quantification of the mentholated compounds without experiencing major matrix
interferences. Three different brands: Menthol, Classic Menthol, and Cool Mint that were
purchased in different years 2017, 2018, and 2020 were tested. Results showed different
profiles of flavoring compounds in the various tested pods indicating a change in the
chemical composition of the JUUL mentholated pods after the flavor enforcement policy
imposed by the US Food and Drug Administration (FDA) in 2020.

In Chapter 4, a method to determine the fraction of the nicotine in its free base
nicotine (fb) was presented. The determination of the fraction of fb was found important
to policy makers as the prevalence of this form in ECIGs has been associated with the
harshness sensory of inhalable aerosols. At present, many methods are available for the
determination of the fraction of fb, but these were time-consuming and had some
challenges due to the presence of the non-aqueous medium consisting of a mixture of PG
and VG. In the presented method, many physical and chemical parameters pertaining to
the mixture of PG, VG, nicotine, and benzoic acid were determined. These parameters
were imputed into a mathematical model that allows the calculation of the fraction of fb.

The conclusions and a future work plan are briefly shown in Chapter 5.

13



CHAPTER 2

ANALYTICAL CHEMISTRY CHALLENGES IN
ELECTRONIC CIGARETTES RESEARCH

2.1. Introduction

Electronic cigarettes (ECIGs) are battery-powered devices that generate inhalable
aerosol by vaporizing liquids consisting of propylene glycol (PG), vegetable glycerin
(VG), nicotine, additives, and flavoring compounds.!-2 ECIGs were introduced to the
market as safer alternatives to combustible cigarettes and promoted as utterly safe by
industry-funded researchers.®* Since their introduction, they gained big popularity that
continues to rise, reaching an epidemic level among youth.3 4

In line with this popularity surge, research focused on addressing knowledge gaps
in ECIGs toxicity assessment. The first line in such efforts relies on determining the
chemical composition of ECIGs liquids and aerosols.!® Over the years, research has
allowed the detection and the quantification of the main constituents of the e-liquids,
additives, contaminants, and aerosol emissions. The reported values of some of these
compounds have shown a significant interlaboratory variability. For example,
formaldehyde levels produced from top-coil devices, reported by different studies, have
shown a discrepancy where concentrations were found different over a range of five
orders of magnitude, from below the detection limit to 97 pg/puff.5> Robert Strongin
explained that the variability in the concentration of the detected compounds is due to the
diversity of ECIGs models, design features, the e-liquids formulations, and the sampling
and analytical protocols used.!! However, he did not discuss the challenges faced while
developing analytical methods, which mainly come from PG/VG matrix, and which

might be responsible for inducing a big variability in the reported values.
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This review aimed to compile the evidence to inform people working in the field
about the previous challenges faced when developing analytical methods
(chromatography and spectroscopy) and how researchers used to overcome them.
Challenges faced while detecting the main constituents of the e-liquids (nicotine and
flavors), additives (caffeine, synthetic cannabinoids, and pyrazine), contaminants
(tobacco-specific nitrosamines and emerging chemicals of concerns), and aerosols
emissions (carbonyls, BTEX, polyaromatic hydrocarbons, and phenols) were addressed.

Also, some of the solutions used to overcome them were highlighted.

2.2. Methods

Determination of the components of ECIGs was done over years using the
following analytical methods: chromatography and spectroscopy. So, to compile the
challenges faced in the determination of the analytes we search for challenges based on

the method. Later, the challenges were classified by analytes.

2.2.1. Search method

On August 15,2021, we searched the SciFinder database. With no limit on time,
only studies written in English were retrieved. The detailed search strategies are presented

in Tables 1 and 2 and corresponded respectively to chromatography, and spectroscopy.

Table 1: Search strategy for chromatography using SciFinder.

