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Despite nearly nine thousand publications on e-cigarettes (EC) in the PubMed database,
there is still no consensus in the scientific community and among decision makers regarding
the risks and benefits of using these products. As we emphasized in the call for papers,
further research is needed to provide new evidence-based knowledge to better inform the
public about the possible risks as well as the benefits for smokers related to the use of
e-cigarettes. We proposed a wide range of topics, which included laboratory studies related
to the presence of harmful substances in the liquid and aerosol, in vivo and in vitro health
effects studies, the role of nicotine in addiction, and observational population studies on
the use of EC.

The papers submitted for the Special Issue (SI) fit into the proposed topics. Two papers
concern reactive oxygen species (ROS) generated during the use of an e-cigarette containing
synthetic nicotine [1] and the influence of flavoring substances on the appearance of ROS
in the aerosol [2]. Flavoring substances are also the subject of research by Bebenek et al. [3].
The authors analyze their influence on the content of free and protonated nicotine and the
consequences associated with nicotine addiction. In turn, animal studies [4] have hypothe-
sized that exposure to flavored e-cigarettes would cause lung inflammation in C57BL/6 ]
mice. This study revealed that flavor-based e-cigarette exposure elicited sex-specific alter-
ations in lung inflammation, with cherry flavors/benzaldehyde eliciting female-specific
and tobacco flavor resulting in male-specific increases in lung inflammation. Such studies
indicate the potential toxicity of some flavorings added to e-liquid which should be taken
into account when formulating regulations.

In in vivo studies, Cichoriska et al. [5] conclude that e-cigarette usage adversely affects
the antioxidant capacity of saliva, in comparison to non-smokers, to the same extent as
smoking traditional cigarettes. This might present an important clinical risk of oral cavity
disorders. Additionally, in their review paper, Szumilas et al. [6] review the literature in
terms of the impact of e-cigarette aerosol on the cells and tissues of the oral cavity.

In turn, in vitro studies have shown that e-cigarette vapor condensate (ECVC) has a
negative effect on both osteoblast viability and function, with these effects being mediated,
in part, by nicotine-dependent mechanisms and also reactive carbonyl species derived
from e-liquid humectants. Reduced osteoblast viability, coupled with a reduction in OPG
secretion as observed following ECVC treatment, may lead to increased bone resorption
following chronic exposure, in turn potentially impacting bone development in younger
users, while increasing bone-associated disease progression and negatively impacting
orthopedic and dental surgery outcomes [7].

Another article in this SI is devoted to the study of the storage conditions and type
of clearomizers on the increase in heavy metal levels in e-cigarette liquids retailed in
Romania [8]. It has been found that the long period and high storage temperature of e-
liquids in the clearomizer have an effect on increasing the level of heavy metals in the
generated aerosol. This is important information for users of these products, aiming to
reduce the harmfulness of their use.

In many reports published by prestigious scientific institutions, special attention is
paid to the threat that e-cigarettes may pose to young people. Therefore, we welcomed the
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paper describing the results of a cross-sectional study conducted in Poland [9]. The main
aim of this study was the assessment of the factors associated with the use of electronic
cigarettes among high school students. Two parameters used to assess public health were
used for this purpose: health literacy (HL) and the health locus of control (HLC). Personal
health literacy is the degree to which individuals have the ability to find, understand, and
use information and services to inform health-related decisions and actions for themselves
and others. The health locus of control refers to the belief that health is in one’s control
(internal control) or is not in one’s control (external control). Among adults, the external
locus of control is associated with negative health outcomes, whereas the internal locus of
control is associated with favorable outcomes. The obtained results showed that students
smoking conventional cigarettes were more prone to using e-cigarettes. To sum up, it
was an unexpected result that HL is not associated with the use of e-cigarettes. A greater
likelihood of using e-cigarettes was positively associated with higher HLC scores, as in the
case of traditional smoking.

There are currently ongoing debates about the relationship between e-cigarette use,
NRT use, and the uptake and provision of other quit methods including behavioral support.
It has been suggested, for instance, that widespread e-cigarette use may be reducing the
need for stop smoking services (55Ss). Meanwhile, research by Harweell et al. [10] does not
support this argument; some smokers participating in the study were still willing to receive
additional support in quitting from SSSs, even if they were already using e-cigarettes.

Another paper [11] uses data from Wave 3 of The Population Assessment of Tobacco
and Health (PATH) study which is a nationally representative longitudinal study of tobacco
use and health in the United States. The authors assess associations between e-cigarette use
and self-reported hypertension, a highly prevalent health condition and major contributor
to cardiovascular disease burden. According to the authors, after adjusting for potential
confounders, current vaping (OR = 1.31) and current smoking (OR = 1.27) were both
associated with higher odds of hypertension; those odds were lower for respondents
who were concurrently smoking and vaping (OR = 1.77). The results obtained make an
important contribution to the evaluation of the association of e-cigarette use with major
adverse cardiovascular endpoints (e.g., stroke and myocardial infarction).

Controversies around the risks posed by e-cigarettes are often due to the wide variety
of products and user behavior, the underestimation or overestimation of risk, as well as the
wrong methodological approach. In this context, we pay particular attention to two further
works. Talhout et al. [12] used several approaches to quantify the health risk of tobacco
products, either the absolute risk or that relative to a tobacco cigarette. The hazard index
(HI) and relative potency factor (RPF) approaches may be used for the quantification of
health risk, provided that sufficient and relevant hazard and exposure data are available.
None of the methods are ready to be used in regulation yet due to a lack of relevant data on
hazard and exposure, but also due to a variety of regulatory needs and wishes. However,
the application of these methods may be possible in due time.

One of the reasons for the controversy surrounding e-cigarettes is the different, often
contradictory results of studies covering the same research topic. The reasons may vary.
However, the most important is the research methodology. This topic was discussed in
two papers by Soulet and Sussman. In the first paper [13], the authors critically reviewed
laboratory studies published after 2017 on the metal content of EC aerosol, focusing on
the consistency between their experimental design, the actual use of the device, and the
corresponding exposure risk assessment. The authors showed the most important reasons
for the variation in results in the reviewed papers. They included inadequate BA test
protocols unsuited to the power of the heater; miscalculation of exposure levels based on
experimental results; devices manufactured many months before the experiment, which
could be the cause of corrosion of the e-cigarette’s metal components; and lack of sufficient
information to allow repetition of the study.

Similar topics are addressed in the second paper [14]. They review the literature on
laboratory studies quantifying the production of potentially toxic organic by-products
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(carbonyls, carbon monoxide, and free radicals) in e-cigarette aerosol emissions, focusing
on the consistency between their experimental design and a realistic usage of the devices.
The authors conclude that laboratory testing requires a much more flexible standard, not
only providing appropriate technical guidelines, but facilitating the incorporation of end
users to complement laboratory logistics.

We agree with the authors of these papers that an objective assessment of the risk of
using e-cigarettes requires the elimination of incorrect research methodology and signals
the necessity to upgrade current laboratory-testing standards.

