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ABSTRACT OF THE DISSERTATION

Thermal Transformation of Vitamin E Acetate During E-Cigarette Vaping: Dynamic
Chemistry and Toxicity

by

Alexa Nicole Canchola

Doctor of Philosophy, Graduate Program in Environmental Toxicology
University of California, Riverside, March 2024
Dr. Ying-Hsuan Lin, Chairperson

The use of e-cigarettes for the inhalation of nicotine and cannabis products has
become popular in the United States across many demographics. Their rise in popularity
is largely attributed to their ease of access, customization options, and perception as safer
alternatives to traditional methods. However, despite their perceived safety, inhalation of
vaping emissions has great potential to cause adverse health outcomes in users, as
evidenced by events such as the outbreak of e-cigarette- or vaping-associated lung
injuries (EVALI) in the U.S. in 2019. While many e-liquid ingredients are considered
safe for dermal or oral exposure, the vaping process has been found to result in the
thermal degradation of e-liquid ingredients. As a result, the emitted aerosols are complex
mixtures of chemicals formed during vaping that may have different chemical and
toxicological properties than their parent compounds. However, characterization of these
compounds remains challenging due to the wide range of customizable options — such as
temperature, use patterns, device construction, and more — that may influence the

resulting chemical composition of e-cigarette emissions.



This dissertation aims to address the knowledge gaps in the relationship between
user- and device-driven parameters on the thermal degradation behavior of e-liquids and
the chemical and toxicological properties of e-cigarette aerosol emissions, using VEA as
a model e-liquid. First, this work identifies novel VEA vaping products and their
potential mixture effects on toxicity upon exposure to human lung cells using a
combination of chemical and cellular-based analyses. Second, the change in VEA vaping
emission product distribution as a function of variable voltage/temperature settings was
characterized using non-target gas chromatography/mass spectrometry (GC/MS) analysis.
Finally, a tube furnace reactor system was used to investigate the role of oxygen (O2) and
transition metals in the thermal degradation behavior and emission product distribution of
VEA. Results from this dissertation contribute to an improved understanding of the
thermal degradation behavior and chemistry of e-liquids, and how varying user- and
device-driven parameters can alter the chemical and toxicological properties of vaping
emissions. Detailed compositional and mechanistic information on e-cigarette emissions
will be helpful for future hazard identification and the public health risks associated with

e-cigarettes.
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Chapter 1: Introduction

1.1 Background Significance

First introduced to the United States market in 2007, electronic cigarettes (e-
cigarettes) or vaping devices are nicotine or cannabis delivery systems that provide heat
to a formulation of nicotine or cannabis along with various solvents and flavoring agents
to generate aerosols that can be inhaled by a user. While e-cigarettes were first introduced
as nicotine-delivery systems that closely resembled cigarettes without the typical burning
or tar, the current generations of e-cigarettes have expanded to include a wide variety of
flavors and delivery methods. (1) For example, tetrahydrocannabinol (THC)- and
cannabidiol (CBD)-containing vape products have recently gained popularity among e-
cigarette users with the implementation of the 2018 Agriculture Improvement Act, which
legalized the sale of hemp-derived CBD products and products with less than 0.3% A’-
THC in the U.S., (2,3) paving the way for a variety of THC and CBD-containing e-
liquids. As of 2023, the global e-cigarette and vape market was valued at $22 billion and

is only expected to grow over the next few years. (4)

Since their introduction, e-cigarettes in all forms have gained widespread
popularity across many demographics in the U.S., particularly among younger
generations. According to the 2021 National Health Interview Survey (NHIS) conducted
by the Centers for Disease Control (CDC), 4.5% of adults aged 18 and older had used e-
cigarette or other vaping products in 2021, with the highest reported usage being adults

18-24 (11% of users). (5) Among adolescents, a reported 14.1% of high school students



and 3.3% of middle school students were current users of e-cigarettes; 84.9% of the
current users reported that they primarily used flavored e-cigarette products, (6) despite
efforts to regulate and even ban the sale of flavored products in the U.S. This continued
interest in e-cigarette and other vaping products has been attributed to a variety of factors,
including the perceived health benefits and/or safety of vaping products compared to
traditional combustible tobacco and cannabis products, easy accessibility and discretion,
the high degree of customizability of e-liquid composition and device construction, the
general reduced annual cost compared to traditional tobacco and cannabis products, and
social pressure from peers and advertising. (7,8) E-cigarettes remain mostly unregulated
in the U.S. despite some efforts by the Food and Drug Administration (FDA) to reduce
access to e-cigarettes for minors. (9) However, despite their alleged safety among users,
recent events and research have highlighted the potential of e-cigarette aerosols to

negatively impact the lungs of users.

The most notable event was the 2019-2020 outbreak of e-cigarette or vaping
product use-associated lung injuries (EVALI) that resulted in over 2,800 hospitalizations
and 60 deaths across the United States. (10) Patients with EVALI demonstrated a wide
array of respiratory, gastrointestinal, and constitutional symptoms, including coughing,
shortness of breath, chest pain, nausea, vomiting, abdominal pain, and fever. Initial tests
found no signs of infection among patients, nor any common history of pre-existing
respiratory conditions that could explain the onset of pulmonary disease. (10-12)
However, a further survey of hospitalized patients found that 80% had used THC-

containing vaping products within 3 months preceding the onset of any symptoms; 75%



of those who reported THC-use also reported that they had used THC-containing vaping

products daily. (11,13)

Vitamin E acetate (VEA) was subsequently identified as a potential causative
agent, after several studies found a high prevalence of VEA in both the bronchioalveolar
lavage (BAL) of hospitalized patients'!' and in vaping cartridges used by EVALI patients.
(14-16) VEA — which is a clear, odorless oil with a viscosity similar to THC — was
believed to have been used as a thickening or cutting agent in primarily non-commercial
THC-vaping products (i.e., products acquired from sources such as friends, family, or
illicit in-person or online dealers). (10) In some cases, cartridges were found to contain >
95% VEA. (14) Despite the clear link between VEA and EVALI cases, the molecular
mechanism of VEA-induced injury remained unclear, as VEA and other vitamin E ester
derivatives are largely considered safe for human ingestion and dermal absorption.
Inadequate intake of vitamin E has even been linked to a variety of metabolic diseases as
vitamin E may provide cellular membranes with protection against reactive oxygen
species. (17-18) Inhalation of VEA and VEA vaping aerosols, however, was largely

unstudied.

In the aftermath of the EVALI outbreak, several mechanisms of actions have been
suggested for VEA toxicity including mechanical injury to the lungs and biosurfactant-
like activity. (19) Of particular interest to researchers were studies that found that VEA
and other e-liquids (the solvent-based liquids added to a vaping cartridge to be converted
to an aerosol during vaping) undergo both aerosolization and thermal degradation during

the vaping process. (20-23) E-liquids — commercial and homemade — typically consist of



an active ingredient such as nicotine or CBD, flavoring ingredients, diluents such as
propylene glycol (PG) and vegetable glycerin (VG) in varying ratios, and preservatives.
The structures of commonly identified e-liquid diluents (solvents and thickening agents)
and active ingredients are shown in Scheme 1.1. The application of heat by the e-
cigarette heating coil encourages both breakdown of e-liquid compounds and interaction
between degradation products within the e-cigarette emissions, resulting in the formation
of complex mixtures of aerosols that may have drastically different physiochemical and
toxicological properties than the parent e-liquid components. In essence, e-cigarette
aerosols are a mixture of gases and solid and liquid particles that may be generated
during vaping, posing serious questions regarding the health effects of e-liquids like VEA
that are considered to be “safe.” Thermal degradation of VEA during vaping, in
particular, was found to produce a wide variety of compounds, the most notable being
duroquinone (DQ) (20) and ketene, (21, 24) which are both known to cause oxidative
damage to the lungs upon exposure in humans and mice. (25,26) These findings quickly
made it clear that in order to understand the potential health impacts of vaping,
characterization of compounds formed during vaping is crucial. However, while many
common thermal degradation products such as formaldehyde and other carbonyls have
been identified and quantified in the previous studies, the overall chemical composition

and reported levels of aerosol components vary significantly across the literature.



a) Common Diluents o)
@]
0]
/_( H OH ~ 0
HO  OH O/\cl)/H\ Raiand
°"™ o

Propylene Glycol (PG) Vegetable Glycerin (VG) Triethyl Citrate (TEC)

o]
\‘< (0]

0

Vitamin E acetate (VEA)

e e

Squalane

o} O

/\/\/\/\)Lo/\/\ow

Medium Chain Triglyceride (MCT) oil

b) Common Active Ingredients

@:Q

L-Nicotine Cannabidiol (CBD) Tetrahydrocannabinol (THC)

Scheme 1.1. Chemical structures of common (a) e-liquid diluents including solvents and thickening agents,
and (b) active ingredients.



This variability may be due to the high degree of customizability within e-
cigarette vaping environments, device construction, and user behavior that may alter the
physiochemical profile of emitted aerosols. The basic construction of an e-cigarette
device includes a mouthpiece, an e-liquid storage component in the form of a cartridge or
soaked wick, a heating element/atomizer, a microprocessor, and a battery, (27,28) with
differing degrees of complexity and design features depending on the generation of e-
cigarette (Figure 1.1). First-generation “Cig-a-Likes” were typically pre-filled, single-use
devices with fixed, low-voltage batteries; second- and third-generation devices are larger,
refillable, and may have variable voltages/temperatures the device can be operated at.
(28) Even within the same generation, the construction of the device — including the
elemental composition of the heating elements, air-flow tubes, wicks, soldered battery
connector plates, other connection and scaffolding components — can differ drastically
between brands. (28-30) Even within the same brand and e-cigarette model,
manufacturing variability has been identified in device aspects such as coil resistance,
airflow required to produce an aerosol, pressure drop, and cartridge lifetime. (31-33) As a
result, e-cigarettes of a similar size, shape, and physical construction may expose users to
drastically different levels of transition or heavy metals as the metals leech into the e-
liquid and/or are transferred to the aerosols during vaping. (34, 35) Furthermore, these
elements may interact with e-liquids to influence pyrolysis behavior and the resulting
chemical composition of emitted aerosols. Research by Saliba et al. (2018) and Jensen et
al. (2017) found evidence that the composition of heating coils may influence the

temperature needed for e-liquids such as PG and VG to thermally degrade, suggesting a



potential surface catalysis to allow for low-temperature vaping. (36, 37) The type and
construction of the heating coil may also impact the release of degradation products such
as reactive oxygen species (ROS) and carbonyl compounds, (38) which could have
negative health impacts on users. While some research has begun to investigate the role
of device construction in the production of potentially toxic byproducts, the extent to
which these device-driven parameters may affect e-cigarette aerosol composition and the

reaction mechanisms involved have not been fully characterized in the literature.
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Figure 1.1. Evolution and variety of e-cigarette devices and features.
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User-driven parameters — including puffing topography (e.g., number of puffs per
session, time interval between puffs, etc.), battery voltage setting/operating temperature,
and more — may also change based on user history and preferences. Studies such as
Robinson et al. (2015) and Behar et al. (2015) that have attempted to characterize

common use patterns have found significant variability between individuals, even when



using the same generation or brand of e-cigarette. (39,40) Frequency of use and puff
duration are the most commonly reported factors that show major variability within a
user population. (39, 41-43) There has been great interest in understanding a typical
user’s behavior in order to best estimate aerosol exposure. Puffing topography has a
strong influence on total aerosol mass and particle size, (44, 45) which can impact both
the estimated dosage of aerosolized e-liquids as well as the ability of particles to
penetrate deeper into the respiratory tract. (46-48) For example, Mikheev et al. (2020)
found that as airflow rate increase, particle size of vaped VEA aerosol emissions
decreased; high flow rates resulted in the formation of particles as small as 50 nm, which
have a greater ability to reach the alveolar sacs if entered into the respiratory tract. (44)
Flow rate, puff duration, and coil temperature have all been found to be positively
correlated with puff volumes/total aerosol mass, but negatively correlated with particle
size. (49-51) In regard to the thermal degradation of e-liquids, several studies have found
that factors such as flow rate and coil temperature impact the emission of potentially
toxic degradation products including organic products, ROS, metals. (45, 52) An increase
in coil temperature, which began to be customizable with the introduction of second-
generation e-cigarettes, significantly enhances the production of known hazardous
carbonyl-containing species such as formaldehyde, acetaldehyde, and acrolein. (45)
These findings indicate that depending on the behavior and preferences of a particular
user, the risk of exposure and the dosage that an individual is exposed to may vary widely
among a population. As a result, a full characterization of how these factors impact the

formation of potentially toxic degradation products, and the reaction mechanisms



involved in generating them, is of critical importance when trying to estimate exposure

risk.

1.2 Current knowledge gaps

Because e-cigarettes have only existed in the U.S. markets for less than 20 years,
the health effects resulting from inhalation exposure to e-cigarette aerosols are largely
unknown. At the time of this dissertation, much of the current literature surrounding e-
cigarette health effects focused heavily on the influence of intact parent e-liquid
compounds (i.e., solvent compounds such as VEA, PG, or VG, or active ingredients such
as nicotine or THC). Thermal degradation of these parent compounds during vaping
poses a serious risk to user health that is underestimated in the current literature.
Estimating these health impacts and the risk of exposure to potentially toxic degradation
products, however, is only made difficult by the vast range of device- and user-driven
parameters that may alter the physiochemical properties of the e-cigarette emissions,
which may, in turn, alter the toxicity profile of the aerosols. Moreover, while there has
been some interest in understanding how these parameters may affect the production
yields of potentially toxic carbonyl compounds, the vaping process has been suggested to
produce compounds from a wide range of chemical classes, each with their own
toxicological properties. These chemicals, which may include compounds such as alkenes
and short- and long-chain alcohols, may have significant impacts on user health, but have
been underrepresented in the e-cigarette literature. Not only could these additional
compounds have their own toxicity, but they may also interact with other compounds in

the e-liquid or emitted aerosols to form secondary products. Finally, there is sparse



information regarding how these individual parameters may interact to alter thermal
degradation. The described parameters and user customizations are likely to influence
aerosol generation and resulting health impacts, but the exact effects and mechanisms

involved have yet to be fully characterized in the literature.

Due to the significant popularity of e-cigarettes in the U.S., and the ever-evolving
nature of the e-cigarette market and design, assessing how differences in e-cigarette
construction and use patterns influence user health is imperative. A better understanding
of these factors and their influence is crucial to helping estimate the exposure risk to

users and bystanders.

1.3 Objectives of the Dissertation

This dissertation aims to address the lack of understanding regarding how device
and user-driven factors may influence e-liquid thermal degradation behavior and
chemical composition of resulting aerosols. Detailed chemical characterization and
investigation into the e-cigarette aerosol constituents is crucial for scientific
understanding of the public health risk to e-cigarette users and bystanders who may be
passively exposed to e-cigarette aerosols. This information will provide greater insight
into identifying the hazards of e-cigarette aerosols as well as elucidating molecular

mechanisms of toxicity upon exposure.

In this dissertation, VEA was as used a model e-liquid to characterize thermal
degradation behavior and toxicity under various operating conditions, such as

temperature settings and device metal composition. Particle-phase VEA thermal

10



degradation products were chemically characterized using a variety of analytical
techniques, including gas chromatography mass spectrometry (GC/MS). Using these
techniques, novel degradation products were identified and quantified that assist in our

understanding of the public health risk of e-cigarettes.

In Chapter 2, VEA vaping emissions were collected and analyzed using a
combination of chemical and cellular-based techniques to explore particle-phase
chemical composition, size distribution, and the ability of aerosol emissions to induce
oxidative stress in human bronchial epithelial cells (BEAS-2B). Results from this study
provide further evidence that vaping emissions are highly complex mixtures of various
classes of compounds and particle sizes that may influence exposure risk and health
effects. Furthermore, this study was among the first to highlight that individual
constituents cannot alone explain toxicity upon exposure to e-cigarette aerosols; instead,
there may be interactions — additive or antagonistic — between compounds within the

mixture to induce toxicity through multiple pathways.

In Chapter 3, the impact of variable voltage or temperature settings on the
chemical composition of VEA vaping emissions was assessed. Non-targeted analysis of
particle-phase constituents of e-cigarette emissions was performed using GC/MS to
investigate the hypothesis that elevated heating coil temperatures during vaping enhances
thermal degradation of VEA. Not only does this study support the hypothesis that
chemical composition and thus exposure risk are dependent on operating temperature and
other external parameters, but it also provides evidence of the role of device or

environmental factors in e-liquid degradation mechanisms.
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Chapter 4 expands upon the findings from Chapter 3 to investigate the effects of
device and environmentally-driven parameters on VEA vaping emission thermal
degradation behavior and chemical composition. In this study, VEA thermal behavior
was observed under oxidizing and inert atmospheres, in the presence or absence of metal
alloys commonly found in e-cigarette devices. Using a combination of thermogravimetric
analysis (TGA) and GC/MS analysis, these results demonstrated a clear relationship
between the presence of oxygen, the type of metal used to construct the e-cigarette
device, and the vaping emission product distribution. The results from this study
highlight additional thermal degradation mechanisms that may occur during vaping
alongside the predominantly studied pyrolysis pathways, as well as the potential for low-

temperature vaping to produce harmful degradation products.