Query Chromatography

Title/abstract, keywords And ((electronic cigarette) or (e-cig) or
(e-cigarette) or (e-liquid) or (electronic
nicotine delivery system) or (ENDS)
and (MS or mass spectrometry or GC or
LC or HPLC))

15



Concept And ((electronic cigarette) or (e-cig) or
(e-cigarette) or (e-liquid) or (electronic
nicotine delivery system) or (ENDS)).
Number of hits obtained 121

Table 2: Search strategy for spectroscopy using SciFinder.

Query Spectroscopy

Title/abstract, keywords And (electronic cigarette) or (e-cig) or
(e-cigarette) or (e-liquid) or (electronic
nicotine delivery system) or (ENDS).

Concept And ((electronic cigarette) or (e-cig) or
(e-cigarette) or (e-liquid) or (electronic
nicotine delivery system) or (ENDS)).

Number of hits obtained 46

2.2.2. Inclusion criteria

2.2.2.1. Chromatography

The study is considered if it meets the two following criteria:(1) The title and/or
abstract must state that there is a usage of the chromatographic method in electronic
cigarette study. (2) The full text must contain a clear indication that a challenge was

faced when using a chromatographic method.

2.2.2.2. Spectroscopy

The study is considered if it meets the two following criteria:(1) The title and/or
abstract must state that there is a usage of the spectroscopic method in electronic
cigarette study. (2) The full text must contain a clear indication that a challenge was

faced when using a spectroscopic method.
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All the titles and abstracts were screened first to evaluate whether the eligibility
criteria were specified. Then, the full text of the included articles from the first screening

was reviewed to check if the eligibility criteria is satisfied.

2.2.3. Data abstraction

The data abstraction was done using a Microsoft Excel spreadsheet. Results were
classed in two different Excel spreadsheets. These spreadsheets sheets hold the following
names: Chromatography and Spectroscopy. We abstracted the following information
from each publication: target analyte, mode of sampling, sample preparation, the method
used, challenges, and solution. Later, the abstracted data were classified by analyte for

analysis.

2.3. Results
2.3.1. Included studies

2.3.1.1. Chromatography

As presented in Figure 1, a total of 121 articles were identified using SciFinder. 6
other articles were identified using PubMed. The screening of 127 studies by title and
abstract resulted in the elimination of 42 because they did not meet the first selection
criteria. The remaining n = 85 articles, which were read in full, were reduced further to n
=14.The 71 articles that were excluded are articles that used chromatographic methods

but did not state any challenges.

17
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Figure 1: Prisma Flow for the chromatography part.

2.3.1.2. Spectroscopy

As presented in Figure 2, a total of 46 articles were identified using SciFinder.
The screening of 46 studies by title and abstract resulted in the elimination of 16 because
they did not meet the first selection criteria. The remaining n = 30 articles, which were

read in full, were reduced further to n = 4. The 26 articles that were excluded are articles

that used spectroscopic methods but did not state any challenges.

18



= "
Records identified through Additional records identified

o database searching through other sources

o) (n=46) (n=0)

et

[+

[*]

=

=

=2 v h 4

=
Records
(n=46)

R

T

5 Y

E Records screened Records excluded

7 (n=46) (n=16)

£

:E;, Full-text articles assessed Full-text articles excluded

%‘ for eligibility — (n=26) didn’t state any
(n=30) challenges.

B

E h 4

é Studies included in

qualitative synthesis
(n=4)

Figure 2: Prisma Flow for the spectroscopy part.

2.3.2. Data abstraction

This review includes 14 papers related to chromatography and 4 papers on
spectroscopy. Relevant information such as target analyte, mode of sampling (liquid or

acrosol), sample preparation, the method used, challenge, and solution (if reported) were

extracted and reported in Table 3. Target analyte as criteria for data analysis.
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Table 3: Abstracted data. * correspond to a chromatographic method. ** correspond to