The papers posted in the SI cover various research areas related to e-cigarettes. In our
opinion, they show two important directions for further research. The first is the role of
flavor additives in the overall assessment of the harmfulness of e-cigarettes, and the second
is the need to take steps toward standardizing methods at least for areas of research in
which we observe considerable variation in the results obtained, which at present makes it
difficult to take rational regulatory action and recommendations.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.
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Abstract: Little is known about whether e-cigarette use influences tobacco smokers’ decisions around
other smoking cessation options, including the most effective one available: stop smoking service
(SSS) attendance. Our repeat cross-sectional survey therefore assessed associations between use
of e-cigarettes with past and planned future uptake of SSSs. Nicotine replacement therapy (NRT)
use was also assessed as a comparator. Participants were drawn from the Smoking Toolkit Study, a
nationally representative, validated, face-to-face survey. Data were aggregated on 2139 English adults
reporting current smoking of cigarettes or other tobacco products. Multivariable logistic regression
was used to adjust for potential confounders. Results showed dual users of combustible tobacco
and e-cigarettes were more likely than other smokers to report having accessed SSSs in the past
(AOR 1.43, 95% CI 1.08 to 1.90) and intending to take up these services in future (AOR 1.51, 95% CI
1.14 to 2.00). Dual users of combustible tobacco and NRT showed similar associations. Secondary
objectives provided evidence on key psychosocial factors that influenced smokers’ decision-making
in this area. In summary, despite speculation that e-cigarette use might deter smokers from accessing
SSSs, our study found dual users of tobacco and e-cigarettes were more likely to report uptake of
such services, compared to smokers not using e-cigarettes.

Keywords: electronic cigarettes; e-cigarettes; smoking; tobacco; addiction; addictive behavior; health
services; access to healthcare

1. Introduction

The last decade has seen major shifts in smokers’ behaviours relating to nicotine con-
sumption and smoking cessation. Behavioural counselling, for instance (the most effective
route known for quitting smoking when combined with licensed pharmacotherapy) [1,2],
has experienced sustained declines in uptake. In England, the stop smoking services (SSSs)
that provide such support to smokers have seen attendance rates drop year-on-year for
almost a full decade [3], a decline mirrored in equivalent services across the EU [4]. Over a
similar timeframe, the prevalence of regular e-cigarette use has increased in the UK from
an estimated 700,000 people in 2012 to an estimated 3.6 million in 2021 [5], and it has been
suggested these diverging trends in use of e-cigarettes and SSSs may be linked [6-8]. In
other words, declines in service uptake could be related to increases in vaping prevalence.
This hypothesis is the subject of recurrent debate given its important public health implica-
tions; after all, if e-cigarettes suppress uptake of behavioural support, this may exacerbate
smoking-related health inequalities (SSSs are notably effective at supporting smokers from
lower socioeconomic groups to quit) [1,9]. Similarly, although there is a growing evidence
base about the relative level of effectiveness of using e-cigarettes in a smoking cessation
attempt [10-13], researchers and policy-makers remain keen to monitor connected issues
with potential public health impacts. Growing research has focused, for instance, on the
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prevalence of vaping amongst non-smoking adolescents, potential health harms posed by
long-term use of e-cigarettes, or support for ex-smokers to quit ongoing vaping.

The role that e-cigarettes play within the smoking cessation sector thus remains highly
topical and subject to wide differences internationally in terms of policy, guidance and
regulations [14]. In England, SSSs are not permitted to prescribe e-cigarettes, so do not
offer them to clients in the same way that they currently provide behavioural support
and access to NRT as part of their standard provision. The English National Institute for
Health and Care Excellence (NICE) recommends professionals advise that e-cigarettes,
while substantially less harmful than smoking, are not risk-free [15]. Specific guidance for
SSSs issued by key professional organisations has recognised that behavioural support is
most crucial for improving odds of quitting and has recommended SSS practitioners can
work with smokers who wish to use their own e-cigarettes alongside SSS support [10,16,17].
Yet, among smokers who vape, SSS attendance rates have been far lower than amongst
other smokers [18]. Some smokers who would otherwise have accessed SSSs may therefore
be choosing to try quitting through the less effective route of vaping alone, either out of
personal preference or due to local services being reduced. Several councils have even
posited the popularity of e-cigarettes as part of a rationale for decommissioning local SSSs
entirely [19-21].

Qualitative studies in this area suggest that smokers, particularly from disadvantaged
backgrounds, are influenced by both internal and external factors when deciding whether
to attend SSSs [22-24]. Beliefs about the effectiveness of SSSs appear particularly influential,
as well as fears about how smokers will be received or welcomed by the services (including
their expectations of being judged by practitioners, for instance). Meanwhile, qualitative
research on e-cigarettes has generally studied them in isolation from other quit methods.
Little is known, for instance, about how smokers’ knowledge and beliefs about vaping
could relate to their decision-making around other smoking cessation options.

Similarly, research has only recently begun to explore whether vaping amongst smok-
ers may be specifically affecting behavioural support uptake, with mixed findings. A
recent UK prospective study suggested that, amongst smokers making a “serious quit
attempt”, use of e-cigarettes was associated with reduced likelihood of specifically using
behavioural support or prescription medication [25]. Although conclusions that can be
drawn from cross-sectional or ecological research are more limited, available studies have
found different results. An earlier UK time series analysis found no clear evidence for
population-level associations between e-cigarette use and behavioural support uptake [26].
A cross-sectional US survey meanwhile suggested that amongst dual users of combustible
tobacco and e-cigarettes almost all age groups were as likely to access such support as
other smokers [27].

None of these studies were designed to assess possible sociodemographic interactions,
however, or mechanistic associations with related knowledge and beliefs. In fact, no studies
outside the US have examined sociodemographic differences in behavioural support uptake
amongst smokers using e-cigarettes. Furthermore, no studies anywhere have examined
such smokers’ intended future SSS use—a variable with clear implications for the long-
term viability of these particularly effective services—or to control for important beliefs
and knowledge that could also influence service uptake. Our study therefore aimed to
examine whether e-cigarette use (and NRT use as a comparator) were associated with past
and planned SSS uptake among smokers. Secondary objectives were to explore potential
sociodemographic differences in these outcomes, as well as the kinds of knowledge and
beliefs about e-cigarettes and SSSs that were associated with them.

2. Methods
2.1. Design

This repeat cross-sectional study’s data were collected through the Smoking Toolkit
Study (STS), a monthly survey dating back to 2006 [28]. STS sampling is a hybrid be-
tween random location and quota: small output areas of approximately 200 households are
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stratified by geodemographic ordering of the population and randomly selected. Trained
interviewers are assigned pre-specified quotas to fulfil, tailored to the areas, before under-
taking face-to-face interviews with single members of households. Recruitment is from the
general population, with each monthly dataset involving approximately 1700 adults (16+).
Previous research demonstrates the STS’s national representativeness [28].

2.2. Study Population

This research was approved by the appropriate ethics committees (see ‘Institutional Review
Board Statement’) and conformed to the principles embodied in the Declaration of Helsinki.
Data were collected between February and November 2017 from 13,735 English adults, with
each monthly dataset providing a unique sample of individuals (no repeat interviews
occurred). The study sample was created from those 2313 respondents, pooled from the
multiple months, who responded to the question “Which of the following best applies to
you?” by selecting either “I smoke cigarettes (including hand-rolled) every day”, “I smoke
cigarettes (including hand-rolled), but not every day” or “I do not smoke cigarettes at all,
but I do smoke tobacco of some kind (e.g., pipe, cigar or shisha)”.