Finally, Chapter 5 summarizes the conclusions derived from this dissertation. The

implications of this work and suggested future directions are also discussed.
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Chapter 2: Formation of Redox-Active Duroquinone from Vaping of Vitamin E
Acetate Contributes to Oxidative Lung Injury

2.0 Abstract

In late 2019, the outbreak of e-cigarette or vaping-associated lung injuries
(EVALISs) in the United States demonstrated to the public the potential health risks of
vaping. While studies since the outbreak have identified vitamin E acetate (VEA), a
diluent of tetrahydrocannabinol (THC) in vape cartridges, as a potential contributor to
lung injuries, the molecular mechanisms through which VEA may cause damage are still
unclear. Recent studies have found that the thermal degradation of e-liquids during
vaping can result in the formation of products that are more toxic than the parent
compounds. In this study, we assessed the role of duroquinone (DQ) in VEA vaping
emissions that may act as a mechanism through which VEA vaping causes lung damage.
VEA vaping emissions were collected and analyzed for their potential to generate
reactive oxygen species (ROS) and induce oxidative stress-associated gene expression in
human bronchial epithelial cells (BEAS-2B). Significant ROS generation by VEA vaping
emissions was observed in both acellular and cellular systems. Furthermore, exposure to
vaping emissions resulted in significant upregulation of NOQOI and HMOX-1 genes in
BEAS-2B cells, indicating a strong potential for vaped VEA to cause oxidative damage
and acute lung injury; the effects are more profound than exposure to equivalent
concentrations of DQ alone. Our findings suggest that there may be synergistic
interactions between thermal decomposition products of VEA, highlighting the

multifaceted nature of vaping toxicity.
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2.1 Introduction

Vaping, or inhalation of aerosolized e-cigarette liquids, has become increasingly
popular over the last decade, particularly among adolescents and those trying to quit
tobacco cigarettes. (1) The popularity of vaping has largely been attributed to the
customization options available (through both the e-cigarette design and liquid flavors) as
well as their perception as a safer alternative compared to traditional cigarettes. (2)
However, the outbreak of the vaping-related illness, known as EVALI (e-cigarette, or
vaping, product use-associated lung injury), in users of e-cigarettes and vaping products

highlights the potential contribution of vaping to public health risks.

The wave of vaping-related injuries began in August of 2019, and by February of
2020, the Centers for Disease Control and Prevention (CDC) had reported over 2,800
hospitalizations of patients who displayed symptoms of coughing, dyspnea (shortness of
breath), and chest pain characteristic of acute respiratory distress syndrome. (3) Majority
of affected patients appeared to be young (under 35), with no history of pre-existing
respiratory conditions that may have caused the damage. (4,5) Majority of patients did,
however, report the use of e-cigarette or vape products within 3 months preceding the
onset of any symptoms. (5) Over 80% of surveyed patients reported that they had used
tetrahydrocannabinol (THC)-containing vaping products and 35% used THC exclusively.
(4, 5) Evidence suggests that vitamin E acetate (VEA), found in high frequency in illicit
cannabinoid-containing vaping cartridges and in the bronchoalveolar lavage of EVALI
patients, is strongly linked to the outbreak. (6, 7) However, the exact causative agents and

underlying molecular mechanisms remain unclear.
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VEA is a synthetic derivative of vitamin E used in the black market or homemade
vaping cartridges as a viscosity enhancer to dilute or “cut” THC. In some instances, the
ratio of VEA to THC in cartridges linked to EVALI cases was found to be greater than
95%. (7) Alone, vitamin E and its derivatives are considered safe for consumption and
are often used in skin-care products for protection against UV-induced damage. (8)
However, recent studies have demonstrated that VEA and other e-liquids undergo drastic
changes in chemical composition during the vaping process, forming products such as
formaldehyde, acrolein, acetaldehyde, and more depending on the oil heated. (9—11)
Vaping of VEA, in particular, was found to result in the formation of the reactive quinone

species, duroquinone (DQ). (7, 10, 11)

Quinones like DQ are highly redox-active molecules that can undergo redox
cycling — a process in which the quinone is reduced by a cellular reductase (such as
NADPH quinone reductase) or reducing agent to a semiquinone radical. (12, 13) This
radical can then react with molecular oxygen to produce superoxide and re-form the
quinone, resulting in the generation of reactive oxygen species (ROS), including
superoxide, hydrogen peroxide, and hydroxyl radicals. (14) The redox cycling can
continue indefinitely until oxygen or a reducing agent concentration has been depleted,
which ultimately leads to oxidative stress and damage to crucial molecules including
lipids, proteins, and DNA. (14) In addition to ROS-mediated damage, quinones can act as
electrophiles capable of direct damage via Michael addition to macromolecules such as

DNA and proteins. (14, 15) Many studies have indicated that inhalation of various
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quinone species can lead to detrimental effects on human lung health, especially to

airway epithelium. (15—17)

To date, few studies have investigated the potential role of the thermal
degradation products of VEA in acute lung injuries. For this reason, the objective of this
study was to assess the potential of DQ produced during VEA vaping to induce oxidative
damage in human airway epithelial cells as a possible contributing factor. VEA vaping
emissions were analyzed using gas chromatography/mass spectrometry (GC/MS)
methods and applied to human airway epithelial cells (BEAS-2B) to assess oxidative
potential and toxicological responses upon exposure. Additionally, we investigated the
size distribution of vaping aerosols and chemical constituents at different size fractions to

characterize the potential risk of aerosol lung deposition.

2.2 Materials and Methods

2.2.1 Materials

dl-a tocopherol acetate (VEA, >97%), dl-a tocopherol (vitamin E, >97%),
tetramethyl-1,4-benzoquinone (DQ, >98%), durohydroquinone (DHQ, >95%), tert-butyl
hydroperoxide (TBHP, 70% in water), and sodium hydroxide (NaOH, 1.0 M in water)
were purchased from Tokyo Chemical Industry (TCI America, Inc.). 1,3,5-
Trichlorobenzene (TCB, 98%) was purchased from Alfa Aesar. Acetonitrile (ACN,
99.95%) was purchased from Fisher Chemical. Triton X-100 (10% w/v) was purchased
from Roche. Cell-grade dimethyl sulfoxide (DMSO) was purchased from MP

Biomedicals. 2',7'-Dichlorodihydrofluorescein diacetate (DCFH2DA) was purchased
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from Cayman Chemical Company. Phosphate buffered saline (PBS, 1X) was purchased
from Corning. Fluoro-Max Green Fluorescent Microspheres (0.27 pum) were purchased

from Thermo Scientific.

2.2.2 Sample Collection

The procedure for collecting VEA vaping aerosols was adapted from previous
studies (10, 11, 18) to maintain reproducibility with other e-cigarette research. The vape
pen (CCell M3b) was operated at 3.6 V. The average peak temperature of the heating
element was measured to be 218.6 + 3.6 °C using a 1| mm grounded k-type thermocouple
wire (MN Measurement Instruments) following the protocol previously described in
Chen et al. (19) (Figure S2.1). The full protocol for the measurement of the heating

element temperature is described in the Supporting Information (SI).

A fresh cartridge (CCell TH2; 0.5 mL, 2.2 Q) was used for each collection. Prior
to each collection, the cartridge was filled with VEA standard oil, weighed, and
preconditioned by taking three to five puffs until the oil was properly warmed. Vaping
emissions were collected using a cold trap apparatus on dry ice to condense emission
products. One 4 s puff was taken at intervals of 30 s using a 0.4 L min—1 air flow rate,
which was controlled by a 0.46 L min—1 critical orifice connected a diaphragm pump
(Gast Manufacturing Inc.) (Figure S2.2). After 20 puffs, the vape pen was rested for 10—
20 min to prevent overheating of the battery and cartridge. Collections were repeated a

total of four times for quantification and statistical analysis.
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Condensed vaping emissions were dissolved in ACN for chemical analysis or in
cell culture media for cell exposure. To increase the solubility of VEA vaping emissions
in aqueous media, DMSO was added to each collection so that the final concentration

was 0.1% v/v DMSO.
2.2.3 GC/MS Analysis

GC/MS (Agilent 6890N GC and 5975C inert MSD equipped with an electron
ionization (EI) ion source) analysis was performed to identify and quantify
decomposition products from VEA vaping. The detailed procedures for the operation of
GC/MS have been reported previously. (20) For nonpolar compounds such as
untransformed VEA, 2 pL of samples were directly injected into an Agilent J&W DB-
SMS column (30 m x 0.25 mm i.d., 0.25 um film) for separation. The GC was set to 60
°C for 1 min, ramped to 150 °C at a rate of 3 °C min !, held at 150 °C for 2 min, ramped
to 310 °C at a rate of 20 °C min™!, and held at 310 °C for 5 min. A solvent delay of 6 min
was used. For polar degradation products such as DQ, 2 pL of the sample was directly
injected into an Rtx-VMS fused silica column (30 m x 0.25 mm i.d., 1.4 pm film). The
GC was set to 35 °C for 1 min, ramped to 240 °C at a rate of 10 °C min!, and held 4 min.
A solvent delay of 6 min was also used. Compounds were identified using the NIST 2008
mass spectral database; emission products were confirmed and quantified using

corresponding authentic or surrogate standards dissolved in ACN.
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2.2.4 Cell Culture

Human bronchial epithelial cells (BEAS-2B) were purchased from the American
Type Culture Collection (ATCC). Cells were cultured in either Gibco LHC-9 medium
(1X) (Invitrogen) or supplemented Bronchial Epithelial Growth Medium (BEGM;
Lonza). Cells were incubated at 37 °C and 5% CO: until confluent (75-80%) and

transferred to 96- or 24-well plates for exposure experiments.
2.2.5 Cytotoxicity Analysis

BEAS-2B cells were grown in 96-well plates at initial seeding densities of 6 x 103
cells per well and allowed 24 h for attachment. Wells were then treated with 2-fold
dilutions of VEA vaping emissions, unvaped VEA, or DQ standard for 24 h. The highest
concentration of VEA vaping emissions and unvaped VEA used to expose cells was 125
mg mL !, though the actual concentration available to cells may have been lower due to
solubility issues. The highest concentration of DQ used was 25 pg mL ™! as this was the
corresponding concentration of DQ produced in VEA vaping emissions at the time of cell
exposure. Untreated cells were included as negative controls, while cells treated with
0.1% v/v Triton X-100 were used as positive controls to simulate 100% cell death.
DMSO was added to each treatment so that the final concentration was 0.1% v/v. To
account for cytotoxicity induced by DMSO, 0.1% v/v DMSO in media was used as a
vehicle control. Finally, 100 puffs of vaped deionized (DI) water was used as a vaping
device control. To measure cytotoxicity after exposure, the lactate dehydrogenase (LDH)

cytotoxicity assay was used as a measure of cell membrane integrity. The assay was
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performed following the manufacturer’s protocol (Roche), and absorbance was measured
on a TECAN SpectraFluor Plus microplate reader at 490 nm, with a reference wavelength
at 620 nm. Light absorbance by the mixture of LDH assay reagent and treatments

themselves was also considered and subtracted before analysis.

2.2.6 Detection of ROS

2.2.6.1 Acellular 2',7'-Dichlorodihydrofluorescein (DCFH2) Assay

To measure exogenous ROS production, the DCFH; fluorescent assay was used.
Two hundred microliters of a 5 mM DCFH2DA solution in DMSO was chemically
hydrolyzed with 4.8 mL of 0.01 M NaOH for 30 min in the dark. After 30 min, 10 mL of
1X PBS was added to neutralize the reaction and reduce the risk of auto-oxidation; (21)
the solution was then placed on ice in the dark until use to prevent photo-oxidation. One
hundred microliters of either dilutions of DQ, unvaped VEA, or VEA vaping emissions
in DMSO were added to the wells of a black, clear-bottom 96-well plate (Corning),
followed by 100 pL of chemically hydrolyzed DCFH,. To account for background
fluorescence or photo- or auto-oxidation of DCFH,, DCFH; in DMSO only (no treatment
added) was also assessed. To account for the role of metals in ROS generation, 100 puffs
of vaped DI water were used as a vaping device control. Finally, 120 um TBHP was used
as a positive control to induce ROS production. Fluorescence intensity was measured
every 5 min for 75 min (excitation: 485 nm, emission: 535 nm) using a GloMax Multi+

Plate Reader (Promega) with Instinct Software.
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2.2.6.2 Cellular DCFH>DA Assay

The DCFH2DA assay was also performed in the cellular system to measure
intracellular ROS in BEAS-2B cells. Cells were seeded in 96-well plates at densities of 6
x 10° cells per well for 24 h at 37 °C prior to exposure. After 24 h, the media was
removed, and each well was washed with 50 pL of PBS. After washing, cells were
exposed to 100 pL of a 15 pM solution of DCFH;DA in cell culture media and incubated
at 37 °C for 45 min. The dye solution was subsequently removed, and 100 pL of
treatment or control groups were added upon exposure. All treatments in media contained
0.1% v/v of DMSO. Background fluorescence of cell-free DCFH2DA in media with 0.1%
v/v DMSO was also measured. The fluorescence intensity was measured following the

same protocol as described in Section 2.6.1.
2.2.7 Biomarker Analysis
2.2.7.1 Cell Exposure, RNA Extraction, and Purification

To assess the alteration of oxidative stress-associated gene expression, BEAS-2B
cells were seeded in 24-well plates at densities of 6 x 10* cells per well and allowed 24 h
for attachment. Cells were then exposed to 65 mg mL ! of VEA vaping emissions, 65 mg
mL ! of unvaped VEA, 12.5 pg mL™! of DQ standard, 100 puffs of vaped DI water, or 50
uM TBHP for 6 h to assess the expression of heme oxygenase I (HMOX-1) and 24 h to
assess expression of NAD(P)H quinone dehydrogenase 1 (NQOI) (Figure S2.3).
Untreated cells were included as negative controls. After exposure, cells were lysed with

300 pL of cold TRI reagent (Zymo Research) for total RNA isolation. The RNA was
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extracted using the Direct-zol RNA MiniPrep kit (Zymo Research). A Nanodrop ND-
2000C spectrophotometer (Thermo Fisher Scientific) was used to determine the RNA
quality (A260/280 ratios) and concentrations. A260/280 ratios for all RNA samples
chosen for gene expression analysis were above 1.8. Purified RNA samples were stored

at —80 °C until further processing.

2.2.7.2 gPCR

Expression levels of NQO1 and HMOX-1 genes were measured using the one-
step QuantiFast SYBR Green RT-PCR kit (Qiagen). The QuantiTect Primer Assays
(Qiagen) of NQOI1 (GeneGlobe ID: QT00050281) and HMOX-1 (GeneGlobe ID:
QT00092645) were used in this study. The results were normalized to a housekeeping
gene B-actin (ACTB) (Qiagen, GeneGlobe ID: QT00095431) and expressed as log» fold
changes over the unexposed controls. A CFX96 Touch Real Time PCR detection system
(Bio-Rad) was used. Thermal cycling conditions for RT-PCR were set as follows: 10 min
at 50 °C for reverse transcription, 5 min at 95 °C for initial denaturation, and 40 cycles of

amplification (10 s at 95 °C and 30 s at 60 °C).

2.2.8 Aerosol Analysis

A Scanning Electron Mobility Spectrometer (SEMS; Brechtel Manufacturing
Inc.) was used to determine the volume and size distribution of VEA vaping aerosols
emitted directly from the vape pen. The aerosol collection efficiency of the cold trap

method was determined by measuring the volume and number concentrations at the
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inflow and outflow of a first cold trap and the outflow of a second cold trap (Figure

S2.4).

A micro-orifice uniform deposit impactor (MOUDI, Mo. 110; MSP Corporation)
was used to determine the distribution of identified compounds in different sizes of
aerosols. To collect size-fractionated aerosol samples, the vape pen was connected to a 4
L jar; emissions were vaped into the jar using the previously described protocol. A
diaphragm pump was used to pull emissions through the MOUDI at a flow rate of 30 L
min~'. The pump was allowed to run for 1 h after completion of aerosol generation to
ensure that all particles were deposited on MOUDI stages lined with aluminum foil.
Collected size-fractionated vaping aerosols on foil stages were extracted with 5 mL of
ACN and sonicated for 30 min. Samples were dried with a gentle N> gas stream to 100
uL, with 10 pL of 1,3,5-TCB solution (2 ug uL ') added to the samples as an internal
standard, and subsequently analyzed using GC/MS following the method described in

Section 2.2.3. The experimental setup is shown in the SI (Figure S2.5A).

To verify the cut sizes of MOUDI stages, 0.27 um of green fluorescent
microspheres (Thermo Fisher Scientific) that correspond to the mode of vaping aerosol
size distribution were nebulized and pulled through the MOUDI to deposit on foil-lined
stages. Figure S2.5B shows the microspheres deposited at the expected cut size,

confirming the stages expected to see the majority of VEA vaping emissions.
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2.2.9 Statistical Analysis

GraphPad Prism 9 was used to analyze differences in DCFH>DA/DCFH>
activities and gene expression levels after treatment. Two-way analysis of variance
(ANOVA) with Tukey HSD post-hoc analysis was used to determine the statistical
significance of treatments compared to the untreated control. A p-value <0.05 was

considered statistically significant.

2.3 Results

2.3.1 GC/MS Analysis of VEA Emissions

Previous studies have found that several factors can impact the formation and
collection efficiency of various compounds in vaping emissions, including the model of
e-cigarette tested, puffing topography (e.g., puff duration, puffing interval, and air flow
rate), and collection method. (18, 22, 23) GC/MS analysis of VEA vaping emissions at
3.6 V revealed a wide range of decomposition products (Figures S2.6 and S2.7). While a
large portion of the spectra remains unidentified, we were able to attribute approximately
21% of the total mass of VEA consumed by the vape pen to major emission products of
duroquinone, durohydroquinone (DHQ), vitamin E, and VEA. We have also tentatively
identified 3,7,11-trimethyl-1-dodecanol as a decomposition product based on a consistent
NIST MS spectral library reverse match score of 900 or greater, and 1-pristene based on
comparison of experimental mass spectra with spectra previously reported in the
literature by Mikheev et al., (24) which describes fragment ions of m/z 111, 126, and 181

that are consistent with our results. Due to the lack of available authentic standards, 1-
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dodecanol was used as a surrogate to quantify 3,7,11-trimethyl-1-dodecanol and 1-
pristane was used to quantify 1-pristene. Table 2.1 summarizes the production yields of
each identified compound per milligram of VEA consumed by the vape pen. Information
regarding predicted molecular weight, boiling point, and vapor pressures of compounds
was obtained from ChemSpider (25) based on the estimates from Environmental
Protection Agency (EPA)’s EPI Suite program. The determined yields were used to
calculate the concentrations of DQ standard expected to be found in corresponding vaped
VEA collections for use in cell exposures. To account for variations between vaping
aerosol collections, production yields of DQ were quantified prior to each cell exposure
experiment to determine the corresponding DQ concentrations in each vaped VEA

treatment.