a spectroscopic method.
Target analyte | Mode of Sample Method Challenge Solution Publication
sampling | preparation
Nicotine Liquid Dilution in GC-FID* Column Usage ofa 12
methanol contamination specific
(total)
by VG column
Nicotine Liquid SPE LC-UV* Matrix Usage of SPE L
interference
(total)
Nicotine Liquid Dilution SERS** Prevention of | Dilution avoids 14
gold colloid the challenges
(total)
aggregation
Nicotine Liquid No sample ATR-IR*#* PG/VG Usage of I
preparation predominate statistical
(total)
the spectrum | chemometrics
Nicotine Liquid LLE that GC-MS* Matrix Usage of LLE I8
used toluene interference
(fb fraction)
as a solvent
for
extraction
Nicotine Liquid Dilution of 'H NMR** | The presence Not reported 17
the e-liquid of oneor
(fb fraction)
in DMSO-dg many flavors
that have
peaks in the
nicotine
spectral
regions might
make this

20



detection

particularly
challenging
Flavors Liquid Dilution in GC-MS* | PG/VG peaks Running a 18
ethanol overlap with blank sample
spectra of the with ethanol
target analyte between each
test sample
Caffeine Liquid Dilution of | GC-MS* Errorin Usage of SIM 13
e-liquid in quantification
methyl tert-
butyl ether
Synthetic Liquid Dilution of | 'H NMR** PG/VG Not reported 20
cannabinoids e-liquid with signals
methanol-d4 overlapped
with some
analytes
Pyrazine Liquid LLE that GC-MS* Significant Usage of LLE 2k
used toluene matrix effect
as solventof
extraction
Tobacco- Liquid Ultrasound- LC- Matrix Usage of the 2z
specific Assisted MS/MS* interference extraction
nitrosamines Solvent
Extraction
that used

cthyl acetate
as solventof

extraction

21




Tobacco- Liquid LLE that LC- Matrix Usage of LLE

specific used MS/MS* interference | and optimizing

nitrosamines methylene the mobile

chloride as phase by the

solvent of addition of

extraction formic acid to
water as the
aqueous phase
and use of

methanol as the

organic phase

Emerging Liquid SPE LC- PG/VG Usage of SPE

chemicals of MS/MS* matrix could and directing

concerns havea the LC flow
damaging duringthe first
effect on the 22minto a
MS. In fact, waste container
over time a
lower MS
sensitivity
could occur
due to the
deposition of
PG/VG onto
the interior

surface of the

MS
Carbonyl Aerosol Impinger HPLC- Interference Usage of
Uv# of flavor UPLC-MS
peaks with

22




those of
carbonyl
BTEX Aerosol Tedlar bags GC-MS* Very intense | Cooling for 30 L
PG/VG min in the
matrix in Tedlar bags
GC-MS after the vaping
spectra
Polyaromatic Aerosol Thermal GC-MS* Overloading Usage ofa 10
hydrocarbons desorption the detector heart-cutting
by PG/VG sequence
Phenols Aerosol Collected on GC-MS* High matrix Usage of LLE 27
a quartz interference
filter then
usage of
LLE that
used ethyl
acetate as
solvent of
extraction
Phenols Aerosol Extraction GC-MS* Overestimation | Increasingthe 2
usingdiethyl of phenol polarity of the
cther as column
solvent of
extraction

GC-FID: gas chromatography with a flame ionization detector, LC-UV: liquid
chromatography with UV detector, SERS: Surface Enhanced Raman Spectroscopy,
ATR-IR: attenuated total reflectance-infrared spectroscopy, GC-MS: gas
chromatography-mass spectrometry, !H NMR: proton nuclear magnetic resonance, LC-
MS/MS: liquid chromatography coupled with tandem mass spectrometry, HPLC-UV:
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high-performance liquid chromatography with UV  detector, UPLC-MS:
Ultraperformance liquid chromatography-mass spectrometry, SPE: solid-phase
extraction, SIM: Single ion monitoring, LLE: liquid-liquid extraction, DMSO-dg:
deuterated dimethylsulfoxide, methanol-ds: deuterated methanol, BTEX: benzene,
toluene, ethylbenzene, and xylene.