2.3. Measures
2.3.1. Measurement of e-Cigarette/NRT Use

All questions and response options are detailed in the study’s questionnaire
(Supplementary Material S1). Existing STS questions provided data on current use of
e-cigarettes and /or NRT. As with previous studies incorporating STS data [26,29,30], these
concepts were measured via three separate questions to capture all relevant smokers and
maximise accuracy (“Do you regularly use any of the following in situations when you
are not allowed to smoke?”, “Are you using any of the following either to help you stop
smoking, to help you cut down or for any other reason at all?”, “Which, if any, of the
following are you currently using to help you cut down the amount you smoke?”). Current
e-cigarette use was defined as selecting ‘Electronic cigarette’ from the possible responses
to any of these questions, with current NRT use defined as choosing any of the nicotine
products listed: nicotine gum, nicotine lozenge, nicotine patch, nicotine inhaler\inhalator,
another nicotine product or nicotine mouthspray. Respondents selected multiple products
if relevant.

2.3.2. Measurement of Outcomes

Primary outcome variables were previous SSS use (‘past uptake”) and future intention
to access services (‘planned uptake’), measured by asking “Have you ever sought help
from an NHS stop smoking service at any point in the past?” and “How likely or unlikely
are you to consider seeking help from your NHS stop smoking service at any point in the
future?”. The latter was a single-item measure with five response options; for analysis and
interpretation, data were dichotomised to reflect any intention to access services (“Very
likely” or “Fairly likely”) versus no intention (“Very unlikely”, “Fairly unlikely” or “Neither
likely nor unlikely”).

2.3.3. Measurement of Potential Confounders

Our analysis plan specified confounders a priori, with the exception of two sensitivity
analyses outlined below. Existing STS questions provided data on sociodemographics and
smoking-related factors. Sociodemographics included age, gender, ethnicity (dichotomised
into white versus non-white) and social grade (dichotomised into ABC1 versus C2DE). The
established ‘Motivation To Stop Scale’ (MTSS) recorded intention to quit smoking (“Which
of the following best describes you?”, dichotomised into “I REALLY want to stop smoking
and intend to in the next month”, “I REALLY want to stop smoking and intend to in the
next 3 months” or “I want to stop smoking and hope to soon” versus “I REALLY want to
stop smoking but I don’t know when I will”, “I want to stop smoking but haven’t thought
about when”, “I think I should stop smoking but don’t really want to” or “I don’t want to
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stop smoking”) [31]. The established ‘Heaviness of Smoking Index’ (HSI) assessed nicotine
dependence [32]. Past year quit attempts were assessed by asking “How many serious
attempts to stop smoking have you made in the last 12 months?” (dichotomised into zero
attempts versus 1+ attempts).

Data were also collected on knowledge and beliefs that could potentially influence SSS
attendance or e-cigarette use. Participants were asked: “To what extent do you agree or dis-
agree with each of the following statements?”. Statements covered potential facilitators and
barriers to uptake of the respective quit methods, including perceived ease of use/access
and reporting of peer precedents who had tried them (see Supplementary Material S1 for
comprehensive list of statements).

Responses, based on five-point Likert scales, were dichotomised into “Strongly agree”
or “Tend to agree” versus “Neither agree nor disagree”, “Tend to disagree” or “Strongly
disagree”. Responses to the question “Out of these two approaches for quitting smoking,
which do you think would be more likely to help someone to quit?” were dichotomised
into “Getting support from NHS SSSs” versus “Using e-cigarettes” or “Both equally likely”.
Finally, participants reporting previous SSS uptake were asked “Overall, to what extent
did you find the NHS SSS you attended helpful or not for your efforts to quit smoking?”
(responses dichotomised into “Very helpful” or “Fairly helpful”, versus “Not very helpful”
or “Not at all helpful”).

2.4. Testing of Questions

Seventeen members of the public with varied experiences of smoking, using e-cigarettes/NRT
and accessing SSSs were recruited purposively at the research’s outset for face validity
testing of the new survey questions proposed. These people reviewed draft questions by
email and provided written feedback on their overall merits, as well as any specific word-
ing within them that could be clearer. Seven subject matter experts (tobacco researchers,
national policy-makers, survey specialists and SSS staff) were consulted in the same way.

2.5. Statistical Analyses

Our planned analyses and sample size calculation were pre-registered publicly on
Open Science Framework (www.osf.io/ur3j8, accessed on 30 August 2022). Descriptive
statistics were produced for sociodemographic and smoking-related variables, with chi-
squared and t tests undertaken to examine potential differences in these by use of e-
cigarettes or NRT (Table 1). Final analyses investigated the impact of dual use (of com-
bustible tobacco and e-cigarettes or NRT respectively) on SSS uptake (past or planned
respectively), adjusting for smoking-related and sociodemographic co-variables. These fur-
thermore assessed interactions between the dual use variables and key sociodemographics
(age, gender, social grade, ethnicity) on past or planned SSS uptake.

Analyses were structured as follows. First, multivariable logistic regression models
(M1) were produced for exploratory analyses of knowledge and beliefs concerning e-
cigarettes and SSSs. These examined the impact of each knowledge/belief variable in
turn on SSS uptake (past and planned respectively), after adjusting for smoking-related
and demographic co-variables. Secondly, we developed unadjusted logistic regression
models (M2) examining the impact of the dual use variables on the SSS uptake variables
to provide crude odds ratios (ORs). Thirdly, we developed fully adjusted models (M3)
examining the impact of each dual use variable in turn on each SSS uptake variable, after
adjusting for a priori variables and statistically significant knowledge/belief variables
(p < 0.05) identified in M1, in order to produce final adjusted ORs with 95% CIs. In a
further stage, we also examined interactions between each dual use variable and key
sociodemographic variable (socioeconomic status, age, gender, ethnicity) on each SSS
uptake variable. This involved developing a series of different ‘interaction” models—each
model having the interaction term in question (e.g., dual use of combustible tobacco and
e-cigarettes x gender)—which adjusted for all a priori and other statistically significant
variables (as in M3). Following these pre-registered analyses, some unplanned sensitivity
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analyses explored, in the M3 models, the impact of including two potentially relevant
further variables: use of NRT (when examining dual combustible tobacco/e-cigarette use)
or e-cigarettes (when examining dual combustible tobacco/NRT use), as well as past SSS
uptake (When examining planned SSS uptake). Analyses were undertaken using SPSS v24.

Table 1. Sample characteristics by dual use of combustible tobacco/e-cigarettes or combustible tobacco/NRT.