The detection of these products is consistent with prior findings, (10, 11, 24)
though the mass yield of DQ shown here is 3 times lower than that of previously
reported. (11) This difference may be attributed to an increased flow rate compared to our
previous study, which may decrease the residence time of parent oil in the cartridge and
ultimately decrease the amount of VEA that is transformed by the heated coil. In
addition, other studies have identified decomposition products that could not be found in
our spectra, such as ketene or durohydroquinone monoacetate (DHQMA). (10, 24)
Absence of these compounds in our spectra may be attributed to differences in the
collection method and vape pen operation. The cold trap collection method used in this
study was optimized for the collection of compounds such as DQ and VEA, whose

boiling points are well above the temperature of dry ice and are easily captured for
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analysis. For compounds with high vapor pressure, such as ketene, the use of dry ice to
condense emissions may not capture gas-phase products as efficiently as liquid nitrogen
used in prior studies. (10) Ketene, which has an approximate boiling point of —56 °C,
(25) was not expected to be observed in our collection. In addition, observation of
carbonyl-containing compounds from GC/MS often requires derivatization methods that
were not used in this study. (10, 26) As such, it is highly likely that ketene and other
higher volatility compounds are produced during the vaping process but cannot be

observed in our results.
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Table 2.1. Summary of VEA vaping emission production yields. Five major emission products were quantified using authentic or surrogate standards.

Estimated

Name Formula M.W.? B.P. vapor Structure (’l;lll/C)d Production Yield®
pressure® <

Vitamin E acetate 3 o
C31Hs,05 472.7 485 4.03 % 10 472 (1.68+0.09) x10

(VEA)

Vitamin E CaoHs00, 430.7 486 135 x 10 205 (2.2140.01)x10?

|-Pristene CioHas 266.5 290 58107 126 (1.07+0.07) x10?

3,7,11-Trimethyl-1- CisH3,0 228.4 279 2.11 x 104 111 (3.44+0.20) x 10*

dodecanol

Durohydroquinone P 4
C1oH140, 166.2 312 1.77 x 10 166  (2.20+0.13) x 10

(DHQ)

g‘é‘;qumone CioH 1205 164.2 230 1.26 x 10 121 (7.70+0.28) x 10°

3 M.W.: molecular weight (g mol ")

®B.P.: boiling point (°C) at 1 atm

¢ Estimated vapor pressure: mmHg at 25 °C

dExtracted ion chromatogram (EIC); ion selected for quantification
¢mg-Product recovered mg-VEA comsumed!



Furthermore, the current study analyzed vaping emissions produced at an average
peak temperature of 218 °C (3.6 V), which is a lower temperature than what has
previously been reported in the literature at similar applied voltages for VEA vaping. (27,
28) Differences in measured coil temperature may be attributed to the design of the
device used. In Lynch et al. (27) and Wu et al., (10) where coil temperatures reach up to
600 °C, coils with 0.25-1.8 Q resistance were used, compared to the 2.2 Q resistance coil
at 3.6 V used in our study. This difference in coil resistance may impact the resulting
power output and the temperatures the heating element was able to reach, even when
operated at the same voltage setting. The cartridge in this study was chosen as it is a
product intended for use in THC vaping and was a brand found to be used by patients
who developed EVALI symptoms. (7, 29) It is highly possible that the temperature used
in VEA vaping may impact the identity and quantity of certain decomposition products.
(30)

Finally, previous reports of VEA thermal degradation have found VEA to be
thermally stable up to temperatures > 250 °C; (31) in addition, the temperature used here
(218 °C) is, to our knowledge, the lowest reported temperature at which DQ production
has been observed. The differences in these findings may be attributed to a catalytic
effect between VEA oil and the metal constituents of the cartridge that the oil must come
into contact with during vaping. One study by Saliba et al. (32) recently investigated the
pyrolysis of propylene glycol (PG) and found that the presence of a metal heating coil
during pyrolysis greatly impacted the temperature at which PG began to decompose into

carbonyl-containing compounds. In the presence of stainless steel, Kanthal, or aged
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nichrome, the temperature at which peak methylglyoxal production was observed was
decreased by nearly 300 °C compared to pure pyrolysis in the absence of metal. Thus, is
it highly possible that VEA may be interacting with metals in the device in a similar way,
resulting in a catalytic effect to degrade VEA at lower temperatures. However, further
study into the impact of temperature and vaping device construction of VEA degradation
should be explored.

2.3.2 Cytotoxicity Analysis

BEAS-2B cells were exposed to 2-fold serial dilutions of unvaped VEA, VEA
vaping emissions, and DQ standard for 24 h before cytotoxicity was assessed. The results
of the LDH assay support our prior findings of differential toxicity after the vaping
process. (11) There is a considerable shift in cytotoxicity between cells exposed to
unvaped VEA and those exposed to VEA vaping emissions (Figure 2.1); a clear dose-
dependent response can likewise be observed when cells are exposed to DQ alone.
Neither the vehicle nor device controls demonstrated significant cytotoxicity. At
corresponding DQ concentrations, DQ can account for nearly 50% of the observed
cytotoxicity in VEA vaping emission-exposed cells. Concentrations not found to be
overly toxic (<30%) within the 24 h exposure period were chosen for further gene

expression analysis. (33)

34



%k %k %k

B DQ (pg/mL)

100 B Unaped VEA (mg/mL)
3 80~ mm Vaped VEA (mg/mL)
2 * %k
S 60+
§ 40 l * |
= -

2 | * | =
O 20- | | r
0-—|—'T‘-‘|~'T‘-'-rf"f“f' | | 1
N ]2 D0 D H 0N D6 >
é‘;&.@o&%m 0P VP @B P00
S s s
Q \‘@o‘ 3

Figure 2.1. Cytotoxicity measured by the LDH assay for BEAS-2B cells exposed to (A) unvaped VEA and
VEA vaping emissions and (B) DQ standard at corresponding concentrations based on determined
production yields. The results are expressed as the mean of three technical replicates (n=3) + the standard
error of the mean (SEM). * Indicates p < 0.05; ** indicates p < 0.01; *** indicates p < 0.001.

2.3.3 ROS Production

DCFH:DA is a fluorescent assay used to measure general oxidative potential in
both cellular and acellular systems. In its nonfluorescent form, DCFH2DA can easily
enter through lipid membranes. (21, 34) Once transported into the cytosol, it may be
deacetylated by intracellular esterases, converting it to DCFH>, a nonfluorescent form
that cannot cross cellular membranes as readily and can be oxidized by reactive species to
form the fluorescent product 2',7'-dichlorofluorescein (DCF). (21, 34-36) The
deacetylation process can also be done in acellular systems by chemically hydrolyzing
DCFH,DA into DCFH» using NaOH; (35, 37, 38) this form can then be oxidized by a

compound of interest and/or generated H,O, (Figure S2.8).
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Quinones such as DQ are highly electrophilic and have the potential to generate
large amounts of ROS through redox cycling; generated ROS can then damage cellular
membranes and other macromolecules critical to regular function. However, assessment
of only this exogenous oxidative potential does not account for ROS generated by the cell
itself during metabolic processes or immune responses to a xenobiotic. (39, 40)
Endogenous ROS can contribute greatly to intracellular redox homeostasis, further
inducing oxidative stress. (41, 42) Assessment of both the oxidative potential and the
total cellular ROS produced upon exposure to a toxicant can help to better elucidate the
mechanism of toxicity and the risk of oxidative damage to cells.

The DCFH2DA/DCFH; assay was studied in both acellular and cellular systems
over 75 min after either addition of the DCFH; or exposure of treatments and controls to
BEAS-2B. The time course results of both assays can be found in the SI (Figure S2.9).
Figure 2.2 summarizes the exogenous oxidative potential of treatments in the acellular
system (Figure 2.2A) and the intracellular ROS measured in BEAS-2B exposed to
treatments (Figure 2.2B); results are expressed as the fold change in fluorescence
intensity compared to the negative control. After 75 min, neither unvaped VEA nor the
device control induces significant ROS generation in either system. In the acellular
system, DQ and VEA vaping emissions both demonstrate the ability to generate ROS
significantly compared to the solvent alone; note that equivalent concentrations of DQ
standard alone show greater ROS production than VEA vaping emissions. In addition, all
concentrations of DQ standard reacted more quickly with DCFH; than VEA vaping

emissions (Figure S2.9B, C). In the cellular system, however, only the highest
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concentration of VEA vaping emissions resulted in significant ROS generation (p =
0.0329).

In the acellular system, DQ was expected to demonstrate high DCFH> oxidation
both through the generation of ROS during redox cycling, as well as through direct
oxidation by DQ or adduct formation of DQ and DCFH> via Michael addition. While DQ
is an electrophilic compound and has already been observed in vaping emissions, VEA
emissions constitute a mixture of electrophiles, metals, and antioxidants (such as vitamin
E) that may compete with the DCFH; probe to be oxidized. These nontarget interactions
may suppress the overall response observed by VEA vaping emissions compared to DQ
alone in the acellular system. In the cellular system, there exists an even larger array of
scavengers — biomolecules, lipids, and other antioxidants — that may compete with the
probe to be oxidized by generated ROS. Antioxidant molecules may also interact with the
probe itself and cause attenuation of the probe before it is able to be oxidized by ROS,
(43) resulting in a reduced signal compared to the acellular system. For DQ-treated cells,
it is likely that the concentration of DQ is not great enough to overcome competition by
scavengers, resulting in decreased ROS production or the ability to stimulate endogenous
ROS production. In contrast, the highest concentration of VEA vaping emissions, being a
mixture of degradation products, may have contained a greater amount of electrophilic
species to compete with scavengers to oxidize DCFH2 and/or contained compounds able
to induce endogenous ROS production by the cells. (41) Nevertheless, these findings
support that VEA vaping emissions and DQ are both capable of generating ROS that may

induce oxidative damage in exposed cells.
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Figure 2.2. ROS generated at 75 minutes by unvaped VEA, VEA vaping emissions, DQ standard, and
DMSO, water and TBHP positive controls in (A) acellular and (B) cellular systems. Results were
normalized to their cytotoxicity and are expressed as fold change in fluorescence intensity over the
untreated control in the acellular or cellular system. Each treatment is expressed as the mean + SEM (n=3)
for both acellular and cellular assays. Two-way ANOVA was used to determine statistical significance
compared to the negative control. * Indicates p < 0.05; *** indicates p < 0.001; **** indicates p < 0.0001.



2.3.4 Gene Expression Analysis

The relative levels of gene expression for the exposure and control groups, expressed as
the log> fold changes, were calculated using the comparative cycle threshold (2724¢T)
method. (44) NQOI was chosen as a biomarker of quinone toxicity as the enzyme is
known to compete with quinone reduction pathways that may initiate quinone redox
cycling; (45) DQ has been used in several studies as a model quinone substrate to induce
NQOI expression in various cell types. (46—48) HMOX-1, in contrast, is a stress-induced
enzyme and is a commonly used biomarker of downstream oxidative damage. (49) Our
results show that exposure to DQ and VEA vaping emissions results in significant
upregulation of HMOX-1 and NQOI compared to the untreated control (Figure 2.3).
HMOX-1 and NQOI expression by vaping emissions was found to be significantly
greater than expression seen in DQ-exposed cells (p < 0.0001 for HMOX-1 expression
and p = 0.0391 for NQOI expression). Neither unvaped VEA, the DMSO vehicle control,
nor the water device control resulted in significant gene expression change of either

biomarker.
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Figure 2.3. Relative expression in BEAS-2B cells of HMOX-1 and NQOIgenes after 6- and 24-hour
exposure, respectively, to 65 mg/mL of VEA vaping emissions, 65 mg/mL of unvaped VEA oil, 12.5
pug/mL of DQ standard, and 100 puffs of vaped DI water collected in cell culture media. 50 uM TBHP was
used as a positive control for HMOX-1 expression. Results are expressed as the mean fold change (log»)
over unexposed controls and normalized to a housekeeping gene (ACTB) + SEM of 3 samples per
treatment (n=3). Two-way ANOVA was used to determine statistical significance compared to the negative
control. * Indicates p<0.05; **** indicates p<0.0001.

NQOI and HMOX-1 upregulation by DQ and VEA vaping emissions provides
evidence that quinones are present in vaping emissions at concentrations that pose a risk
to the alteration of cellular homeostasis, and that both DQ alone and VEA vaping
emissions have the potential to induce oxidative damage through the production of ROS
or reactions with biomolecules to disrupt redox signaling pathways. (50, 51) The ability
of VEA vaping emissions to both induce greater NOO!I and HMOX-1 expression than

DQ standard alone highly suggests that VEA vaping emissions may contain a mixture of
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electrophiles and ROS inducers that are capable of inducing oxidative damage. The
significant difference in NQOI expression between DQ and vaping emissions may imply
the presence of more quinones and quinone-containing species than DQ alone. In
addition, studies have found that oxidation of vitamin E by free radicals or ROS results in
the generation of vitamin E quinone, which can be reduced by NOO! to hydroquinone
and again act as an antioxidant. (52) Thus, the increased upregulation of both NOQOI and
HMOX-1 may also be attributed to interactions between VEA decomposition products in
the total mixture. These results overall support that quinone toxicity is one contributing
mechanism through which the VEA vaping-induced lung oxidative damage occurs, but
the presence of other degradation compounds and metals from the device may either
enhance DQ toxicity or provide additional mechanisms of toxicity.

2.3.5 Aerosol Analysis

The majority of particles emitted directly from the vape pen existed between 200
and 400 nm in diameter, though a small fraction of particles can be observed between 60
and 100 nm (Figure 2.4A, B). This observed size distribution agrees with recent studies
of aerosolized VEA at approximately the flow rate used. (11, 24) The total aerosol
collection efficiency of our collection method was estimated to be > 99.9% by both

volume and number (Figure 2.4B, C) after tandem cold trap collection.
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Figure 2.4. Size distribution of VEA vaping aerosols characterized by (A) volume and (B) number
concentrations. Collection efficiency was determined by comparing the (C) total particle volume
concentration and (D) total particle number concentration sampled immediately after emission from the
vape pen and after tandem cold trap collection. Particle collection efficiency was estimated to be > 99.9%
by both volume and by number. One puff was taken for each SEMS sampling cycle (3 min). Results are
expressed as the average of 3 cycles (n=3) after background subtraction.

The size of emitted particles will greatly impact lung deposition, with smaller
particles (<100 nm) capable of penetrating into the lower conducting airways and the
alveolar region of the lungs. (53, 54) Based on these results, VEA vaping emissions
overall have the potential to penetrate into the lower respiratory system of vape users. To
determine the sizes at which DQ and other identified compounds are enriched that have
direct implications for the associated risk of lung deposition, we analyzed size-
fractionated aerosol composition in vaping emissions. Table 2.2 depicts the mass

fractions of the major decomposition products found from chemical analysis. The stages
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containing the largest total mass of particles deposited were those with cut sizes ranging
between 180 and 1000 nm. We observed that VEA could be found at all sizes, while the
first major decomposition product, vitamin E, favored particle sizes above 180 nm but
was not detectable above 1000 nm. 3,7,11-Trimethyl-1-dodecanol showed the greatest
fraction in the larger-sized particles (560 nm and above) but was found at detectable
levels in particles smaller than 100 nm. DHQ was detectable at diameters greater than
180 nm but only showed substantial deposition above 560 nm. This contrasts with DQ,
which could only be found at sizes below 560 nm. The greatest mass fraction of DQ was
observed in particles 56—100 nm in diameter. 1-Pristene was not detectable at any particle
size. The inability to detect 1-pristene is likely attributable to fast oxidation of the double
bond by ozone from room air, which was present at background levels between 30 and 40
ppbv. (55, 56) This background concentration of ozone was not expected to substantially

influence the detection of the other target compounds.
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Table 2.2. Summary of size-fractioned VEA vaping aerosols. Results are expressed as the mass fraction of total mass collected on each MOUDI stage.