2.4. Discussion

2.4.1. Challenges in the determination and quantification of the main constituents of
the e-liquids

2.4.1.1. Nicotine

Nicotine is a highly addictive psychoactive substance extracted from the dried
leaves of tobacco plants.??: 3% Due to the addictive effects, it was found necessary to
determine the total nicotine content in different tobacco and non-tobacco products,®- 3!
especially, ECIGs which predominate in the market.3-4- 3233 Moreover, nicotine can exist
in two forms in e-liquids: freebase (fb): Nic, and monoprotonated (mp): NicH*.[16]
Studies showed that inhalation of nicotine in the free base form is responsible for a
harshness sensory,3+ 35 that is why the determination of the fraction of fb in e-liquids was

found crucial as well.

2.4.1.1.1.Total nicotine

The total nicotine content of the e-liquids was determined through various methods,
and each has shown several challenges due to the e-liquids matrix. Dai et al diluted
their e-liquid in methanol, then used gas chromatography with a flame ionization
detector method (GC-FID). They mentioned that VG may contaminate the column and
that the usage of a capillary column with the following specifications: length (30 m or
less) larger inner diameter (0.5 mm or more) and a high column flow (5 ml min-) was

necessary to avoid this challenge.!? Buettner-Schmidt et al used a solid phase
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extraction (SPE) followed by liquid chromatography with a UV detector (LC-UV),
they explained that this extraction step was crucial to avoid the matrix interference.!?
Itoh et al used spectroscopy for nicotine detection, the usage of Surface Enhanced
Raman Spectroscopy (SERS) did not allow this determination since the addition of the
e-liquid without any dilution prevents the gold colloid aggregation. To resolve this
challenge, they did a high dilution(x4000) for their e-liquid which has allowed them
to obtain an accurate quantification of nicotine.!¥ Deconinck et al used infrared
spectroscopy (IR), and they showed that PG/VG dominates the attenuated total
reflectance-infrared spectroscopy (ATR-IR) spectrum making the samples containing
nicotine and without nicotine indistinguishable. But the usage of some statistical
chemometrics has allowed to remove this PG/VG effect and identify the nicotine

content. !5

2.4.1.1.2. Fraction of free base nicotine

Over the years, many methods have been established to determine the fraction of free
base in the e-liquids and their aerosol. These methods have been found full of
challenges due to the matrix composition.

El Hellani et al developed a liquid-liquid extraction (LLE) that used solvent toluene as
the solvent of extraction followed by gas chromatography-mass spectrometry (GC-
MS) to determine this fraction. This LLE was necessary to isolate the nicotine from
the matrix making the determination easier.!® Duell et al used a proton nuclear

magnetic resonance spectroscopy('H NMR) to deduce the fraction of free base

nicotine in e-liquid,?® it was mentioned that in some cases the presence of one or many
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flavors that have peaks in the nicotine spectral regions might make this detection very

challenging.?’

2.4.1.2. Flavors

The popularity of flavoredrefill liquids has increased tremendously among young
people.®® With a big diversity on the market and a largely unknown toxicity profile of
their aerosols, questions were raised about potential adverse health implications to
primary users and non-smokers exposed to second-hand smoke.* Many researchers tried
to determine the flavor components by using GC-MS. 1% 40-54 Byt this detection has faced
several challenges.

Krusmann etal diluted theirliquid in ethanoland then used GC-MS. They showed
that PG/VG contaminated the column, and their intense peaks overlap with those of the
target analytes. To avoid this effect, they run a blank sample with ethanol between each

sample which helped in eliminating PG/VG from the column.'®

2.4.2. Challenges in the determination and quantification of additives in the e-liquids

2.4.2.1. Caffeine

Caffeine is an additive in a category of e-liquids known as energy enhancers.* %
It was found responsible to induce negative side effects such as anxiety, increased blood
pressure, and diminished fine motor skills.5” Worried about human health, some
researchers tried to detect and quantify caffeine in some e-liquids using GC-MS,19. 58

Lisko et al used to dilute the e-liquid in methyl tertio-butyl ether and then injected
it into the GC-MS. They reported that the detection of this compound was not easy since

PG/VG saturated the column. They suggest the usage of single ion monitoring (SIM) as
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