All Dual e-Cig/Tobacco Use p* Dual NRT/Tobacco Use p Tobacco Use Only Pt
Smokers Yes No Yes No Yes No
All smokers - 18.2% 81.8% <0.001 * 10.2% 89.8% <0.001 * 74.1% 25.9% <0.001 *
Demographic characteristics
Age, Mean (SD) 435(17.3)  43.0(165)  43.6 (17.5) 0555 470(169)  43.1(17.3) 0.001 * 431(174)  446(169) 0.086
Female 49.7% 50.9% 49.4% 0590 54.3% 49.1% 0.147 48.6% 52.6% 0.109
White 90.0% 93.2% 89.3% 0.019* 90.1% 90.0% 0.961 89.1% 92.6% 0.018*
Social grade C2DE 56.7% 54.6% 57.2% 0359 54.3% 57.0% 0439 57.3% 55.0% 0352
No16+ 60.9% 61.7% 60.8% 0747 60.5% 61.0% 0.896 60.6% 61.9% 0.585
qualifications
With disability 17.4% 18.9% 17.1% 0381 2.4% 16.9% 0.038 * 16.5% 20.0% 0.058
Heterosexual 87.4% 89.4% 87.0% 0.191 82.5% 88.0% 0.020 * 87.6% 86.9% 0.653
Region: North 32.2% 36.8% 31.1% 0.027* 25.6% 32.9% 0.026 % 32.2% 32.1% 0971
Central 29.7% 29.1% 29.8% 0764 29.1% 29.8% 0.851 29.7% 29.6% 0.969
South 38.1% 34.1% 39.1% 0.065 45.3% 37.3% 0.020 * 38.1% 38.3% 0943
Smoking characteristics
Intent to quit 33.1% 51.6% 29.0% <0.001 * 58.3% 303% <0.001 * 25.9% 53.8% <0.001 *
smoking
Past year quit 29.9% 50.9% 25.2% <0.001* 59.2% 26.6% <0.001* 21.7% 53.3% <0.001*
attempt
HSI I“éeg)/ Mean 1751 178(143) 171 (L53) 0.382 179 (149) 171 (L51) 0.484 171(152) 177 (147) 0.374

NRT: nicotine replacement therapy; SD: Standard deviation; C2DE: small employers and own account workers,
lower supervisory and technical occupations, semi-routine and routine occupations, never workers and long-term
unemployed (ABC1: managerial, professional and intermediate occupations); North: North East, North West,
Yorkshire and Humber; Central: East Midlands, West Midlands, East of England; South: London, South East,
South West; HSI: Heaviness of Smoking Index (index ranges from 0 to 6: the higher the score, the higher the
dependence on nicotine); Tobacco use only: current smokers of combustible tobacco with no current use of
e-cigarettes or NRT. *: statistically significant (p < 0.05).

3. Results
3.1. Sample Characteristics

Out of 2313 smokers interviewed, complete data on key co-variables (HSI, age and
gender) was provided by 2189 (94.5%). Those excluded due to missing data (5.0% HSI,
0.4% age, 0.1% gender) were significantly less likely to be white or female (p < 0.05) than
those remaining. Both groups of dual users were likelier than other smokers to report a
quit smoking attempt within the previous year and a future quit intention. Dual users of
combustible tobacco/e-cigarettes were similar to other smokers in most sociodemographic
characteristics (Table 1), but were significantly likelier to be white or Northern England
residents. Dual users of combustible tobacco/NRT were significantly older than other
smokers and likelier to have a disability or to be Southern England residents, but less likely
to be heterosexual or Northern England residents.

18.2% of participants (399/2189) were currently using e-cigarettes, 10.2% (223/2189)
were using NRT and 74.1% were using neither (1622/2189). 21.6% of participants (472/2189)
had accessed SSSs previously and 23.2% (508/2189) planned to do so in future.

3.2. Knowledge and Beliefs Regarding e-Cigarettes and SSSs (M1)

In the M1 analyses of knowledge and belief variables (see Supplementary Material S2 for
comprehensive findings), having accessed SSSs in the past and planning to do so in future
were associated with knowing people who used e-cigarettes (AOR = 1.79, 95% CI: 1.35-2.38
for past uptake and AOR = 1.43, 95% CI: 1.09-1.88 for planned uptake) and thinking that
e-cigarettes were less effective than SSSs (AOR = 1.33, 95% CI: 1.06-1.65 for past uptake and
AOR = 2.35, 95% CI: 1.89-2.93 for planned uptake). Past use of SSSs was also associated
with knowing how to use e-cigarettes (AOR = 2.01, 95% CI: 1.54-2.63).
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Furthermore, having accessed SSSs in the past and planning to do so in future were
associated with: knowing people who had used SSSs (AOR = 3.39, 95% CI: 2.71-4.24 for
past uptake and AOR = 1.59, 95% CI: 1.27-1.99 for planned uptake); thinking that SSSs
were a convenient way to quit smoking (AOR = 1.73, 95% CI: 1.39-2.16 for past uptake
and AOR = 3.07, 95% CI: 2.43-3.87 for planned uptake); knowing how to access SSSs
(AOR = 4.66, 95% CI: 3.25-6.69 for past uptake and AOR = 2.00, 95% CI: 1.49-2.68 for
planned uptake); and thinking they would be made to feel welcome by SSSs (AOR = 1.99,
95% CI: 1.53-2.58 for past uptake and AOR = 2.91, 95% CI: 2.19-3.87 for planned uptake).
Planned uptake was also associated with having found past use of SSSs helpful (AOR = 5.61,
95% CI: 3.57-8.82); thinking dual users of e-cigarettes and combustible tobacco were eligible
for SSSs (AOR = 1.32, 95% CI: 1.06-1.63); and thinking lots of time was needed to access
SSSs (AOR = 0.61, 95% CI: 0.47-0.79; NB: inversely associated, unlike the others).

3.3. Past and Planned Uptake of SSSs (M2&3)

In the M2 unadjusted analyses (Tables 2 and 3), dual users of combustible tobacco/e-
cigarettes were more likely than other smokers to report past (OR 1.93, 95% CI: 1.51-2.45)
and planned SSS uptake (OR 1.53, 95% CI: 1.20-1.95). Dual users of combustible tobacco/NRT
were also more likely than other smokers to report past (OR 2.93, 95% CI: 2.20-3.91) and
planned SSS uptake (OR 3.04, 95% CI: 2.28-4.04). After adjustment for demographic,
smoking-related, and knowledge /belief variables in M3, these associations all remained
statistically significant (Tables 2 and 3).

Table 2. E-cigarette or NRT use and past uptake of SSSs amongst current smokers of combustible tobacco.

Past Uptake of SSSs
% [n] OR [95% CI] AOR [95% CI]
Py No 19.3% (346,/1790) 1.00 1.00
Dual e-cig/tobaccouse & 31.6% (126/399) 193 (1.51-2.45)  1.43 (1.08-1.90)
No 19.3% (380/1966) 1.00 1.00
Dual NRT/tobacco use Yes 41.3% (92/223) 293 (2.20-391)  2.10 (1.51-2.93)

Table 3. E-cigarette or NRT use and planned uptake of SSSs amongst current smokers of combustible tobacco.