Mass Fraction

Compound name d<56 56<d<100 100<d<180 180<d<320 320<d<560 560<d<1000 1000<d<1800
(nm) (nm) (nm) (nm) (nm) (nm) (nm)
Vitamin E acetate 9.98 x10°! 9.51x10! 9.99 x10°! 9.62x10°! 9.60 x10°! 9.45 x10°! 9.93 x10°!
Vitamin E b.d.l.2 b.d.l. b.d.l 3.68 x1072 3.76 x1072 5.02 x102 b.d.l
1-Pristene b.d.l. b.d.l. b.d.l b.d.l. b.d.l b.d.l. b.d.l
3,7,11-Trimethyl-1-docecanol b.d.l. 1.54 x107? 3.23 x10* 3.15 x10* 1.34 x1073 4.20 1073 4.86 x1073
Durohydroquinone b.d.l. b.d.l. b.d.l. 4.55 x107° 1.50 X107 2.51 x10* 1.83 x1073
Duroquinone 1.78 x1073 3.38 X107 5.30 x10* 1.31 x1073 6.62 x10* b.d.l. b.d.l.
Total Mass (mg)® 0.852 0.143 2.82 11.2 18.8 19.5 0415

2b.d.l.: below detection limit

b Total mass of detected compounds on each MOUDI stage



Ultimately, VEA 3,7,11-trimethyl-1-docecanol and DQ were observed to exist as
particles with diameters less than 100 nm and therefore are likely the main products able
to penetrate the alveolar region of the lungs. The decomposition products show clear
potential for differential lung deposition in those who vaped VEA. One recent study
found that the chemical composition of e-cigarette aerosols is size dependent and heavily
dependent on boiling point and vapor pressure of the aerosol constituents. (57) As shown
in Table 2.1, the vapor pressures of emitted products vary greatly, which in turn may
impact their gas-particle partitioning behavior once released into the environment. This
compositional difference in particle size may impact the risk of exposure and negative
health effects to people in proximity to active vapers (i.e., passive vaping). With the
exception of 1-pristene, transformation of aerosols, or aging, after vaping was not
expected to substantially influence the results due to the short residence time in the jar
and hydrophobic nature of the target compounds. It is possible that some more
hygroscopic constituents may absorb water vapor from room air if leftover time. (58)
This process could drastically impact the size of particles, resulting in larger particles that
are more likely to deposit in different regions of the airways when inhaled by bystanders.
However, to fully understand the dynamic nature of these particles in the environment
and the exposure risk via passive vaping, further study is required.

2.3.6 Potential Limitations

Some further limitations to this study should be noted. First, VEA was studied
individually in an isolated system to examine the formation and contribution of DQ to

oxidative lung injuries, while cartridges linked to EVALI cases were often blended with
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varying ratios of VEA and THC. A prior study reported that in both liquid and aerosol
phases, THC and VEA can form hydrogen bonded complexes. (59) In addition, a study
by Muthumalage et al. (60) recently found that the exposure of BEAS-2B cells and mice
to CBD/counterfeit cartridges resulted in greater ROS generation and inflammatory
responses than VEA alone. The role of the interactions between these complexes in VEA-
induced lung toxicity has not been investigated at this time. Furthermore, toxicological
responses following exposure were studied using an immortalized, monoculture cell line,
which does not allow for investigation into the systemic effects in vivo. While the parent
VEA molecule was not found to induce cytotoxicity in our study, recent reports have
demonstrated that VEA and other e-liquids may interact with a pulmonary surfactant at
the air-liquid interface, resulting in mechanical injury to the lungs that may contribute to
EVALI-symptom onset. (61, 62) Finally, decomposition product formation was
investigated at one voltage/temperature setting and puffing topography. However, vaping
behavior may vary drastically between users, which has been found to alter the
composition, (18, 63) and size and volume distributions (22, 24) of aerosols. The vaping
topography used in this study was adapted from previous literature on nicotine vaping,
but less is known about the parameters used in THC vaping. (64) As a result, those who
vaped VEA could have been exposed to differing concentrations of DQ or aerosol

compositions than observed in this study.
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2.4 Conclusions

This study investigated the potential contribution of the thermal decomposition
product DQ in VEA vaping emissions to induce oxidative stress in exposed lung cells.
Our results show that DQ and VEA vaping emissions show significant potential to
generate ROS, potentially causing oxidative damage to biomolecules. Moreover, VEA
vaping emissions were found to be linked to the upregulation of NOOI (a quinone-
metabolizing enzyme) and HMOX-1 (an oxidative stress biomarker) genes, providing
evidence of vaping-induced oxidative stress and quinone toxicity as one potential
mechanism. Finally, our results support that the decomposition products of VEA may
deposit at different lung depths. DQ, in particular, was found to exist at sizes below 100
nm, suggesting its potential to penetrate into the alveolar region of the lungs. Notably, the
differential responses between DQ- and VEA vaping emission-exposed cells highlight the
need to further investigate the decomposition products of VEA during vaping. The
increased responses induced by VEA vaping emissions suggest that while quinone
toxicity has a high potential to damage cells, it is likely that the vaping emissions contain
a mixture of electrophilic compounds (e.g., aldehydes or ketones), ROS inducers, and
metal catalysts that may enhance VEA’s oxidative potential. In essence, while our results
provide evidence that quinone toxicity may be one of the molecular mechanisms through
which VEA vaping causes oxidative lung injuries, it may be one of several mechanisms.
It is likely that EVALI symptoms may be the result of synergistic interactions between
DQ and other vaping emission products from VEA and THC. (60) To fully understand

the molecular mechanisms through which VEA vaping causes lung injury, future studies
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are required to investigate potential interactions between decomposition products. The
wide variability in chemical compositions that users may have been exposed to as a result

of variations in vaping behavior must also be explored in future works.
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2.5 Supplemental Information

2.5.1 Temperature Measurements

The protocol for the measurement of the e-cigarette heating element was adapted
from Chen et al. (19) A fresh cartridge was filled with VEA oil so the oil level sat above
the atomizer base; the cartridge was then connected to the pen battery. To measure the
temperature of the heating element upon battery activation, two 1 mm grounded k-type
thermocouple wires (MN Measurement Instruments), one inserted into the air tube of the
cartridge and rested on the surface of the ceramic heating element and one kept
suspended to measure ambient air temperature as a device control, were connected to a 4-
channel data logger (Extech). The battery of the vape pen was activated for 4 s to heat the
device, then allowed to rest for the remainder of a 1 min cycle. The data logger recorded
temperatures every 1 s over the 1 min cycle. The peak heating temperatures of each cycle
were averaged to determine the overall temperature of the heating element used in this

study.
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Figure S2.1. Temperature profile of e-cigarette heating element. Temperature measurements were taken
every 1 s for each 1-minute cycle. The battery was activated for 4 s to heat the coil, then allowed to rest for
the remainder of the minute.
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Figure S2.2. Schematic of experimental set up of VEA vaping emission collection. All emissions were
generated using a 0.46 L min’! critical orifice to restrict the flow rate. Emissions were vaped into a glass
cold trap submerged in dry ice; condensed emissions were dissolved in acetonitrile (ACN) for chemical
analysis and cell culture media for cell exposure analysis.
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Figure S2.3. Gene expression analysis of HMOX-1 and NQO! genes after 0, 3, 6, 12, and 24 hr exposure to
VEA vaping emissions. HMOX-1 expression was found to peak at 6 hr, while NOOI expression peaked at
24 hr. These peak timepoints were used to analyze gene expression of all treatments used. Results are
expressed as the mean fold change (logz) over unexposed controls and normalized to a housekeeping gene
(ACTB) + standard error of the mean (SEM) of 3 samples for each treatment (n=3).
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Figure S2.4. Schematic of set up of collection efficiency experiments using a Scanning Electrical Mobility
Spectrometer (SEMS). VEA vaping emissions were generated using a diaphragm pump with a flow rate
controlled by a 0.46 L min! critical orifice. The particle volume and number concentrations were measured
at three different sites: (a) directly after emission from the e-cigarette, (b) the outflow of one cold trap
placed on dry ice to collect condensed emissions, and (c¢) the outflow of a second cold trap placed on dry
ice. The SEMS operated at a flow rate of 0.33 L min™",
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Figure S2.5. (A) Experimental set up of MOUDI size-fractioned VEA vaping aerosols. A 0.46 L min!
critical orifice was used to restrict the flow rate vaping emissions were generated at; filtered room air was
used to compensate to reach the 30 L min™! necessary for MOUDI collection. (B) 0.27 pm green fluorescent
microspheres deposited at 0.18-0.32 pum MOUDI stage to confirm stage cut sizes. Photos in both panels
were taken by authors.
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Figure S2.6. Chromatograms obtained from a polar Rtx-VMS fused silica separation column. (A) Total ion
chromatograph of vitamin E acetate (VEA) vaping emissions showing (peak a) duroquinone (DQ), (peak b)
3,7,11-trimethyl-1-dodecanol, and (peak c) durohydroquinone (DHQ) at retention times of approximately
16, 20, and 22 minutes, respectively; (B) extracted ion chromatogram (EIC: m/z 121) used to identify DQ;
(C) extracted ion chromatogram (EIC: m/z 111) used to identify 3,7,11-trimethyl-1-dodecanol; (D)
extracted ion chromatogram (EIC: m/z 166) used to identify DHQ.
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Figure S2.7. Chromatograms obtained from a non-polar J&W Scientific DB-5MS separation column. (A)
Total ion chromatograph of VEA vaping emissions showing (peak a) 1-pristene, (peak b) vitamin E, and
(peak c) VEA at retention times of approximately 35, 42, and 43 minutes, respectively; (B) extracted ion
chromatogram (EIC: m/z 111) used to identify 1-pristene, (C) extracted ion chromatogram (EIC: m/z 205)
used to identify vitamin E, and (D) extracted ion chromatogram (EIC: m/z 472) used to identify VEA.
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Figure S2.8. DCF reaction scheme; non-fluorescent 2°,7’-Dichlorofluorescein diacetate can be hydrolyzed
with (a) NaOH for acellular systems or (b) cellular esterases for cellular systems, then oxidized by ROS to
form the fluorescent DCF product.
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Figure S2.9. Fluorescence intensity of DCFH, oxidized by (A) unvaped VEA, (B) VEA vaping emissions,
(C) DQ standard, and (D) device and positive controls in the acellular versus cellular system. Fluorescence
intensity was measured at 5 min intervals for a total of 75 minutes. Results were normalized to their
cytotoxicity at 75 minutes. Each experiment was run alongside a solvent blank of DMSO or untreated cells
in cell culture media as a negative control. Fluorescence intensity was consistently lower in the cellular
system than the acellular.
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Chapter 3: Temperature dependence of emission product distribution from vaping
of vitamin E acetate

3.0 Abstract

Nearly two years after vitamin E acetate (VEA) was identified as the potential
cause of the 2019-2020 outbreak of e-cigarette, or vaping product-associated lung
injuries (EVALI), the toxicity mechanisms of VEA vaping are still yet to be fully
understood. Studies since the outbreak have found that e-liquids such as VEA undergo
thermal degradation during the vaping process to produce various degradation products,
which may pose a greater risk of toxicity than exposure to unvaped VEA. Additionally, a
wide range of customizable parameters—including the model of e-cigarette used, puffing
topography, or the applied power/temperature used to generate acrosols—have been found
to influence the physical properties and chemical compositions of vaping emissions.
However, the impact of heating coil temperature on the chemical composition of VEA
vaping emissions has not been fully assessed. In this study, we investigated the emission
product distribution of VEA vaping emissions produced at temperatures ranging from
176 to 356°C, corresponding to a variable voltage vape pen set at 3.3 to 4.8V. VEA
degradation was found to be greatly enhanced with increasing temperature, resulting in a
shift towards the production of lower molecular weight compounds, such as the redox
active duroquinone (DQ) and short-chain alkenes. Low temperature vaping of VEA
resulted in the production of long-chain molecules, such as phytol, exposure to which has
been suggested to induce lung damage in previous studies. Furthermore, differential

product distribution was observed in VEA degradation products generated from vaping
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and from pyrolysis using a tube furnace in the absence of the heating coil at equivalent
temperatures, suggesting the presence of external factors such as metals or oxidation that
may enhance VEA degradation during vaping. Overall, our findings indicate that vaping
behavior may significantly impact the risk of exposure to toxic vaping products and

potential for vaping-related health concerns.

3.1 Introduction

After the 2019-2020 outbreak of e-cigarette or vaping product use-associated
lung injury (EVALI) in which the Centers for Disease Control and Prevention (CDC)
reported over 2,800 hospitalizations of patients displaying symptoms of acute respiratory
distress, (1) serious public health concerns have been raised about the safety of e-
cigarettes. In the initial investigations, evidence has supported that vaping of vitamin E
acetate (VEA), a synthetic form of vitamin E (VE) that was used to “cut” or dilute black
market or homemade tetrahydrocannabinol (THC), was a major cause of the onset of
EVALI symptoms. (1-3) Several different mechanisms of toxicity have been proposed
since the outbreak, yet the exact causative agents and molecular mechanisms through

which VEA vaping emissions resulted in lung toxicity are still not well understood.

VE and VEA alone are considered safe for dermatological application in skin-care
products (4) and as well as for consumption in foods and dietary supplements. (5) Several
studies since the outbreak, however, have found that e-liquids like VEA undergo major
thermal decomposition during the vaping process to form products that are often more
toxic than the parent oil. (6—8) VEA in particular has been found to decompose into a

wide range of emission products including VE, alkenes such as 1-pristene, (8, 9) alcohol-
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containing compounds such as 3,7,11-trimethyl-1-dodecanol, durohydroquinone (DHQ),
(6) and durohydroquinone monoacetate (DHQMA), (8, 9) and carbonyl-containing
compounds such as ketene, (7, 10) 4-acetoxy-2,3,5-trimethyl-6-methylene-2,4-
cyclohexadienone (ATMMC), (9) and duroquinone (DQ). (3, 6, 7) Still, the overall risk
of exposure of each identified product to those who vaped VEA is unclear. For example,
ketene gas has been hypothesized to form from the cleavage of the acetate group of VEA.
However, this reaction has been calculated to only be feasible at temperatures exceeding

500°C—temperatures that are likely to only occur under “dry puff” conditions. (10, 11)

The operating temperature of the vape device is one of many parameters—
including the model of e-cigarette used, puff duration, interval between puffs, etc.—that a
user may alter to customize their vaping experience. (12, 13) A few studies to date have
investigated the impact of increased temperature on the size and volume distribution of
emitted vaping aerosols, reporting that greater coil temperatures result in larger puff
volumes, but decrease the size of emitted particles. (14—16) A recent study in 2021 found
that the emission of volatile degradation products, including various carbonyl-containing
species, was significantly enhanced when temperature was increased from 170 to 280°C.
(17) In addition, increased coil temperature and characteristics of the vape device have
also been found to influence other aspects of vaping emissions, such as the release of
metals and the level of carbonyl-containing compounds or radical species. (16, 18, 19) E-
cigarette atomizers and heating elements are often comprised of various transition metals
including nickel, iron, and chromium (20, 21) which not only pose a risk of metal toxicity

to vape users, (22) but may play a role in the catalysis of thermal degradation of the e-
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liquid. One study by Saliba et al. (2018) found that e-cigarette filament wires had a
significant impact on the production of carbonyl-containing compounds from propylene
glycol (PG) vaping, lowering the temperature required to form carbonyl species by nearly
200°C. (23) However, the factors affecting the chemical composition of e-cigarette

degradation products have yet to be fully characterized.

The objective of this study was to examine the influence of variable temperature
on the product distribution of e-cigarette vaping emissions, using VEA as a model e-
liquid. To do so, we performed a non-targeted analysis of the aerosol-phase constituents
at relevant, mid-range vaping temperatures using gas chromatography/mass spectrometry
(GC/MS). We hypothesized that elevated temperature of the heating coil during vaping
could enhance thermal degradation of VEA, causing a shift in emission product
distribution and toxicity in vapers. VEA vaping emissions were produced at coil
temperatures ranging between 176 to 356°C using a variable voltage vape pen and
analyzed using GC/MS with electron ionization (EI) to assess how emission product
identity and concentration changes as a function of temperature. In addition, pure
pyrolysis of VEA without the influence of the device was also investigated using a tube
furnace to investigate potential catalysis by the device itself. The results from this study
contribute to our current understanding of the toxicity mechanisms underlying VEA
vaping emissions and have significant implications for the potential health risks

associated with the use of other e-liquids.
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3.2 Materials and Methods

3.2.1 Materials

DL-alpha tocopherol acetate (VEA, > 97%), DL-alpha tocopherol (vitamin E, >
97%), tetramethyl-1,4- benzoquinone (DQ, > 98%), durohydroquinone (DHQ, > 95%), 2-
methyl-heptene (> 98%), trimethylhydroquinone (> 98%), and phytol (> 95%) were
purchased from Tokyo Chemical Industry (TCI America, Inc.). 1, 3, 5-trichlorobenzene
(TCB, 98%) was purchased from Alfa Aesar. Acetonitrile (ACN, 99.95%) was purchased

from Fisher Chemical.

3.2.2 Temperature Measurement

A pen-style e-cigarette battery (Vapros Spinner II, 1650 mAh) was used as a
model variable voltage e-cigarette for this study. This vape pen has set nominal voltages
of 3.3, 3.8, 4.3, and 4.8 V. These voltages were confirmed using a multimeter to measure

the actual voltage of the battery upon activation.

The set-up of the temperature measurements can be seen in Figure S3.1 in the
supporting information (SI). The protocol for the thermocouple measurement of the e-
cigarette coil and oil temperatures was adapted from Chen et al. (11) To measure the
temperature at each voltage setting, the pen was connected to a fresh cartridge (CCell
TH2; 0.5 mL, 2.2 Q) that was filled with VEA standard oil until the oil level sat just
above the atomizer base. The oil level in the cartridge was kept consistent between each
reading, as the amount of oil in the cartridge has been previously shown to affect the

temperatures the coil may reach. (11, 18) Three 1 mm grounded k-type thermocouple
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wires (MN Measurement Instruments) were connected to a 4-channel data logger (Mo.
SDL200; Extech). One thermocouple was kept suspended to measure the temperature of
ambient air as a device control. The second thermocouple was inserted into the air flow
tube of the cartridge and allowed to rest on the surface of the ceramic coil. This position
was chosen to record temperature across all voltage settings as it not only provided the
most consistent measurements, but certain positioning of the probe resulted in the battery
shutting off, likely to prevent overheating or burning in the event of the air flow tube
being blocked during real-use scenarios. The third thermocouple was inserted into the
glass casing of the cartridge to submerge the end of the probe in VEA oil in contact with
the atomizer. The thermocouples allowed for simultaneous measurement of the coil and
the parent oil in the cartridge when the battery was activated. Temperatures were
recorded by the data logger every 1 s over a 1 min cycle. The vape pen was activated by
holding the power button for 4 s to heat the coil, then allowed to rest for the remainder of

the cycle. A total of 13 cycles—including 3 initial preconditioning cycles—were measured.