Planned Uptake of SSSs
% [n] OR [95% CII AOR [95% CI]
Dual ecig /tobacco use No 21.7% (389,/1790) 1.00 1.00
8 Yes 29.8% (119/399) 153 (1.20-1.95)  1.51 (1.14-2.00)
No 20.8% (409/1966) 1.00 1.00
Dual NRT/tobacco use Yes 44.4% (99/223) 3.04 (2.28-4.04)  2.30 (1.66-3.18)

There were no interactions between use and social grade, age or ethnicity for any
outcomes. A significant interaction was observed for gender with dual combustible to-
bacco/NRT use on planned SSS uptake. For females, dual combustible tobacco/NRT use
was associated with significantly increased odds of intending to access SSSs (OR 3.40,
95% CI: 2.19-5.28), which was not observed with males (OR 1.45, 95% CI: 0.90-2.35). Sim-
ilar gender interactions were not evident with other outcomes. In sensitivity analyses
further adjusted for NRT use, e-cigarette use or past SSS uptake, results were very similar:
dual combustible tobacco/e-cigarette users remained likelier than other smokers to have ac-
cessed SSSs previously (AOR 1.43, 95% CI: 1.08-1.91) and to plan future uptake (AOR 1.40,
95% CI: 1.05-1.88), as did dual combustible tobacco/NRT users (past SSS uptake: AOR 2.10,
95% CI: 1.51-2.93; planned uptake: AOR 2.03, 95% CI: 1.45-2.84).
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4. Discussion

Amongst current smokers, those also using either e-cigarettes or NRT were more
likely to report having accessed SSSs in the past and intending to access services in future.
To our knowledge, this research is the first of its kind to combine data on e-cigarette
use with data about both past and planned behavioural support uptake. It therefore has
particular relevance to current debates around the popularity of e-cigarettes and their
potential impact on smokers’ decisions regarding cessation services. Another key strength
is its use of a representative sample of the English population. Through our secondary
objectives, we also generated evidence on what knowledge and beliefs influence smokers
when deciding whether or not to access behavioural support, the most effective route
available to quitting smoking.

Limitations of our study include the need for some caution when generalising our
findings to other populations. Many countries regulate e-cigarettes differently to England,
while models of behavioural support available to smokers also vary internationally [14].
Although cross-sectional associations can still be indicative and important for guiding
future research, they need to be interpreted with caution given the potential for biases and
unknown confounders. For example, we relied—in part—on data gathered using novel
questions as there were no relevant established questionnaires from which to take our
new questions regarding SSS uptake (though face validity was tested beforehand with a
range of smokers reporting varying uptake of different quit routes). It is thus possible that
our finding of a positive association between the different dual use variables and planned
SSS uptake reflects residual confounding—e.g., it may be caused by smokers’ general
motivation to quit smoking more than anything particularly related to SSSs, or by other
unidentified confounders. The ‘intention to quit’ concept was, however, captured by the
MTSS—an established, validated tool used regularly for broader published analyses of STS
data—and was also adjusted for within all our analyses [26,29-31]. Finally, social desirabil-
ity bias may have influenced reported future actions. Larger studies could attempt to tackle
this by following up respondents over time and assessing how far intentions to access
services translate into genuine uptake. Similarly, sociodemographic differences in choice of
quit routes, including behavioural support, remain a valuable area for further research.

This study nonetheless provides important new evidence in an area—associations
between e-cigarette use and behavioural support uptake—where a clear understanding
has yet to be established. Our findings suggest a modest positive association, with smokers
using e-cigarettes or NRT significantly more likely than other smokers to have accessed ser-
vices previously and to plan future use of them. A plausible explanation is that, given most
smokers using e-cigarettes or NRT do so in an attempt to quit smoking [12], the increased
reports of past and planned SSS uptake among these groups may reflect willingness to con-
sider other quit methods beyond e-cigarettes/NRT. It also likely reflects that some previous
SSS attenders will have been introduced to e-cigarettes or NRT by services directly, and
given advice by practitioners, leading to more sustained use of such products compared to
non-attenders. Indeed, further research could usefully examine how often such e-cigarette
use following English SSS attendance is continuing long-term, given the conclusion of a
recent systematic review in this area that “use of e-cigarettes as a therapeutic intervention
for smoking cessation may lead to permanent nicotine dependence” [33]. Future intentions
to access services in current users of e-cigarettes or NRT may similarly reflect at least in part
the fact that some of these smokers will have been introduced to these products through
previous use of such services. Cross-sectional research is inevitably limited in conclusions
it can draw regarding the temporal or causal nature of such relationships. Our sensitivity
analyses did however adjust for past use of services when examining future use (as out-
lined in ‘Results’), with very similar results to main analyses. Alternatively, experiences
with other satisfying nicotine products may stimulate thoughts about quitting and boost
self-efficacy. Finally, this phenomenon may link to financial considerations. In numerous
studies, smokers report lower costs of e-cigarettes, compared to combustible cigarettes, as a
major incentive for use, while it has also been shown that subsidised NRT offered by SSSs is
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positively associated with quit attempts [34,35]. It is thus plausible that smokers motivated
to attempt switching from combustible tobacco to e-cigarettes or NRT for economic reasons
may be attracted to this SSS offer of subsidised pharmacotherapy. Our findings align with
some aforementioned studies that have not found e-cigarette use to be associated with
depressed uptake of behavioural support [26,27]. Conversely, an English study found in an
unplanned analysis that dual users of tobacco/e-cigarettes were significantly less likely
than dual users of tobacco/NRT to specifically use behavioural support or prescription
medication, though the two groups did not differ in their overall use of evidence-based
cessation aids [25]. This mixed evidence base could result from differences in study de-
signs, since Beard et al. employed a prospective cohort design [25]. Alternatively, it could
reflect the fact that this previous study combined prescription medication with behavioural
support, whereas our own isolated the latter. Either way, further studies in other settings
directly comparing dual e-cigarette/tobacco use against dual tobacco/NRT use would
be valuable given such statistical analyses were not a primary focus of our own. Our
study does concur though with Beard et al.’s assertion that a clearer picture in this area
requires a greater understanding of the perceptions and motivations of smokers in relation
to e-cigarettes and other quit routes.

Our own study provides some further early insights in relation to that specific need,
marking an important quantitative contribution to the largely qualitative evidence base on
what factors motivate smokers’ choices of quit routes. Despite the earlier caveat regarding
the challenges of investigating temporal relationships via cross-sectional research, this
study to our knowledge, still constitutes the only quantitative study to date to examine
how knowledge and beliefs about e-cigarettes may be influencing uptake of behavioural
support. This is particularly salient given the aforementioned ongoing debate as to whether
e-cigarettes’ popularity could be depressing uptake of more effective routes to quitting
combustible tobacco [4,6,18]. Smokers in our adjusted analyses who reported having
acquaintances who used e-cigarettes were more likely to have accessed SSSs in the past and
to plan to do so in future, while past SSS use was also associated with reported knowledge
of how to use e-cigarettes oneself. This result aligns with recent survey findings that
exposure to other people’s e-cigarette use may have some effects on smokers’ quitting
motivation and behaviour [36]—perhaps by normalising attempts to quit—as well as with
broader research suggesting e-cigarettes are not viewed by smokers as being in competition
with, or mutually exclusive from behavioural support [26,27]. Indeed, recent studies have
indicated that both current and ex-smoking vapers have an appetite to access other forms
of treatment such as behavioural support [37,38]. Our findings further show that reported
knowledge and beliefs about vaping have significant associations with planned SSS uptake,
including the perception that dual users of e-cigarettes and tobacco are eligible for SSS
support. Future research could therefore consider exploring whether or not changing these
beliefs about eligibility for SSSs—for instance, through the provision of clearer information
to the public about SSS eligibility criteria—may potentially influence intentions to access
these services. Similarly, further studies could consider investigating whether or not social
connections with other vapers potentially influence knowledge of different quit routes
and normalise quitting behaviour, perhaps through discussions with these friend and
family ‘precedents’.

5. Conclusions

Our study has clear relevance for ongoing debates about the relationship between
e-cigarette use, NRT use and the uptake and provision of other quit methods including
behavioural support. It has been suggested, for instance, that widespread e-cigarette use
may be reducing the need for SSSs, an argument that has formed part of the rationale for
cutting such services in a number of English local authorities [19-21]. Our findings do not
support this argument; rather than wanting to ‘go it alone’, a proportion of smokers in our
sample remained keen to receive additional support to quit from SSSs even when already
using e-cigarettes. Instead of assuming that long-term declines in SSS attendance are
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primarily linked to e-cigarette use, alternative explanations should thus also be considered.
Future research should explore, for example, the potential role that may be being played
by significant cuts in recent years to the local authority public health budgets that fund
such services.
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Abstract: Cigarette consumption negatively impacts bone quality and is a risk-factor for the develop-
ment of multiple bone associated disorders, due to the highly vascularised structure of bone being
exposed to systemic factors. However, the impact on bone to electronic cigarette (e-cigarette) use,
which contains high doses of nicotine and other compounds including flavouring chemicals, metal
particulates and carbonyls, is poorly understood. Here, we present the first evidence demonstrat-
ing the impact of e-cigarette vapour condensate (replicating changes in e-cigarette liquid chemical
structure that occur upon device usage), on human primary osteoblast viability and function. 24 h
exposure of osteoblasts to e-cigarette vapour condensate, generated from either second or third gener-
ation devices, significantly reduced osteoblast viability in a dose dependent manner, with condensate
generated from the more powerful third generation device having greater toxicity. This effect was
mediated in-part by nicotine, since exposure to nicotine-free condensate of an equal concentration
had a less toxic effect. The detrimental effect of e-cigarette vapour condensate on osteoblast viability
was rescued by co-treatment with the antioxidant N-Acetyl-L-cysteine (NAC), indicating toxicity
may also be driven by reactive species generated upon device usage. Finally, non-toxic doses of either
second or third generation condensate significantly blunted osteoblast osteoprotegerin secretion after
24 h, which was sustained for up to 7 days. In summary we demonstrate that e-cigarette vapour
condensate, generated from commonly used second and third generation devices, can significantly
reduce osteoblast viability and impair osteoblast function, at physiologically relevant doses. These
data highlight the need for further investigation to inform users of the potential risks of e-cigarette
use on bone health, including, accelerating bone associated disease progression, impacting skeletal
development in younger users and to advise patients following orthopaedic surgery, dental surgery,
or injury to maximise bone healing.

Keywords: electronic cigarettes; osteoblast; e-cigarette; vaping; viability; bone; osteoprotegerin;
human primary cells

1. Introduction

Multiple meta-analyses have reported that a history of cigarette smoking is associated
with significantly reduced bone mineral density (BMD), increased risk of fracture and
reduced fracture healing, in comparison to age, sex and BMI-matched non-smokers [1]. It is
also apparent that such smoking-associated effects are cumulative, demonstrating a positive
correlation with pack year history [2—4]. Furthermore, fracture risk in smoking cohorts is
greater than in non-smokers when corrected for BMD, indicating that smoking may directly
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impact bone architecture and quality. Indeed, a decrease in trabecular bone mass and
increased trabecular separation has been reported in older smokers [5], while in younger
individuals smoking is associated with a reduction in trabecular bone volume, independent
of age, BMI, activity level and calcium intake [6]. Recent studies have also demonstrated
that smoking is independently associated with increased post-surgery complications such
as infection and aseptic loosening following arthroplasty [7-10].

While cigarette consumption has declined over the past decade, the use of electronic
cigarettes (e-cigarettes) or vaping has risen dramatically, partly due to being regarded as a
safer alternative to smoking, although, 8% of current EC users in the UK have never smoked
a cigarette [11-13]. Increased use of e-cigarettes will undoubtedly make a significant
contribution towards harm reduction in comparison to cigarettes. However, e-cigarette
usage still results in systemic exposure to numerous and potentially harmful vapour
constituents, particularly to highly vascularised tissues such as the bone. In support of
this, Agoons et al. recently reported that e-cigarette users have a 46% higher prevalence of
fractures, in comparison to those who have never used e-cigarettes based on a cohort of
4519 individuals [14].

E-cigarette vapour is much less complex than cigarette smoke, yet many harmful
constituents of cigarette smoke are found in e-cigarette vapour. Upon thermal decom-
position, e-liquid humectants propylene glycol (PG) and vegetable glycerine (VG) form
products such as acrolein and formaldehyde, commonly termed reactive carbonyl species
(RCS), which are causatively linked to systemic harm [15,16]. Furthermore, since their
invention in 2003, e-cigarette device technology has developed rapidly with current 3rd
generation devices capable of delivering vapour at a much higher temperature than ear-
lier models due to larger battery sizes. Consequently, this enables greater delivery of
nicotine [17-19], increasing user satisfaction but also delivering much greater amounts of
harmful RCS [20-22].

As to be expected, the majority of research on e-cigarettes to date has been carried
out in models relevant to the lungs. Importantly, we and others have investigated the
effect of vaping constituents on lung immune cells, reporting cytotoxic, proinflammatory
and anti-phagocytic effects in alveolar macrophages [15,23]. Similar reductions in neu-
trophil function have also been reported, including reduced neutrophil migration and
phagocytosis, suppression of NETosis and increased ROS production [24]. Additionally,
dysfunctional cilia beat frequency and motility has been reported in human airway epithe-
lial cells and normal human bronchial epithelial (NHBE) cells following cigarette vapour
exposure [25-28].

However, there has been limited investigation into the impact of e-cigarette usage
on bone physiology, particularly following long-term use [29,30]. There are also limited
in vitro data, particularly utilising human osteoblasts. Typically exhibiting a large, cuboidal
morphology, osteoblasts are the primary cell type responsible for bone formation, through
secretion of collagenous and non-collagenous proteins and proteoglycans that in turn
become mineralised.

Utilising a novel system previously described by our group [23], we have performed
the first investigation into the effect of e-cigarette vapour condensate on human primary
osteoblast viability and function. Importantly, we report the comparative effects of vaping
constituents generated by 2nd generation and 3rd generation devices, which together
account for 77% of devices used in the UK [31]. Finally, we have utilised both nicotine
containing and nicotine-free vapour condensate, in addition to the antioxidant, N-acetyl
cysteine (NAC) to investigate the contribution of the vapour constituents nicotine and RCS,
respectively, on osteoblast viability.