3.2.3 E-cigarette collection

The procedure for collection of VEA vaping emissions at each temperature setting
was adapted from previous studies. (6, 7) Prior to each collection, a fresh cartridge was
filled with VEA standard oil, weighed, and preconditioned by taking 3—5 puffs. The
vaping emissions were collected using a cold trap apparatus maintained at -40°C (Across
International LLC). The particle collection efficiency of the cold trap system at the flow
rate used in this study has been reported previously (= 99% by volume). (24) To collect

aerosol emissions, one 4 s puff was taken at intervals of 1 min to maintain consistency
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with the temperature measurement procedure. Puffs were generated at each temperature
using a 0.4 L min™! air flow rate, which was controlled by a 0.46 L min™' critical orifice
connected a diaphragm pump (Gast Manufacturing Inc.). For each setting, the vape pen
was operated until approximately 100 mg of VEA had been consumed; this consumption
was typically achieved within 10-20 puffs. In instances where more puffs were required,
the vape pen was allowed to rest at 20 puffs for 10-20 minutes to prevent overheating of

the battery.

Condensed emission products were dissolved in 1 mL of ACN, with 10 pL of 1,
3, 5-TCB solution (2 pg uL!) added to each sample as an internal standard for chemical
analysis. Emissions were analyzed immediately after collection or stored at -80°C to

prevent any aging effects.
3.2.4 Tube Furnace Experiments

To determine the impact of the device on the degradation of e-liquids, pure
pyrolysis of VEA oil was simulated using a tube furnace reactor system (OTF-1200X;
MTI Corporation). The schematic of the set up for these experiments is shown in Figure
S3.2. An alumina crucible containing 100 mg of VEA standard oil was weighed, and then
placed into a high temperature quartz tube furnace capable of reaching temperatures as
high as 1200°C. The tube furnace was initially set to 23°C, then ramped to each
temperature setting (176, 237, 322, or 356°C; corresponding to the measured coil
temperatures described in section 3.2.3) at a rate of 10°C min™!, and then held at the target

temperature for 75 minutes to allow for VEA oil to be evenly heated. Inert argon gas was
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flowed through the system at a rate of 0.18 L min™' (controlled by a critical orifice) to
carry the VEA pyrolysis products into cold trap apparatus kept at -40°C. After 75
minutes, the tube furnace was programed to return to room temperature before the
alumina crucible was removed and re-weighed to determine the amount of VEA that was
consumed. Pyrolysis products condensed in the cold trap were dissolved in 1 mL of ACN
and concentrated to 100 pL using a gentle N> gas stream. Then, 10 pL of 1, 3, 5-TCB
solution (2 pg pL!') was added to each sample as an internal standard for chemical

analysis.
3.2.5 GC/MS Analysis of Vaping Emissions

VEA decomposition products were identified and quantified using GC/MS
(Agilent 6890N GC and 5975C inert MSD equipped with an EI ion source) analysis.
Large molecular weight and non-polar degradation products were analyzed by directly
injecting 2 pL of sample into an Agilent J&W DB-5MS column (30 m x 0.25 mm i.d.,
0.25 pm film) for separation. A solvent delay of 6 min was used; the GC was initially set
to 60°C for 1 min, then ramped to 150°C at a rate of 3°C min™!, held at 150°C for 2 min,
ramped to 310°C at a rate of 20°C min’', and then held at 310°C for 5 min. Smaller
molecular weight, polar degradation products were analyzed by directly injecting 2 puL. of
sample into a Rtx-VMS fused silica column (30 m x 0.25 mm i.d., 1.4 pm film). A
solvent delay of 6 min was used. The GC was set to 35°C for 1 min, ramped to 240°C at
a rate of 10°C min!, and held 4 min. The detailed procedures for the operation of GC/MS

can be found in a previous publication. (25)
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3.2.6 Identification of Emission Products

Degradation products were identified using the NIST 2008 mass spectral
database. Compounds with probability > 50% and match factor scores > 800 were
considered as good matches. (26, 27) For compounds that were suspected to be present in
our spectra but could not be identified using the NIST library due to lack of available
standards, Quantum Chemistry Electron lonization Mass Spectrometry (QCEIMS) was
used to simulate theoretical EI mass spectra of molecules. (28) The detailed procedures
for QCEIMS calculations can be found in the supporting information. Peak abundances

were normalized to the 1,3,5-TCB internal standard for quantification.

3.3 Results

3.3.1 Temperature Measurement

Figure 3.1 shows the temperature profiles of the e-cigarette coil (Figure 3.1A-D)
and VEA oil in the cartridge (Figure 3.1E—H) operated at each voltage setting. Peak coil
temperature at each voltage setting was fairly consistent between each measurement with
no significant increase after consecutive use, which agrees with previous reports. (11)
Though the starting temperature after 1 min of rest increased slightly with subsequent
measurements, the starting temperature never exceeded 33°C. In contrast, the temperature
of the oil in the cartridge increased with each subsequent measurement until seeming to

plateau.
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Figure 3.1. E-cigarette temperature profiles Temperature profiles of (A-D) e-cigarette coil at 3.3, 3.8,
4.3, and 4.8 V, and (E-H) VEA oil in contact with the atomizer tube at 3.3, 3.8, 4.3 and 4.8 V.

Measurements were taken every 1 s over a 1 min cycle; the battery was activated to heat the coil for 4 s,
then the pen was allowed to rest for the remaining time.

The peak temperatures of both the coil and the oil were then taken and plotted as a
function of voltage, as shown in Figure 3.2. Coil temperature showed a strong positive
linear relationship with applied voltage (Fig 3.2A; R*> = 0.987), whereas oil temperature
increased linearly with voltage until 41°C (Fig 3.2B), where the peak temperatures at 4.3
and 4.8 V do not significantly differ. This is likely due to the specific heat capacity of
VEA; (29) at higher voltages. Visible discoloration to the oil and wick could be seen

during temperature measurements, indicating that the specific heat capacity of the oil in
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the cartridges may have been exceeded and part of the stored VEA may have been

transformed before it is vaped (Figure S3.3).
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Figure 3.2. Average peak temperatures vs. voltage. Linear graph of (A) coil and (B) oil average peak
temperatures versus each voltage setting of the e-cigarette device.

3.3.2 Temperature Dependence of Emission Product Distribution

The total ion chromatographs (TIC) obtained from GC/MS analysis of VEA
vaping emissions produced at each temperature setting are shown in Figure 3.3. Overall,
clear temperature dependent degradation of VEA vaping emissions can be seen as the

amount and abundance of degradation products substantially increases with increasing

coil temperature.
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Figure 3.3. Total ion chromatographs (TIC) of VEA vaping emissions collected at 176, 234, 322, and
356 °C. TIC obtained from (A) a polar Rtx-VMS fused silica separation column and (B) a non-polar J&W
Scientific DB-5MS separation column.

Analysis of the GC/MS results revealed 19 compounds that were able to be
tentatively identified based on consistent NIST MS spectral library match scores of 800
or greater. One other compound, 1-pristene, was not found in the NIST library and thus
was identified based on comparison with previously reported mass spectra (8) and a mass
spectrum generated with the QCEIMS program that found signature fragments of m/z
266, 111, and 126, which are consistent with our results (Figure S3.4). A summary of the
identified compounds and chemical information identified from PubChem (30) can be
found in the supporting information (Table S3.1). Many of the products described here,
such as phytol, 2,3,5-trimethyl-1,4-benzenediol and 2-hydroxy-4-methoxy-3,6-dimethyl
benzaldehyde, have not been previously detected from VEA vaping to our knowledge.
An isomer of 2,3,5-trimethyl-1,4-benzenediol has also recently been identified as a
substantial VEA degradation product at temperatures > 220°C. (17) Authentic standards
were purchased for 2-methyl-1-heptene, phytol, and 2,3,5-trimethyl-1,4-benzenediol to

confirm identities of observed products (Figure S3.5-S3.7, respectively). Other
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compounds, such as vitamin E, DQ, DHQ, 1-pristene, and 3,7,11-trimethyl-1-dodecanol,
have been consistently identified as VEA decomposition products (3, 6-9). Several
products, such as DHQMA (9) or ketene, (7) that have been previously reported in VEA
vaping emissions could not be found in our spectra, likely due to the limitations of the

emission collection and analysis method described in section 3.4.

A heatmap of the mass fractions of degradation products generated at each
temperature is shown in Figure 3.4. Products that contribute to the majority of the
observed VEA degradation (mass fractions > 0.05) were separated from the total heatmap
to better visualize the change in each concentration as a function of temperature. VEA, 1-
pristene, and 3,7,11-trimethyl-1-dodecanol were found to be the most dominant vaping
emission products at all of temperature settings, while other compounds, such as
duroquinone, durohydroquinone, and 2-methyl-1-heptene steadily increase in
concentration as temperature increases. Furthermore, certain compounds including 2,3,5-
trimethyl-1,4-benzenediol, 2,6-dimethyl-1,6-heptadiene, 3,7-dimethyl-1-octene, and 3-
methyl-1-octene are not produced in concentrations above the detection limit of our
instrument until 322°C, which suggests a potential risk that users who operated vaping
devices at lower temperatures would not be exposed to. However, while most identified
compounds appear to increase in concentration as temperature increases, phytol and
2,6,10-trimethyl-dodecane are produced at detectable levels at 176 and 237°C but cannot
be found at higher temperatures. Another recent study has also detected production of

phytol when vitamin E were heated in a microchamber/thermal extractor at 250°C. (31) It
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is possible that at these compounds are stable at lower temperatures but begin to break

down into degradation products themselves as the temperature increases.
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Figure 3.4. Heatmap of VEA vaping emission product distribution at 176, 237, 322, and 356 °C.
Compounds were identified via NIST mass spectral library and included based on frequency and
consistency of detection throughout all collections. Asterix indicates that the concentration of a product was
below the detection limit of the instrument.

Another important pattern to note is the increase in compounds that may pose a
risk of oxidative damage to lungs, such as DQ and 2,3,5-trimethyl-1,4-benzenediol, at
higher concentrations. While not investigated in this study, prior research has shown that

increased temperature may result in the enhanced emission of carbonyl-containing
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compounds when vaping e-liquids containing propylene glycol and glycerin (PG and
VG). (16, 18) Thus, vaping VEA at greater temperature settings may also carry the risk of

exposure to highly electrophilic molecules and subsequent oxidative lung injury.

In order to better understand the interactions between temperature and the
generated emission products, a Pearson correlation analysis was performed (Figure 3.5).
Overall, all but four of the identified compounds were strongly correlated with
temperature (R > 0.6). Compounds such as DQ, l-pristene, 2-methyl-1-heptene, 2-
hydroxy-4-methoxy-3,6-dimethyl benzaldehyde, and 2,6-dimethyl-1,6-heptadiene, were
very well correlated with temperature (R > 0.9), indicating a strong increase in
concentration as temperature increases. VEA and phytol, in contrast, were strongly anti-
correlated with temperature (R < -0.6), while VE and 2,6,10-trimethyl-dodecane were
moderately anti-correlated with temperature (R < -0.37). In addition, VEA was found to
be weakly to strongly anti-correlated with all degradation products excepting phytol and
VE, which demonstrate a strong positive correlation (R > 0.5). These results support our
analysis of the mass fractions, indicating that as temperature increases, thermal

decomposition of VEA is heightened.
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Figure 3.5. Correlation matrix for production of VEA degradation products and temperature.
Pearson correlation analysis results depicting interactions between temperature and VEA degradation, and
interactions between concentrations of degradation products. Positive correlations (R > 0) are depicted in
red, while strong negative correlations (R < 0) are depicted in blue.

Further analysis of the correlations between degradation products shows that
phytol is strongly anti-correlated with all VEA degradation products (R < -0.8) with the
exception of 2,6,10-trimethyl-dodecane, which was found to have a strong positive
correlation with phytol (R = 0.62). Phytol was also found to be strongly correlated with
VEA (R = 0.63), likely because as more VEA was evaporated during the vaping process,
the greater the chance of degradation into phytol. These relationships further suggest that

while some degradation products may be stable at high temperatures, phytol may further
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decompose into shorter-chain alcohols, alkanes, and alkenes and enhance the production
of VEA vaping emission products. Phytol is known both as a precursor for the synthesis
of VE and vitamin K12, (32, 33) as well as a byproduct of chlorophyll degradation. (33,
34) Inhalation of aerosolized phytol has previously been shown to induce lung injury in
exposed rats (35, 36). In addition, phytol is a long chain alkyl alcohol compound,
meaning that it has the potential to induce damage to the membrane of cells in a
biological system. (37, 38) Overall, the toxicity of phytol raises questions about the safety
of vaping not only VEA, but cannabis-containing vape products that may result in phytol

production.

These results clearly indicate that the product distributions of VEA vaping
emissions are highly dependent on the operating temperature of the vape pen. As a result,
the exposure for vape users operating the same e-cigarette products at different

temperatures may differ significantly.

3.3.3 Potential Catalysis of VEA Vaping Pyrolysis

Previous reports of VEA pyrolysis indicate that VEA begins to degrade starting at
~200-240°C. (39, 40) However, our results clearly demonstrate degradation of VEA and
formation of products such as DQ at 176°C, indicating that the device itself may play a
larger role in the decomposition of VEA than initially anticipated. Previous study in our
lab has also found substantial formation of DQ at 218°C—several hundred degrees lower
than what has been predicted. (24) To further understand if the device itself may impact

the thermal degradation of VEA, pure pyrolysis of VEA oil was carried out using a tube
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furnace reactor. After 75 minutes, the average mass loss of VEA heated at 176, 237, 322,
and 356°C was found to be 0.11 + 0.091, 0.37+0.11, 3.7+ 0.072 and 7.1 £ 0.0016 mg of
VEA consumed. At 176 and 237°C, VEA was fairly stable; substantial consumption of
VEA oil was not observed until the two higher temperatures, despite clear consumption at

all temperatures during the vaping collection.

Figure 3.6 demonstrates the product distribution of VEA degradation products
collected and analyzed using GC/MS. Here, we did not observe substantial thermal
decomposition of VEA when heated at 176°C for 75 minutes, which greatly contrasts
with the degradation of VEA at 176°C for only 4 s during the vaping collection. At
237°C, the parent VEA molecule was the only detectable emission product, indicating
that VEA again did not degrade at this lower temperature, though 237°C was enough to
evaporate VEA so that it could be collected in the cold trap. Degradation products were
only detectable from samples collected at 322 and 356°C, though the number of products
and abundance of observed peaks are drastically reduced when compared to the vaping
emissions. It should be noted that the tube furnace is capable of heating VEA at more
accurate and consistent temperatures than the vape pen itself, which often saw

temperature fluctuations that may influence results.
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Figure 3.6. TIC of tube furnace pyrolysis emissions collected at 176, 234, 322, and 356 °C. TIC of tube
furnace pyrolysis emissions collected at 176, 234, 322, and 356 °C obtained from (A) a polar Rtx-VMS
fused silica separation column and (B) a non-polar J&W Scientific DB-5MS separation column.

The stark difference in product distribution provides evidence that VEA vaping
emissions may not be the result of pure pyrolysis alone. Instead, external factors such as
the device elements themselves or environmental interactions may play a role in the
catalysis of VEA degradation. The cartridge used in this study is a newer THC cartridge
that contains a ceramic heating element, a nichrome filament wire, a fibrous
wick/insulation wrap through which oil was delivered to the heating element, and a
stainless steel air flow tube and heating element housing that the oil remained in direct
contact with. (20) The emission of metals during the vaping process has been
documented in several prior studies, (21, 41-43) but the interaction between VEA and the
metal components of the vape device are still being investigated. Saliba et al. (23)
recently found that interaction between a metal heating element and PG greatly decreased
the temperature required to observe PG thermal decomposition. Certain metals such as

stainless steel, which is present in the cartridge used in this study, resulted in a nearly
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300°C reduction in required temperature compared to pure pyrolysis, highlighting a clear

interaction between the PG decomposition and the device itself.