2. Materials and Methods
2.1. Ethical Approval and Subject Recruitment

Femoral heads were collected from hip osteoarthritis (OA) patients undergoing or-
thopaedic joint replacement surgery at the Royal Orthopaedic Hospital (Birmingham, UK).
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All patient participants were recruited on a volunteer basis, after being fully informed of
the study requirements by the clinical research staff, and providing written consent (NRES
16/55/0172).

2.2. Primary Human Osteoblast Cell Culture

Trabecular bone chips (<100 mm?) were obtained from the OA patient femoral heads
using a Friedman Rongeur, washed three times in phosphate-buffered saline (PBS) [Life
Technologies Ltd., Renfrew, UK] and once with high-glucose Dulbecco’s Modified Ea-
gle Medium (DMEM) to remove excess fat, blood, marrow, and connective tissue. Bone
chips were then cut into small pieces (<5 mm?) and transferred to a 25 cm? vented flask
containing primary human osteoblast media (DMEM, 10% FBS, 100 Units/mL Penicillin
Streptomycin, 2 mM L-Glutamine, 1% NEAA, 2 mM (-glycerophosphate disodium salt
hydrate, 50 ug/mL L-Ascorbic Acid, 10 nM Dexamethasone). Bone chips were incubated
at 37 °C and 5% CO; for 5 days before the initial media change. Following 5 days, differ-
entiation media was changed every 3 days, and bone chips were removed once primary
osteoblast cell coverage reached approximately 50% confluency. Upon reaching confluency,
cells were passaged into a 75 cm? flask. For all experiments primary human osteoblasts
were limited to passage 5.

2.3. e-Cigarette Devices

Two popular devices in the UK were chosen for condensate generation, a 2nd gen-
eration device and 3rd generation device from Kanger tech Ltd., (Shenzhen, China). The
2nd generation device was fitted with a standard 650 mAh battery with a fresh 1.8 Ohm
atomiser for each preparation, generating 7.6 W. The 3rd generation device, the most
powerful of the devices, was fitted with a 3000 mAh battery with a fresh 0.15 Ohm atom-
izer fitted for each preparation, generating 75 W. The same devices were used for each
condensate preparation.

2.4. e-Cigarette Vapour Condensate Collection

e-cigarette vapour condensate (ECVC) or nicotine-free e-cigarette vapour condensate
(nfECVC) was collected from 2nd and 3rd generation e-cigarette devices, as previously
described by Scott et al. [23]. Prior to use, e-Cigarette devices were cleaned and prepared
with either 36 mg/mL nicotine flavourless liquid (Durasmoke® Unflavored e-Liquid (50%
PG/50% VG Base), American e-liquid Store, (Wauwatosa, WI, USA) or nicotine-free flavour-
less liquid (Durasmoke® Unflavored eLiquid (50% PG/50% VG Base), American e-liquid
Store, (Wauwatosa, WI, USA). Next, six tracheal suction taps (Unomedical, UK) were
arranged in sequence and sealed with parafilm. EC devices were attached to the open end
of tap 1, while tap 6 was connected to a vacuum tap by plastic tubing. Taps 2-6 were sealed
inside 30 mL universal tubes with parafilm, to provide insulation and prevent cracking
upon cooling. Next insulated taps were suspended in a dry ice/methanol bath and allowed
to cool, tap 1 was kept outside the bath for observation of vapour production. The optimum
puff duration of 3 s (previously determined by Scott et al.) was performed every 30 s until
EC liquid was exhausted. Taps were then allowed to warm to room temperature, before
centrifugation (2755x g, 5 min) to collect condensate. Condensate was pooled into a single
1.5 mL Eppendorf and stored at —40 °C for a maximum of 24 h before use.

2.5. Osteoblast Challenge and Intervention

Challenge with ECVC, nfECVC, PG, VG and N-Acetyl-Cysteine (Sigma-Aldrich,
St. Louis, MO, USA) were diluted in osteoblast differentiation media to concentrations
detailed in individual Figure legends. Incubation periods are described per experiment
as appropriate.
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2.6. Primary Human Osteoblast Viability and Cellular Morphology

Osteoblast viability was determined using CellTiter 96® AQueous One Solution Cell
Proliferation Assay (CTA) (Promega, UK) following the manufacturers protocol. Follow-
ing addition of CTA reagent, cells were incubated in the dark for 3 h at 37 °C and 5%
CO,. Absorbance at 490 nm was then immediately measured using a Synergy HT (BioTek,
Santa Clara, CA, USA) plate reader. Additionally, in order to assess cell morphology, os-
teoblasts were imaged at 20 x magnification using an SP8 Lightning confocal microscope
(Leica Microsystems, UK).

2.7. Quantification of OPG and RANK-L Secretion from Primary Human Osteoblasts

OPG and RANK-L protein in primary human osteoblast supernatants were quantified
in duplicate using commercially available ELISAs (Osteoprotegerin/ TNFRSF11B (R&D
Systems, Minneapolis, MN, USA), Human TRANCE/RANK L/TNFSF11 (R&D Systems,
29, Minneapolis, MN, USA) following the manufacturer’s instructions. Absorbance was
measured at 450 nm and 570 nm on a Synergy HT (BioTek, USA) plate reader.

2.8. Statistical Analysis

Data analysis was carried out using GraphPad Prism v8 statistical package. For data
sets with 2 variables, significance was determined by 2-way ANOVA followed by Tukey’s
multiple comparisons test where appropriate. For data sets with one variable, data was
analysed using a non-parametric Kruskal-Wallis test, followed by post hoc Dunn’s multiple
comparison tests. Data is presented as mean + S.E.M with a p value < 0.05 considered
statistically significant.

3. Results
3.1. ECVC from either 2nd or 3rd Generation e-Cigarette Devices Reduces Human Osteoblast
Viability and Alters Cellular Morphology

Osteoblast viability was quantified and cellular morphology observed following
24 h exposure to increasing doses of ECVC (0.25% to 10%), generated from either 2nd
or 3rd generation devices. ECVC at 0.25% or 0.5%, generated from either 2nd or 3rd
generation devices, had no significant effect on osteoblast viability (Figure 1A) or cellular
morphology (Figure 1C,G). However, in contrast to the 2nd generation device, 1% ECVC
generated by the 3rd generation device resulted in a significant reduction in osteoblast
viability (46.6% =+ 10.0% p = 0.002), compared to untreated control cells (Figure 1A). At
ECVC concentrations of 2.5% and greater, condensate generated by either 2nd or 3rd
generation devices significantly reduced osteoblast viability (p < 0.0001, Figure 1A). Fur-
thermore, osteoblasts exposed to 2nd or 3rd generation ECVC at concentrations of 2.5% or
greater, showed clear signs of altered cellular morphology, with loss of spindle cell shape
(Figure 1C,G).

20



Toxics 2022, 10, 506

TR

r
-

Aynqein %

2" Generation ECVC

2" Generation nfECVC

Figure 1. Cont.