Furthermore, a study by Jaegers et al. (44) found that pyrolysis alone in an
anaerobic environment was not able to induce thermal degradation of PG and VG at low
temperatures (<200°C), despite previous studies observing degradation at temperatures
as low as 149°C during vaping. (45) However, when heated in an aerobic environment,
thermal decomposition was observed at 133 and 175°C, both without and with the
addition of metal oxides Cr203 and ZrO», (44) suggesting that oxidation is a key process
during vaping. In combination with the results shown here, evidence highly suggests that
pure pyrolysis alone may not be the only pathway for VEA degradation. During the
vaping process, not only may VEA come into direct contact with metals that are present
in the filament wire or stainless-steel body, but VEA must also come into contact with
molecular oxygen in ambient air. These interactions may promote VEA degradation at
temperatures lower than predicted under pure pyrolysis conditions. Ultimately, it is then
possible that compounds such as DQ or ketene may be able to form at lower temperatures
than what is theoretically calculated if these interactions are considered. However, further
study is required to fully understand the effects of the e-cigarette device and vaping

environment on the degradation of e-liquids.
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3.3.4 Limitations

There are several limitations to the study presented here that should be noted.
First, this study presents a range of decomposition products that were identified using a -
40°C cold trap and GC/MS analysis. Approximately 40% of the mass of VEA consumed
by the vape pen could be attributed to the compounds identified here. However,
compounds with high vapor pressure, such as ketene, that have been previously reported
from VEA pyrolysis may not have been efficiently captured using the cold trap method
described in this study. This method is expected to better traps particle-phase compounds
that are able to condense at -40°C and are stable enough to transfer from the cold trap to
collection vials at room temperature and is unable to capture highly volatile or reactive
VEA vaping emission products. For example, ketene, which is expected to form during
VEA pyrolysis, has an estimated boiling point of -56°C (30) and, as a result, was not
expected to be observed in our collection. Furthermore, highly volatile and/or reactive
compounds such as ketene and various low molecular weight carbonyl-containing
species, etc., often require additional derivatization methods that were not used in this

study to be observed using GC/MS. (7, 45)

This study was also only able to identify compounds with mass spectra that could
be found in the NIST mass spectral library. While PubChem currently reports over 111
million unique chemical structures, (30) the NIST library used in this study contains MS
fragmentation patterns for only 242,466 compounds. (27) As such, a large portion of the
TIC for each collection could not be matched to a known compound (match scores <

600). Furthermore, several peaks were observed that were believed to be co-elution of
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two or more products, which prevented clear analysis of the fragmentation patterns.
Several identified products, such as VEA, may also have multiple isomeric forms that
have only slight differences in their retention times and mass spectra that the NIST
library matching program is unable to account for. In the case of VEA, all peaks were
assumed to be and quantified as the same o form, but it is possible for VEA to exist in a,
B, v, or & forms. This may be true for other structures identified in this study. The use of
QCEIMS to identify products that cannot be found in the NIST database, such as 1-
pristene, is a potential avenue for further identification of vaping product emissions (46),
though its use for non-target analysis is limited if the researcher does not have a proposed
structure in mind to simulate fragmentation. While this study was able to account for
~40% of the mass consumed by the pen during the vaping process, the remaining mass is
likely attributable to these uncaptured volatile or reactive products, as well as degradation

products that were captured, but unable to be identified at this time.

Finally, the vaping topography used in this study was adapted from previous
literature on nicotine vaping and optimized for capture of particles in the cold trap
system. (24) Real-word nicotine vape users have been reported to inhale between 50—-80
mL/puff at greater flow rates than used in this study, (47, 48) whereas parameters for
THC-vaping have not been well-characterized at this time. (49) The production yields of
VEA degradation products reported in this study could consequently differ for those who
vaped at higher flow rates. The temperature dependence of product distribution, however,

remains true.
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3.4 Conclusions

This study assessed the impact of variable temperature and environmental factors
on the distribution of particle-phase VEA vaping emission products. Our results support
prior research that as the applied temperature of the e-cigarette coil increases, the
identities and concentrations of VEA degradation products change considerably. Higher
temperatures greatly promote the decomposition of both the parent VEA as well as larger
molecular weight degradation products such as VE, phytol, and 2,6,10-trimethyl-
dodecane. Moreover, we observed differential product distributions when VEA was
vaped versus when VEA was heated in the absence of the device, suggesting that low
temperature pyrolysis observed during vaping may require the presence of a catalyst
present in the device or surrounding environment. However, further study is required to
fully understand this phenomenon and its effect on VEA degradation. Overall, these
results provide evidence that temperature and external factors play an important role in
VEA decomposition during the vaping process. As each of these compounds may have
different chemical properties and toxicity mechanisms, changes in these vaping
parameters may impact the exposure to both active and passive vape users who inhale
emission products capable of remaining in the air for longer periods of time. (50) In the
case of EVALI symptoms, it is possible that there is no one toxicity mechanism through
which VEA vaping emission acts; instead, with a wide range of compounds that could

form at different temperatures, multiple pathways may interact to cause damage.
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While temperature and the vaping device clearly impact the degradation of the e-
liquid used, it is important to note the wide range of customizable vaping parameters
including the e-liquids used, the flow rate applied, the puff duration and interval between
puffs, and more. Many of these parameters have already been found to significantly
impact the degradation of e-liquids used and thus the health risks to vape users. (13, 15,
41, 51) It is very likely that the severity of vaping related lung injuries is dependent on
the interactive effects of these customizations; two parameters may synergistically
promote degradation of an e-liquid, while others may interact antagonistically to suppress
degradation. Further studies are required to fully understand how these varying

parameters and external factors may together impact exposure.
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3.5 Supplemental Information

3.5.1 Materials and Methods

3.5.1.1 QCEIMS

The simulated electron impact (EI) mass spectrum for 1-pristene was generated
using the Quantum Chemical Electron Ionization Mass Spectra (QCEIMS) program.
(53,54) The molecule of interest was visualized using Gaussview 6. The geometry of the
investigated systems was optimized using the DFT/ 6-31G(d) level of theory with a
hybrid functional B3LYP. To make the constructed systems interests compatible with
QCEIMS, 3-D coordinates were extracted from the optimized (*.log) output files and
converted to Turbmole format (*.tmol) format using Openbabel. The -cartesian

coordinates of the optimized 1-pristene structure can be found in Table S3.2.

Within QCEIMs, the standalone method GFN-xTB2 method with D4/SV(P) basis
set was used for the molecular dynamic calculations. Each system was run with the
following parameters: 70 eV ionization energy, 500 K initial temperature, 0.25
fermotsecond time steps with 1425 parallel cluster runs and an impact excess energy
(IEE)/atom of 0.6eV. The theoretical spectra were exported using the QCEIMS plotms

program and visualized with a python script.
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Table S3.1. Summary of VEA vaping emission products.

Average
NIST
Name Formula M.W.? CAS# Structure EIC
Match
Score®
DL-alpha
tocopherol acetate CsHs:0; 4727 58-795— 902
(VEA)
DL-alpha
tocopherol (VE) CaoH300: 4307 895
o]
Duroquinone CiHipO, 1642 f% 121 892
(e}
1-Pristene? 2140- WY 111,
CioHs3s 266.5 82-1 266 N/A
1-Dodecanol,
3,7,11-trimethyl CisHe0 2284151 o Hi 836
1-Heptene, 2,6-
3074- )L/\)\
dimethyl CoHis 126.24 73-0 69, 126 848
1-Undecene, 4-
methyl Ci2Hos 168.32 39-0 N 57, 126 800
1-Heptene, 2-
15870-
methyl CsHie 112.21 10-7 )L/\/\ 56,112 801
Durohydroquinone 527- Ho
yareq CioHis02  166.22 164 890
18-4 OH
1-Decene, 4-methyl 13151- \/\/\)\/\
CiiHx 154.29 29.6 § 71,112 839
2,6,10-
trimethylundeca- CraHag 19436 222_586- M 109 ]17
1,3-diene
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Benzaldehyde, 2-

hydroxy-4- OH
34883-
O/
methoxy-3,6- CioHiOs 1802 7o j@\/ 180 823
O/
dimethyl
3,7,11,15-
Tetramethyl-2-
CuHO 2965 o0 YT 3 804
hexadecen-1-ol 207740 : 86-7
(Phytol)
Dodecane, 2,6,10-
trimethyl CisH2 21241 98-3 71, 85 832
1,4-Benzenediol, "o
CH,0, 15219 % 152 836
2,3,5-trimethyl 91272 : 13-0 OH
2,6-Dimethyl-1,6-
51708- M
heptadiene CoHis 12422 “es g 109 876
1-Octene, 3,7-
4984- Y\/Y\
dimethyl CioHa 14027 ) 55,140 853
l-Octene, Imel oy 12624 o0 TS 55,70 813

Summary of compounds identified from VEA vaping emission at each temperature. Information for each
compound was obtained from PubChem. (30)

aM.W.: Molecular Weight (g mol!)

b EIC: extracted ion chromatograph; ion selected for quantification
¢ Average match score over all collections

d tentative identification based on QCEIMS
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Table S3.2. Cartesian Coordinates for optimized 1-pristene structure calculated by DFT/B3LYP/6-31G(d)
level of theory using Gaussian 16W.

C 1.4556 2.5588 -0.4419
0.1548 2.5618 0.3875
-1.0279  1.8209 -0.2468
-3.5385 1.3131 -0.0081
-2.2859 1.9557 0.6197
2.1424 1.1834 -0.5674
2.3946 0.5004 0.7801
-3.3939 -0.1882 -0.3362
3.0745 -0.869 0.6531
1.2248 3.1483 -1.8381
-3.1609 -1.0999 0.8754
-4.7563  1.5737 0.8849
4.4851 -0.8724 0.0339
-2.9747 -2.5739 0.4878
5.0206 -2.3064 -0.0179
5.4639 0.0175 0.8
-1.8207 -2.8385 -0.4504
-0.443 -2.5224  0.0546
-2.0145 -3.3627 -1.6705
2.158 3.2241 0.0791
0.3402 2.1775 1.3962
-0.1409 3.6105 0.5312
-0.7624  0.7681 -0.3705

T o=-n & & T O O O OO a0 0 0 00 o0 o oo o oo oo oo o0 a0

-1.2459  2.2263 -1.2402
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Figure S3.1. Set up of e-cigarette temperature measurements. (A) Set-up of temperature measurements.
Set up of e-cigarette temperature measurements. Three k-type thermocouple wires were connected to a data
logger, which recorded the temperature of (a) ambient air, (b) the ceramic coil of the e-cigarette cartridge,
and (c) VEA oil in contact with the atomizer tube every Is. (B) Close up of thermocouples inserted into the
cartridge.
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Figure S3.2. Schematic diagram of a high temperature quartz tube-furnace system. Gas flow is
regulated by a 0.18 L min™! critical orifice and argon gas is delivered into the quartz tube by a gas tank.
Pyrolysis of VEA occurs as the furnace is heated by heating coils and generated aerosol is carried into a
cold trap. The exhaust is removed via fume extractor.
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Figure S3.3. Cartridges heated at 176 and 356 °C. Visible degradation and discoloration could be seen in
the cartridge heated at 356 °C (right) versus the cartridge heated at 176 °C (left) after 13 cycles of 4s battery
activation during temperature measurements.
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Figure S3.4. Comparison of mass spectra for 1-pristene identification. (A) Experimental mass spectrum
obtained from vaping of VEA containing signature fragments with m/z: 266 (consistent with the molecular
ion of 1-pristene), 111, 126, 97, 83, 69, 55. These identified fragments are consistent with the experimental
mass spectrum identified as 1-pristene by Mikheev et al (55). (B) Simulated mass spectrum of 1-pristene
obtained using QCEIMS containing signature fragments of m/z: 266, 111, 97, 83, 69, and 55.
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Figure S3.5. Comparison of mass spectra for 2-methyl-1-heptene identification (A) Experimental mass
spectrum obtained from vaping of VEA containing signature fragments with m/z: 41, 56, and 112,
consistent with 2-methyl-1-heptene. (B) Mass spectrum of authentic 2-methyl-1-heptene standard
containing m/z: 41, 56, 112.
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Figure S3.6. Comparison of mass spectra for phytol identification. (A) Experimental mass spectrum
obtained from vaping of VEA containing signature fragments with m/z: 123 and 71, consistent with the
natural isomer of phytol. (B) Mass spectrum of authentic phytol standard (natural isomer) containing m/z:
123 and 71.
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Figure S3.7. Comparison of mass spectra for 2,3,5-trimethyl-1,4-benzenediol identification. (A)
Experimental mass spectrum obtained from vaping of VEA containing signature fragments with m/z: 152,
consistent with 2,3,5-trimethyl-1,4-benzenediol. (B) Mass spectrum of authentic 2,3,5-trimethyl-1,4-
benzenediol standard containing m/z: 152.
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Chapter 4: External Factors Modulating Vaping-Induced Thermal Degradation of
Vitamin E Acetate

4.0 Abstract

Despite previous studies indicating the thermal stability of vitamin E acetate
(VEA) at low temperatures, VEA has been shown to readily decompose into various
degradation products such as alkenes, long-chain alcohols, and carbonyls such as
duroquinone (DQ) at vaping temperatures of <200 °C. While most models simulate the
thermal decomposition of e-liquids under pyrolysis conditions, numerous factors,
including vaping behavior, device construction, and the surrounding environment, may
impact the thermal degradation process. In this study, we investigated the role of the
presence of molecular oxygen (Oz) and transition metals in promoting thermal oxidation
of e-liquids, resulting in greater degradation than predicted by pure pyrolysis. Thermal
degradation of VEA was performed in inert (N2) and oxidizing atmospheres (clean air) in
the absence and presence of Ni—Cr and Cu—Ni alloy nanopowders, metals commonly
found in the heating coil and body of e-cigarettes. VEA degradation was analyzed using
thermogravimetric analysis (TGA) and gas chromatography/mass spectrometry (GC/MS).
While the presence of Oz was found to significantly enhance the degradation of VEA at
both high (356 °C) and low (176 °C) temperatures, the addition of Cu—Ni to oxidizing
atmospheres was found to greatly enhance VEA degradation, resulting in the formation
of numerous degradation products previously identified in VEA vaping emissions. Oz and
Cu—Ni nanopowder together were also found to significantly increase the production of

OH radicals, which has implications for e-liquid degradation pathways as well as the
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potential risk of oxidative damage to biological systems in real-world vaping scenarios.
Ultimately, the results presented in this study highlight the importance of oxidation
pathways in VEA thermal degradation and may aid in the prediction of thermal

degradation products from e-liquids.

4.1 Introduction

Recent research has revealed that the inhalation of aerosols released by e-
cigarettes has the potential to negatively impact the lungs of users, despite the prevalent
assumption of safety among e-cigarette consumers. (1, 2) Though many commonly used
e-liquid ingredients, including propylene glycol (PG), glycerin (VG), and various
flavoring agents, are considered safe for consumption or dermal absorption, emitted
aerosols are complex mixtures of compounds formed from the thermal degradation of e-
liquids that occurs during the vaping process. (3) This process results in the formation of
emission products with different physiochemical properties and a risk of toxicity
potentially greater than that posed by the parent e-liquids. (3—6) For example, vitamin E
acetate (VEA), the proposed cause of the e-cigarette or vaping-associated lung injury
(EVALI) outbreak in the United States in 2019, has been found to decompose into
thermal degradation products, including vitamin E (VE), various long-chain alcohols,
alkenes, carbonyls, and, most notably, the reactive species duroquinone (DQ) and ketene.
(3, 4, 7-9) While VEA itself is perceived as safe, the inhalation of electrophilic species
like DQ produced during vaping poses a serious risk of oxidative damage to lung tissue.

(4, 9—11) As such, to understand the potential health risk to users, the prediction of the
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thermal degradation behavior of various e-liquids through computational and

experimental methods has been of particular interest in recent e-cigarette research.

In addition to potentially toxic organic products, there is also the potential for the
release of metals into the e-liquid and e-cigarette emissions at potentially toxic
concentrations. e-Cigarette devices often contain various transition metals, including Ni,
Fe, Cu, Cr, etc. (12-15) A recent study by Williams et al. (16) detected particles
containing metals such as Sn, Ag, Fe, Ni, Al, and Cr in e-cigarette aerosol emissions. In a
similar study, McDaniel et al. (12) found various levels of transition metals, including Cr,
Cu, and Ni, in e-cigarette aerosols and leached into the e-liquid. These metals pose a risk
of metal toxicity to vape users upon inhalation, (17) and recent studies have suggested a
potential catalytic role in the thermal degradation of e-liquids, particularly at low

temperatures. (7, 18, 19)

There are several driving factors that have been suggested to influence the
physiochemical properties of e-cigarette emissions, including puffing topography (20,21)
and temperature. (7, 22) Changes in the temperature used to heat e-liquids during vaping
have been demonstrated to affect the size and volume distribution of emitted aerosols,
(21, 23) the release of metals (24) or reactive oxygen species (ROS), (25-27) and the
chemical composition of e-cigarette emissions. (22, 28) Though use of VEA is not
widespread in commercial e-liquids, the extensive efforts to characterize vaping emission
products of VEA allow it to be more easily used as a model compound to monitor
changes caused by various vaping parameters. In ref (7) our lab found a temperature

dependence in the chemical composition of VEA vaping emissions when VEA was vaped
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at temperatures ranging from 176 to 356 °C and demonstrated discrepancies in chemical
composition when VEA was vaped versus heated without the device. While previous
theoretical and experimental studies have demonstrated VEA to be thermally stable up to
250 °C under pure pyrolysis conditions, (29) our studies indicate that VEA degrades into
compounds such as DQ when vaped at temperatures of <200 °C. Under pure pyrolysis
conditions in an inert argon atmosphere, VEA did not appear to degrade until the
temperature exceeded 300 °C. Furthermore, previous studies in our lab have frequently
detected DQ in vaping emissions at temperatures significantly lower than those predicted

by theoretical calculations. (3, 4, 7)

Discrepancies in the product distribution of VEA vaping emissions and pyrolysis-
simulated VEA breakdown at equitable temperatures may indicate the influence of
external factors, such as the presence of atmospheric oxygen molecules (O2) and metal
catalysts, on e-liquid degradation. In e-cigarette systems, the presence of metal filament
wires has been suggested to have strong catalytic effects on the thermal degradation of
PG and VG, reducing the temperature needed to observe carbonyl-containing compounds
in vaping emissions. (18, 19) Furthermore, metal catalysis has been found to be an
important factor in thermal degradation pathways in analyses of systems such as biochar.
(30) The presence of Oz has also been found to greatly decrease the temperature required
to observe the thermal degradation of PG and VG and may play an important role in the

low-temperature degradation of e-liquids. (7, 31, 32)
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For this reason, we hypothesized that the presence of O, and transition metals in
the e-cigarette body promotes the thermal oxidation of e-liquids, resulting in greater
degradation at low temperatures than what is predicted by pure pyrolysis. To address this
hypothesis, we used VEA as a model compound to compare how thermal degradation of
organics may be altered when they are heated under inert (N2) and oxidizing (clean air)
atmospheres, with and without the addition of metal alloys. To monitor these changes, we
used a combination of gas chromatography/mass spectrometry (GC/MS) and
thermogravimetric analysis (TGA). Direct measurement of hydroxyl (OH) radicals was
also carried out using the fluorometric terephthalate (TPT) assay. The results of this study
further our understanding of the influence of Oz and metals on the thermal degradation of

organic compounds and the resulting health risks upon inhalation.

4.2 Materials and Methods

4.2.1 Materials

Vitamin E acetate (dl-a-tocopherol acetate, VEA, >97%) and disodium
terephthalate (TPT, >99%) were purchased from Tokyo Chemical Industry (TCI
America, Inc.). Nickel-chromium (Ni—Cr, 99.9%, 8:2 Ni:Cr) and copper—nickel (Cu—Ni,
99.9%, 5:5 Cu:Ni) alloy nanopowders were purchased from US Research Nanomaterials
Inc. 1,2,3-Trichlorobenzene (1,2,3-TCB, 98%) and 2-hydroxyterephthalic acid (2-OHTA,
>98%) were purchased from Alfa Aesar. Acetonitrile (ACN, 99.95%) was purchased
from Fisher Chemical. Phosphate-buffered saline (PBS, 1x) was purchased from

Corning.
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4.2.2 Thermogravimetric Analysis (TGA)

TGA was performed on a Netzsch TG 209 F1 Libra instrument to characterize the
mass changes (loss or gain) of VEA as a function of temperature in the inert and
oxidizing atmospheres due to volatilization, decomposition, or oxidation. VEA was
added to a 6.8 nm diameter alumina crucible using a rubber syringe with enough sample
to coat the bottom of the crucible in a thin layer, which gave a sample mass of
approximately 10 mg. The exact mass of the crucible and sample was measured by the
instrument at the start of each experiment. VEA was heated using a temperature ramp of
10 K min! using either N> or clean air as a carrier gas. The instrument was operated

using a flow rate of 40 mL min! and an instrument protective flow rate of 10 mL min ™.

4.2.3 Pyrolysis GC/MS

Pyrolysis gas chromatography/mass spectrometry (Pyr-GC/MS) was used to
analyze the pyrolysis products of VEA. A CDS 5150 Pyroprobe (CDC Analytical, Inc.)
was used to heat 250 mg of VEA at 356 °C in either N or clean air environments. The
pyrolysis products were directly injected onto an Agilent HP5-MS fused silica column
and analyzed using GC/MS [Agilent 7890 GC and 5975 inert MSD equipped with an
electron ionization (EI) ion source] following the ASTM D3452-06 standard method.

(33)
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4.2.4 Tube Furnace Experiments

Thermal degradation of VEA was simulated using a tube furnace reactor system
(OTF-1200X, MTI Corp.) as described in our previous work. (7) One hundred milligrams
of VEA was weighed into an alumina crucible, and the crucible placed in a high-
temperature quartz tube furnace. Either ultra-high-purity N> (Airgas Inc.) or Ultra Zero

"'to

grade clean air (Airgas Inc.) was used as a carrier gas at a flow rate of 0.18 L min~
deliver off-gassing products from VEA volatilization or thermal degradation to a cold
trap apparatus. The cold trap was kept on dry ice to allow the collection of condensed
emission products. The temperature was initially set to 30 °C, ramped to either 356 or
176 °C at a rate of 10 °C min!, and held for 1 min. The crucible was reweighed after
each experiment to determine the mass loss, and 1 mL of ACN was added to the cold trap
to dissolve captured emission products for chemical analysis. Cold trap samples were
concentrated to 150 pL under a gentle N> gas stream. A 50 pL aliquot of each sample was

taken for chemical analysis; 5 uL a 1,2,5-TCB (2 ug pL™) solution was added to each

sample as an internal standard.

VEA was heated in N; and clean air environments in the absence and presence of
10 mg of Ni—Cr or Cu—Ni alloy nanopowders, which were chosen as representative
components of e-cigarette heating coils. (12) A total of six experiments were performed,

each with three replicates for statistical analysis.

113



4.2.5 GC/MS Analysis of Tube Furnace Samples

The samples collected from the tube furnace experiments were analyzed using
GC/MS (Agilent 6890N GC and 5975C inert MSD equipped with an EI ion source).
Helium was used as the carrier gas. To quantify more polar oxygenated products such as
DQ in the collected emissions, 2 puL of each sample was directly injected onto a Restek
Rtx-VMS fused silica column [30 m % 0.25 mm i.d. (inside diameter), 1.4 pm film]. The
temperature of the GC started at 35 °C, was held for 1 min, was ramped to 240 °C at a
rate of 10 °C min!, and was held for 4 min. To quantify nonpolar compounds such as
VEA and 1-pristene, 1 pL of each sample was injected onto an Agilent J&W DB-5MS
column (30 m % 0.25 mm i.d., 0.25 pm film). The temperature started at 60 °C, was held

for 1 min, was ramped to 310 °C at a rate of 10 °C min!, and was held for 5 min.
4.2.6 Generation of OH Radicals

Generation of OH radicals was measured using the fluorescent probe disodium
terephthalate (TPT), which readily reacts with OH radicals to form the stable fluorescent
product 2-OHTA. (34-36) As the formation rate of 2-OHTA is directly proportional to
the generation of OH radicals (1:1), the fluorescence of 2-OHTA can be measured using
a microplate reader and used to directly quantify OH radical formation during VEA
thermal degradation. The outflow of the tube furnace was bubbled through a 30 mL mini-
impinger filled with 15 mL of a 5 mM TPT solution in 1x PBS. Once heating was
finished, 100 pL of the solution was immediately transferred to a black, clear-bottom 96-

well plate (Corning). Fluorescence was measured using a TECAN Spectrafluor plus
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microplate reader (excitation at 310 nm, emission at 422 nm). The concentration of 2-
OHTA produced was determined on the basis of a calibration curve of 2-OHTA standard

fluorescence in 1x PBS (Figure S4.1).

4.3 Results

4.3.1 TGA

Dynamic TGA was used to continuously measure the change in the mass of VEA
as the temperature was increased to determine the loss of gaseous byproducts formed
during pure VEA pyrolysis under N> and clean air atmospheres. The results of TGA of
VEA heated under N> and clean air carrier gases are shown in Figure 4.1. A summary of
the major differences in the percent mass loss of VEA at various temperatures can be
found in Table S1. Ultimately, the percent mass of VEA remaining is consistently greater
in the oxidizing atmosphere than in the inert atmosphere. Volatilization of VEA appeared
to begin around 250 °C in the inert atmosphere, which agrees with previous literature
regarding the boiling point and pyrolysis of VEA. (29,37) Clean air, in comparison, did
not show signs of volatilization until temperatures of >300 °C had been reached,
demonstrating a substantially slower rate of degradation than when heated in N> (Figure
4.1A). By 400 °C, 1.61% of VEA remained in the crucible in the inert atmosphere,
compared to 6.94% that remained in the clean air atmosphere. Furthermore, crucibles
heated in N> contained either no residue or small amounts of VEA oil remaining inside
after heating; in contrast, crucibles heated in clean air contained visible black residue,
likely from the mineralization of VEA in the presence of clean air (Figure 4.1B). It is

likely that, in clean air, VEA may be oxidized by O to form various oxidation products
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that require greater temperatures to undergo the transition to the gas phase or decompose
into further volatile degradation products. Residue permanently remaining from VEA
mineralization may also explain why complete consumption of VEA by 400 °C cannot be
seen in clean air compared to the N, atmosphere. Notably, the presence of O alone did
not appear to promote VEA phase transfer at low temperatures but did result in the

production of degradation products with chemical properties different from those of VEA
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Figure 4.1. (A) TGA curve of VEA heated in N, and clean air atmospheres. Results are expressed as the
mean of 3 replicates (n=3), & standard error of the mean (SEM; represented by the shaded area surrounding
each line). (B) Images of crucibles after heating to 400 °C; 1.61% of initial mass remained in crucible
heated in N> (top), 6.94% remained in crucibles heated in clean air (bottom).
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4.3.2 Pyr-GC/MS

To further investigate the influence of Oz on the chemical composition of VEA
thermal degradation products, Pyr-GC/MS was used to monitor the breakdown of VEA at
356 °C in Nz and clean air. This temperature was chosen because 356 °C was the highest
average coil temperature to which VEA was exposed while vaping with a CCell TH2
cartridge in our previous work. (7) At this temperature, substantial degradation could be
observed in the analysis of vaping emissions, but simulation of pure pyrolysis with inert
argon as a carrier gas showed a significantly decreased number and concentration of

degradation products.

The total ion chromatograms (TICs) obtained from Pyr-GC/MS in each
atmosphere are shown in Figure 4.2. A targeted search was performed for previously
reported VEA vaping emission products using the NIST 2008 spectral database. A match
score of >850 and a probability of >50% were considered a good match; authentic
standards were used to confirm identified peaks when commercially available. Though
VEA shows substantial degradation into various compounds in vaping scenarios at 356
°C, (7) no substantial degradation could be observed after heating in the inert N>
atmosphere (Figure 4.2A). Major peaks for VE and VEA were visible at retention times
of 38 min (peak 2) and 40.3 min (peak 3), respectively, indicating volatilization of VEA
and potential loss of the acetate group at 356 °C. The dominant peaks of VE and VEA are
assumed to correspond to the a-isomers based on the initial standard used; smaller peaks
corresponding to other common isomers (B, v, and 6) can also be seen but cannot be

differentiated due to the resolution of the mass spectrometer used. Finally, a peak
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corresponding to the N> carrier gas can be seen at 3.7 min (peak 1). Four peaks in this

spectrum could not be identified due to a lack of NIST matches.
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Figure 4.2. Total ion chromatographs (TIC) obtained from Pyr-GC/MS of VEA in (A) N, and (B) clean air
atmospheres.

When VEA and VE were heated to the same temperature in clean air, their
concentrations decreased below the detection limit of the instrument and could not be
observed. Instead, a wide range of degradation products commonly observed in vaping
emissions could be seen in the resulting TIC (Figure 4.2B). Ultimately, analysis of these
results found the presence of 4-methyl-1-pentanal (peak 1; tR = 9.805 min), 4-methyl-1-
decene (peak 2; tR = 15.830 min), 3,7,11-trimethyl-1-dodecanol (peak 3; tR = 26.84

min), durohydroquinone (DHQ) (peak 4; tR = 27.103 min), 1-pristene (peak 5; tR =

118



28.073 min), and 2-hydroxy-4-methoxy-3,6-dimethyl benzaldehyde (peak 6; tR = 28.834
min), all of which have been previously detected in VEA vaping emissions. (4, 7—10, 38,
39) DQ was not observed at levels above the detection limit of the instrument, though DQ
formation can be assumed due to the detection of 1-pristene and DHQ. (9, 39) Ultimately,
it is clear that the presence of O> when VEA is heated results in the production of
compounds often found in VEA vaping emissions, indicating the importance of oxidation

pathways during vaping thermal degradation.

4.3.3 GC/MS Analysis of VEA Thermal Degradation

VEA was then heated in a tube furnace reactor under six different environmental
conditions to investigate the effect of the presence of O and metal alloys on the chemical
composition of VEA thermal degradation products at high (356 °C) and low (176 °C)
temperatures. The amount of mass consumed (i.e., lost as gas-phase compounds through
volatilization, decomposition, or oxidation) during the tube furnace reaction at 356 °C
remained mostly constant between the environmental conditions, though VEA heated
with Cu—Ni alloy nanopowder showed a slight increase in mass consumption compared
to the others. The greatest average mass consumption was seen in VEA heated in clean

air with Cu—Ni nanopowder (Figure S4.2A).

4.3.4 High-Temperature Experiments at 356 °C

Off-gassing products were collected using a cold trap apparatus and analyzed
using GC/MS. The TICs obtained from heating VEA under each condition at 356 °C are

shown in Figure 4.3. Similar to the results obtained in our prior study, (7) substantial
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VEA degradation was not observed under inert N> atmospheres, nor did the addition of
metal nanopowders significantly alter the resulting product distribution. In contrast, the
number and abundance of VEA degradation products substantially increased when VEA
was heated in oxidizing atmospheres. Furthermore, VEA heated in an oxidizing
atmosphere in the presence of Cu—Ni demonstrated the greatest number of peaks
compared to other environments, indicating greater degradation of VEA. In addition,
after heating in N> environments (regardless of the addition of metal nanopowders), VEA
oil remained clear with no visible discoloration, whereas after heating in O2, VEA oil
became a dark orange-brown color, indicating the formation of various thermal

degradation products in oxidizing atmospheres (Figure S4.3).

Six representative degradation products were then chosen for quantification to
further investigate how Oz and metal alloys influence the identity and concentration of
compounds formed from VEA degradation. These compounds include VEA [tR = 27.32
min (Figure 4.3A, C)], 1-pristene [tR = 19.89 min (Figure 4.3B, D)], DQ [tR = 16.69
min (Figure 4.3B, D)], 2-hydroxy-4-methoxy-3,6-dimethyl benzaldehyde [tR = 22.67
min (Figure 4.3B, D)], 3,7,11-trimethyl-1-dodecanol [tR = 19.21 min (Figure 4.3B, D)],
and 6,10-dimethyl-2-undecanone [tR = 17.24 min (Figure 4.3B, D)]. To quantify the
production of each compound, the peak areas were normalized to that of the 1,2,3-TCB
internal standard. The concentration of each compound was then expressed as the mass of
product normalized to the initial mass of VEA (i.e., milligrams of product recovered per
milligram of initial VEA). A two-way analysis of variance (ANOVA) with either a Tukey

HSD or Sidak posthoc analysis was used to determine the statistical significance of
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treatments. The masses of the representative thermal degradation products formed at 356

°C are shown in Figure 4.3E.
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Figure 4.3. VEA product distribution under six different environmental conditions at 356 °C. Total ion
chromatographs (TIC) were obtained from VEA pyrolysis in (A) N, environments in a non-polar separation
column, (B) N in a polar separation column, (C) clean air in a non-polar separation column, and (D) clean
air in a polar separation column. (E) Masses of thermal degradation products, including VEA, 1-pristene,
duroquinone, 2-hydroxy-4-methoxy-3,6-dimethyl benzaldehyde, 3,7,11-trimethyl-1-dodecanol, and 6,10-
dimethyl-2-undecanone, formed under N and clean air atmospheres at 356 °C. Results are expressed as the

mean + SEM (n=3). * Indicates p < 0.05; ** indicates p< 0.01, *** indicates p < 0.001.
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Regardless of metal alloys, a significantly greater mass of VEA was found in
VEA emissions generated under N> than wunder clean air, indicating greater
decomposition of VEA in the presence of O than in inert atmospheres. For 1-pristene,
the addition of Ni—Cr or Cu—Ni alloy nanopowder in the inert environment resulted in
significantly greater mass compared to the absence of metals, with Cu—Ni resulting in the
greatest mass across all environments. There was no statistical difference between clean
air environments. 3,7,11-Trimethyl-1-dodecanol consistently showed slightly greater
(though not statistically significant) masses in the inert atmosphere than in the oxidizing
atmosphere. Interestingly, for DQ, 2-hydroxy-4-methoxy-3,6-dimethyl benzaldehyde,
and 6,10-dimethyl-2-undecanone, we observed significant differences in recovered
masses between the inert and oxidizing atmospheres in the oxidizing atmosphere and in
the presence of Cu—Ni nanopowder. Significantly greater DQ masses could be seen in the
inert environments in the presence of Cu—Ni nanopowder, while 2-hydroxy-4-methoxy-
3,6-dimethyl benzaldehyde and 6,10-dimethyl-2-undecanone demonstrated greater

masses in the presence of O and Cu—Ni.

4.3.5 Low Temperature Experiments at 176 °C

Mass consumption at 176 °C showed a trend similar to that seen at 356 °C, with
the addition of Cu—Ni nanopowder in either atmosphere resulting in a slight increase in
mass consumed compared to the other environments (Figure S4.2B). The TIC obtained
from heating VEA under each condition at 176 °C also shows a similar pattern, as while
the addition of metal nanopowders did not appear to substantially shift the product

distribution in an inert atmosphere (Figure 4.4A, B), the presence of Cu—Ni nanopowder

123



resulted in the greatest number and abundance of peaks in an oxidizing atmosphere
(Figure 4.4C, D), indicating substantial degradation of VEA similar to that seen in low-
temperature vaping of VEA. (7) The appearance of the remaining VEA oil after heating
to 176 °C, on the contrary, did not visibly differ between any of the environmental

conditions (Figure S4.4).
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Figure 4.4. VEA product distribution under six different environmental conditions at 176 °C. Total ion
chromatographs (TIC) were obtained from VEA pyrolysis in (A) N, environments in a non-polar separation
column, (B) N in a polar separation column, (C) clean air in a non-polar separation column, and (D) clean
air in a polar separation column. (E) Masses of thermal degradation products, including VEA, 1-pristene,
DQ, 2-hydroxy-4-methoxy-3,6-dimethyl benzaldehyde, 3,7,11-trimethyl-1-dodecanol, and 6,10-dimethyl-
2-undecanone, formed under N, and clean air atmospheres at 176 °C. Results are expressed as the mean +
SEM (n=3). * Indicates p < 0.05; ** indicates p< 0.01.
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However, there were notable differences in the normalized masses of each
compound, VEA [tR = 27.02 min (Figure 4.4A, C)], 1-pristene [tR = 19.90 min (Figure
4.4B, D)], DQ [tR = 16.52 min (Figure 4.4B, D)], 2-hydroxy-4-methoxy-3,6-dimethyl
benzaldehyde [tR = 22.67 min (Figure 4.4B, D)], 3,7,11-trimethyl-1-dodecanol [tR =
19.20 min (Figure 4.4B, D)], and 6,10-dimethyl-2-undecanone [tR = 17.23 min (Figure
4.4B, D)], at 176 °C compared to 356 °C shown in Figure 4.4E. Addition of Ni—Cr in the
inert atmosphere resulted in significantly greater volatilization of VEA compared to that
in the absence of metals; addition of Cu—Ni, however, resulted in greater mass of VEA in
the oxidizing atmosphere than in the inert atmosphere, likely indicating greater
volatilization of VEA in the presence of Oz and Cu—Ni, and Ni—Cr in the absence of Oo.
Likewise, there was no significant difference in the masses of 2-hydroxy-4-methoxy-3,6-

dimethyl benzaldehyde, 3,7,11-trimethyl-1-dodecanol, and 6,10-dimethyl-2-undecanone.

The absence of metals and the presence of Ni—Cr alloy nanopowder in the inert
atmosphere resulted in a significant increase in the mass of I1-pristene recovered
compared to that in the presence of Cu—Ni; the presence of Cu—Ni in the inert atmosphere
resulted in the smallest recovered mass of I-pristene. There was no statistically
significant difference in the oxidizing atmosphere between any treatments. An increase in
the mass of 1-pristene in the presence of O; and Cu—Ni, compared to N> and Cu—Ni, was
observed, though the increase was not significant. The masses of DQ recovered showed a
trend similar to that of 1-pristene; here, the greatest mass was observed in the inert
atmosphere in the absence of metals, with the addition of Ni—-Cr and Cu—Ni greatly

reducing the mass recovered. In the oxidizing atmosphere, the addition of Ni—Cr or Cu—
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Ni to the oxidizing atmosphere resulted in a nonsignificant increase in the mass of DQ
when compared to the absence of metals, and a slightly greater mass when O> and Cu—Ni

were present compared to that with N> and Cu—Ni.

4.3.6 Enhanced VEA Thermal Degradation in the Presence of Oxygen and Metals

Overall, the environment in which VEA was heated was observed to have a
significant effect on the mass of the chosen compounds. The presence of Cu—Ni,
especially in the oxidizing atmosphere, resulted in greater mass consumption and a
greater number and abundance of thermal degradation products. Though VEA has been
demonstrated to be thermally stable through pyrolysis pathways until higher temperatures
are reached, (37) heating in the presence of Cu—Ni and O resulted in substantial
degradation of VEA into highly oxygenated products often observed in VEA vaping
emissions. In contrast, the addition of Ni—Cr in the oxidizing atmosphere appeared to
decrease the number and abundance of VEA degradation products, which concurs with
observations made by Saliba et al., (18) who found fresh nichrome wire to be the least
reactive of e-cigarette coil types. These results may indicate the enhancement of
oxidation pathways by O> in the atmosphere and transition metals in the body of the e-
cigarette device and provide evidence for the importance of oxidation pathways and

metal catalysis in low-temperature vaping.

Enhanced thermal degradation of organic compounds in the presence of metal
catalysts has been documented in the literature. Catalysts may improve degradation by

reducing the activation energy required for various thermal degradation pathways,
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including oxidation pathways. The activation energy required for pyrolysis of biosolids in
wastewater treatment has been found to be significantly reduced in the presence of
minerals or metal oxides acting as catalysts, reducing the temperature required to observe
mass loss and degradation. (40, 41) Moreover, upon investigation of the pyrolysis of
biomass for the formation of biofuels, studies have found that the presence of transition
metal catalysts allows for thermal degradation of organic compounds at lower pyrolysis
temperatures, accelerates pyrolysis, and influences the pyrolysis product distribution. (30,
42, 43) More specifically, Hubble et al. (30) also demonstrated that Cu and Ni are more
catalytically efficient than other investigated metal oxides in the pyrolysis of biomass for
the formation of biofuels. The presence of Cu in particular demonstrated the ability to
catalyze devolatilization of biomass at lower pyrolysis temperatures than commonly
reported. It is highly likely that these phenomena can occur in various organic systems
other than biosolids or biochar, including the pyrolysis of e-liquids. In essence, these
results clearly indicate the potential role of oxidation by Oz and metal catalysis as
important factors to consider when attempting to understand the pathways and required

temperatures for e-liquid thermal degradation.

4.3.7 Generation of OH Radicals

In addition to organic oxidants and metal particles, several studies have indicated
the potential for vaping to generate various reactive oxygen species (ROS), including
superoxide (O2") and OH radicals. (4, 21, 26, 44) Recent studies by Son et al. (45) and
Zhao et al. (25) have directly measured the formation of OH radicals in vaping emissions;

these radicals may not only interact with biological systems to induce oxidative damage
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but also induce further oxidation of e-liquids and thermal degradation products, resulting

in the formation of highly oxygenated compounds with great oxidative potential. (46)

A few potential sources of OH radicals in e-cigarette systems have been
suggested, including through the oxidation of organic e-liquids by O and transition metal
redox reactions (such as the Fenton and Fenton-like reactions). (38,45,47,48) To
investigate whether enhancement of VEA degradation in the presence of O2 and Cu—Ni
could be attributed to the increased OH production, VEA was heated at 176 °C in N and
clean air atmospheres in the presence and absence of Cu—Ni alloy nanopowder, and OH
radical formation was directly measured using the TPT assay. In the absence of Cu—Ni
alloy nanopowder, the production of OH was significantly increased when VEA was
heated in an oxidizing atmosphere compared to an inert atmosphere (Figure 4.5). When
Cu—Ni was added, the production of OH was significantly enhanced in an oxidizing
atmosphere, but the addition of Cu—Ni in the inert atmosphere resulted in no significant
difference. These results indicate that atmospheric O is a source of OH formation and
that at low temperatures, Cu—Ni may enhance OH formation in the presence of Oz via
catalytic reactions. These findings are consistent with our GC/MS analysis, highlighting
the importance of Oz and oxidation reactions in VEA degradation, as well as the role of

metals in catalyzing the reactions.
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Figure 4.5. 2-OHTA generated by VEA heated in inert (N2) and oxidizing (clean air) atmospheres in the
absence and presence of Cu-Ni alloy nanopowder. Results are expressed the mean + SEM (n=3). *
Indicates p < 0.05; *** indicates p < 0.001.

Prior research has shown that transition metals, particularly metals such as Fe and
Cu, may catalyze the activation of O; to form OH radicals. (49) This O»-dependent OH
radical formation pathway may explain why OH radicals are enhanced only in the
oxidizing atmosphere, not in the presence of Cu—Ni in the inert atmosphere. However, the
presence of OH radicals in the inert atmosphere does suggest a secondary source of OH
radicals, potentially from heating of VEA alone, reaction of degradation products in the
aqueous media used to trap radicals, or intrusion into the instrument from the lab

atmosphere.
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Regardless, the presence and enhanced formation of OH radicals are noteworthy
as a recent study by Li et al. (38) suggested that many degradation products of VEA may
result from OH radical- and O;-mediated reactions. Radicals such as OH may initiate
bond homolysis, dehydration, or H-abstraction on the side chain of VEA, followed by
RO, radical-mediated chemistry to form highly oxygenated products observed in vaping
emissions. (38,50) Such degradation pathways may occur simultaneously through
pyrolysis-induced degradation, producing unique compounds that cannot be explained
through pyrolysis alone. In our results, the enhanced formation of OH radicals in an
oxidizing environment and the increased number of degradation products observed in the
presence of O2 and Cu—Ni provide further evidence of oxidative pathways as a dominant
factor in VEA degradation, particularly at low temperatures. Furthermore, the catalytic
effect of metals from heating coils in the presence of O; at low temperatures may explain
the abundance of low-temperature thermal degradation products in vaping scenarios that

are not explained through pyrolysis alone. (7)

4.3.8 Potential Limitations

While this study improves our understanding of the catalytic effect of metals
when vaping, some limitations must be noted when these results are applied to real-world
vaping scenarios. First, this study investigates the influence of three metals commonly
found in high abundance in the body of e-cigarette coils and cartridges. (12) It should be
noted that real-life devices may contain a mixture of various metal alloys and several
metals not investigated here, such as Mn, Zn, Sn, etc. (12,13) Large amounts of other

redox-active transition metals, such as Fe, may further alter the chemical composition of
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resulting e-cigarette emissions through alternative metal-organic interactions or enhanced
production of OH radicals. While this study chose to investigate metals that were
representative of common e-cigarette devices, more studies are needed to fully
characterize the influence of various metals on the chemical composition of e-cigarette
emissions. Additionally, the limitations of the cold trap method have been previously
described. (4,7) This method was optimized for the detection of compounds with boiling
points at or above the temperature of dry ice without the use of additional derivatization
techniques. As a result, while this method is effective for capturing compounds such as
VEA and DQ, highly volatile and reactive compounds like ketene and various carbonyls
may be produced from VEA degradation but are not detectable. Nonetheless, we do not
expect that the inability to detect certain reactive or highly volatile compounds will have

a significant impact on the interpretation of our findings.

4.4 Conclusions and Implications

This study examines the effects of O> and two metal alloy nanopowders on the
chemical composition of e-cigarette emissions. Our results show significant degradation
of VEA at high and low temperatures in the presence of Oz and Cu—Ni alloy nanopowder.
Moreover, VEA heated in clean air resulted in significantly greater OH production than
in inert atmospheres, with Cu—Ni metal alloy enhancing OH production only in the
presence of Oz. Ultimately, these results highlight the importance of oxidation pathways
in the low-temperature degradation of e-liquids catalyzed by metals. The production of
many oxygenated VEA and other e-liquid vaping products likely cannot be explained by

the pyrolysis of VEA alone; rather, it is likely that multiple, simultaneous pathways
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degrade the parent oils. As such, the role of O, and oxidation pathways must be

considered when predicting e-liquid thermal degradation.

Furthermore, the observed presence of OH radicals in VEA emissions not only
provides evidence of the role of oxidation in the low-temperature degradation of VEA but
also has important implications for the health of vape users. First, as evidenced here, the
promotion of OH radical formation likely promotes oxidation and the formation of
oxygenated degradation products. Exposure to such products through vaping may result
in oxidative damage to biomolecules; (51—54) consideration of OH radical-mediated
pathways may assist in predictive models attempting to characterize potential degradation
products that may cause harm to users. Second, inhalation of OH radicals alone may pose
a serious risk of oxidative damage. OH radicals are considered one of the most strongly
oxidizing ROS species. (55,56) These radicals have immense potential to interact with
biomolecules such as proteins and lipids in lung lining fluid (56—58) and have been found
to induce DNA strand breaks and the formation of oxidative DNA adducts. (59,60) To
fully understand the risk of oxidative damage associated with vaping, it is clearly critical

to consider the formation of OH radical species and OH-mediated reactions.

Overall, the findings of this study provide insight into the potential role of O> and
metals in not only e-liquid degradation but also various other systems investigating the
inhalation risk of organic compounds heated in the presence of O> or metals. These
results emphasize that the consideration of many factors is crucial for future exposure and
risk assessment. Future studies should focus on the impact of these oxidation pathways

and how they interact with other varying parameters (such as puffing topography,
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temperature, and design of e-cigarette devices) to influence the chemical composition of

vaping emissions.
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4.5 Supplemental Information
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Figure S4.1. Calibration curve for 2-OHTA used for quantification.
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Table S4.1. Summary of %-Mass of VEA remaining in crucible at set temperatures.

%-Mass Remaining

Temperature (°C)
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Figure S4.2. Mass of VEA consumed during tube furnace reactions at (A) 356 °C and (B) 176 °C.
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Figure S4.3. Images taken of alumina crucibles after heating at 356 °C under N> (A) without metal, (B)
with Cu-Ni alloy nanopowder, and (C) with Ni-Cr alloy nanopowder, and under clean air (D) without
metal, (E) with Cu-Ni alloy nanopowder, and (F) with Ni-Cr alloy nanopowder. All images were taken by
authors.
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Figure S4.4. Images taken of alumina crucibles after heating at 176 °C under N> (A) without metal, (B)
with Cu-Ni alloy nanopowder, and (C) with Ni-Cr alloy nanopowder, and under clean air (D) without
metal, (E) with Cu-Ni alloy nanopowder, and (F) with Ni-Cr alloy nanopowder. All images were taken by
authors.
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Chapter 5: Conclusions and Implications

This dissertation overall investigates the thermal degradation behavior of VEA as
a model e-liquid, and the impact of user- and device-driven parameters on the chemical
composition of e-cigarette emissions. At the time of this dissertation, the inhalation
toxicity of e-cigarettes is still largely unknown. This gap is partly a result of the difficulty
in characterizing the specific chemicals present in e-cigarette emissions, which is made
challenging by the wide range of variability in e-cigarette operation. In Chapter 2, the
potential role of the thermal degradation products of VEA in EVALI pathology was
assessed. Particle-phase VEA vaping products were quantified in the total aerosol and at
various size fractions using gas chromatography/mass spectrometry (GC/MS) analysis.
Using this approach, large molecular-weight compounds including VEA, vitamin E,
3,7,11-trimethyl-1-docecanol, and 1-pristene as well as quinone and quinone-like
compounds duroquinone (DQ) and durohydroquinone (DHQ) were detected. VEA,
3,7,11-Trimethyl-1-docecanol and DQ were all found to exist in particles < 100 nm,
indicating the potential risk for e-cigarette aerosol constituents to penetrate deep into the
lower respiratory tract of users. In addition, after exposure of DQ and VEA vaping
emissions to human airway epithelial cells (BEAS-2B), differential cytotoxicity, ROS
generation, and oxidative stress-related gene expression were observed. Exposure to the
total aerosol mixture overall resulted in greater oxidative damage compared to DQ alone,
which implies the importance of considering potential mixture effects within e-cigarette
emissions in order to understand the underlying toxicity mechanisms. The results of

Chapter 2 demonstrate that e-cigarette emissions are complex mixtures of compounds
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that may have unique toxicological properties that encourage additive, synergistic, or
even antagonistic effects on toxicity, and to understand the potential health effects of
vaping, researchers must first have a strong grasp on what chemicals and chemical
classes users are exposed to. In the future, more work is needed to identify the
physiochemical properties of vaping aerosols and potential mixture effects within the

emissions.

In Chapter 3, non-target GC/MS analysis was used to identify and quantify
compounds found in VEA vaping emissions generated at 4 different voltage
settings/heating coil temperatures in order to understand the influence of variable
temperature settings on the emission product distribution of e-cigarettes. At lower
temperatures, the formation of larger molecular alkenes and long-chain alcohols was
preferred. As coil temperature increased, thermal degradation of both VEA and the larger
molecular weight VEA degradation products was greatly enhanced, promoting the
formation of lower molecular weight alkanes, alkenes, and carbonyl-containing
compounds. Furthermore, simulation of VEA pyrolysis in a tube furnace reactor system
found VEA to be thermally stable up to temperatures >237 °C; at higher temperatures,
the emission product distribution did not correlate with what has been found previously
in this Chapter or existing literature. This discrepancy suggested that, despite pyrolysis
being considered the primary pathway of vaping thermal degradation at the time of this
Chapter’s publication, external factors and/or alternate reaction pathways other than
pyrolysis may promote low-temperature degradation of e-liquids. The results found in

Chapter 3 show that the temperature at which a vaping device is operated can greatly
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impact the product emission distribution of vaping aerosols, resulting in the formation of
unique compounds with a wide range of chemical properties and potential toxicity
mechanisms. These results further support the hypotheses proposed in Chapter 1. There
may be no one toxicity mechanism through which VEA vaping emission acts; instead,
with a wide range of compounds that could form at different temperatures, multiple

pathways may interact to cause damage.

Finally, in Chapter 4, the influence of atmospheric O and transition metals on the
thermal degradation behavior and emission product distribution of VEA was further
investigated. VEA was heated using a tube furnace reactor system in inert (N2) and
oxidizing atmospheres (clean air) in the absence and presence of Ni—Cr and Cu—Ni alloy
nanopowders. Heating in inert atmospheres was found to be insufficient to encourage
VEA decomposition at temperatures found to result in significant vaping-induced thermal
degradation in Chapter 3. Heating in the presence of molecular oxygen (O2) and Cu—Ni
nanopower greatly promoted significant VEA degradation, resulting in the formation of
oxygenated compounds previously found in vaping emissions. The combination of O>
and Cu—Ni nanopowder was also found to greatly enhance the production of OH radicals.
Ni—Cr appeared to have a suppressive effect on VEA decomposition, but further study is
required to validate these results and understand the mechanisms involved. The results
from Chapter 4 overall provide further evidence of the influence of external factors on e-
liquid degradation, as well as support the hypothesis that e-liquid thermal degradation
may be a result of multiple reaction pathways, including pyrolysis and OH- or O»-

mediated chemistry. These results have significant implications for not only further study
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into the chemistry of e-cigarette emissions, but also the potential risk of oxidative damage

to users.

Taken together, the chapters of this dissertation highlight the need for hazard
identification of vaping emission components and provide evidence of the importance of
understanding external factors when estimating the public health risk of e-cigarettes.
While many primary e-cigarette ingredients (excluding active ingredients) like PG and
VG are designated as Generally Recognized As Safe (GRAS) for oral, dermal, and
inhalation exposure, (1,2) their emissions are complex mixtures that include products
such as formaldehyde, acrolein, benzaldehyde, methyl glyoxal and more oxygenated
compounds (3,4) that are associated with increased risks of respiratory diseases and
cancers (5-8). Furthermore, as described in Chapter 1 of this dissertation, there exists a
wide range of customizable options for e-cigarettes. While temperature, metal
composition, and the influence of oxygen are discussed here, they only represent a
fraction of the potential combinations of settings and device construction that a user
could choose for their personal experience. For this reason, further chemical and
toxicological characterization of e-cigarette emissions are needed. In order to fully assess
the exposure risk of e-cigarettes, future studies should investigate how the parameters
investigated in this dissertation and others not fully discussed may interact to influence

the chemical composition of vaping emissions.
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