21



Toxics 2022, 10, 506

R >

™

RN

Figure 1. The effect of 2nd and 3rd generation ECVC and contribution of nicotine on human Primary
osteoblast viability. (A) Osteoblast viability following 24 h exposure to 2nd or 3rd generation nicotine-
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containing ECVC (0.25-10%). (B) Osteoblast viability following 24 h exposure to either nicotine-
containing or nicotine-free 2nd generation ECVC (0.25-10%). (C,D) Representative images of primary
human osteoblasts treated with 2nd gen ECVC or nfECVF (0-10%). (E) Osteoblast viability follow-
ing 24 h exposure to either nicotine-containing or nicotine-free 3rd generation ECVC (0.25-10%).
(F) Osteoblast viability following 24 h exposure nicotine-free ECVC from either 2nd or 3rd generation
devices (0.25-10%). (G,H) Representative images of primary human osteoblasts treated with 3rd
generation ECVC or nfECVC (0-10%). Viability was inferred by 4 h incubation with cell titre aqueous
assay. Images captured at 20x magnification. n = 3 patient replicates, with 5 biological replicates
performed per patient. ** p < 0.01, *** p < 0.001, **** p < 0.0001 denoting a significant denoting a
significant difference to relevant untreated control. ## p < 0.01, ### p < 0.001, #### p < 0.0001, denoting
a significant difference between treatment groups.

3.2. ECVC from Nicotine-Free 3rd Generation Devices Has a Greater Effect on Reducing
Osteoblast Viability than Nicotine-Free 2nd Generation e-Cigarette Devices

To determine the extent that the observed reduction in osteoblast viability was at-
tributable to nicotine content in the condensate, we compared the effects of nicotine-
containing and nicotine-free ECVC (Figure 1B,E F). As expected, from the 2nd generation
devices, nicotine-containing ECVC at 2.5%, 5% and 10% induced a significant reduction in
osteoblast viability (p > 0.0001) (Figure 1B,D). However, osteoblasts exposed to the nicotine-
free 2nd generation condensate experienced a significantly lower loss in viability after; 10%
nfECVC (37.2% =+ 1.27% loss in viability), vs. just 2.5% ECVC p =< 0.0001) (Figure 1B,D).
Exposure to 3rd generation condensate did not follow this pattern. 1% nfECVC challenge
caused significantly less osteoblast toxicity than 1% nicotine containing ECVC (p = 0.001,
Figure 1E,H). However, at higher concentrations, both nicotine-containing and nicotine-free
condensate elicited a significant reduction in osteoblast viability, compared to untreated
controls (Figure 1E,H). Whilst this effect was more pronounced with nicotine-containing
condensate there was no significant difference between nicotine containing and nicotine
free challenge at these doses (Figure 1E). Directly comparing nfECVC generated by 2nd
generation and 3rd generation devices confirmed a greater toxic effect on osteoblasts
when exposed to 3rd generation nfECVC at concentrations of 2.5% and above (p > 0.0001,
Figure 1F).

3.3. Sub-Cytotoxic Doses of e-Cigarette Condensate Alters Human Osteoblast Function

Next, we investigated the potential for e-cigarette condensate to impact primary
human osteoblast function, by assessing the secretion of the pro-osteogenic protein Osteo-
protegerin (OPG) after low dose condensate exposure. In untreated cells, OPG secretion
increased with each timepoint (Figure 2A). Following incubation with either 2nd generation
or 3rd generation ECVC for 24 h, OPG secretion declined in a dose dependent manner
(Figure 2A,B). Notably, OPG secretion was significantly reduced after exposure to 0.5%
ECVC from either 2nd generation (33% =% 1.43% reduction, p = 0.015) or 3rd generation
(52% = 0.08% reduction, p =< 0.0001) devices (Figure 2A,B), despite this dosage having no
effect on osteoblast viability, or morphology (Figure 1).

Furthermore, over 7 days, OPG secretion continued to increase significantly in un-
treated osteoblasts in a time dependent manner (Figure 2C). However, continuous exposure
to either 0.25% or 0.5% ECVC for 7 days, significantly blunted OPG secretion at each time-
point for both 2nd and 3rd generation devices. By day 7, OPG secretion was approximately
2-fold or 4-fold less than that of untreated control cells for 2nd and 3rd generation devices,
respectively, (p < 0.0001) (Figure 2C,D), whilst cellular viability and morphology remained
unaffected (Figure 2E,F and Figure A1 in Appendix A).

3.4. The Antioxidant N-Acetyl Cysteine Rescues the ECVC-Induced Reduction in
Osteoblast Viability

To elucidate the mechanism by which ECVC may interact with and affect osteoblast
function, we challenged osteoblasts with a toxic dose (2.5%) of ECVC, previously identified
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OPG pg/ml

OPG pg/ml

to negatively impact osteoblast viability for both 2nd and 3rd generation devices (Figure 1A).
These experiments assessed the efficacy of the antioxidant and antialdehyde, NAC to rescue
osteoblast viability when given concurrently with condensate challenge. NAC alone had no
significant effect on osteoblast viability (Figure 3A,B). However, NAC treatment was able
to partially mitigate the toxic effects of ECVC challenge, offering a significant protective
effect after the 3rd generation condensate challenge (48.5% restoration, p < 0.0001). NAC
intervention also mitigated effects on osteoblast morphology following treatment with 2.5%
ECVC (Figure 3C).

Having observed this NAC mediated rescue effect, we next performed a series of
experiments in which we treated osteoblasts with the humectants propylene glycol and
vegetable glycerine in isolation, to further validate whether e-cigarette vapour components
other than nicotine may reduce osteoblast viability (Figure 4). A significant treatment effect
of PG on osteoblast viability was observed (p < 0.05, Kruskal-Wallace test), with 10% PG
decreasing viability up to 80% (Figure 4A) and clearly altered cellular morphology observed
with 5-10% dosages (Figure 4C). VG had no significant effect on osteoblast viability or

morphology (Figure 4B,D).
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Figure 2. The impact of 2nd and 3rd generation ECVC on human primary osteoblast function.
(A) Effect of 24 h exposure to 2nd and 3rd generation ECVC at concentrations from 0.25-2.5% on
human primary osteoblast OPG secretion. (B) Effect of 24 h exposure to 2nd and 3rd generation ECVC

48h

72h

7 days

48h

72h

7 days

at concentrations from 0.25-2.5% on human primary osteoblast OPG secretion expressed as fold
change from untreated control. (C) Effect of 24-168 h (7d) exposure to 2nd generation ECVC at
concentrations from 0.25-0.5% on human primary osteoblast OPG secretion. (D) Effect of 24-168 h
(7d) exposure to 3rd generation ECVC at concentrations from 0.25-0.5% on human primary osteoblast
OPG secretion. (E,F) Representative images of primary human osteoblasts treated with 0-0.5% 2nd
and 3rd generation ECVC for up to 7 days. n = 3 patient replicates, with 3 biological replicates
performed per patient. * p < 0.05, *** p < 0.0001 denoting a significant difference to relevant untreated
control. # p < 0.05, denoting a significant difference between treatment groups.
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Figure 3. Pharmacological rescue of ECVC induced reductions in human osteoblast viability.
(A) Effect of 1 mM NAC on human primary osteoblast viability in the absence or presence of 2.5%
2nd generation ECVC for 24 h. (B) Effect of 1 mM NAC on human primary osteoblast viability in
the absence or presence of 2.5% 3rd generation ECVC for 24 h. (C) Representative images of human
primary osteoblasts following 24 h exposure to 2nd or 3rd generation ECVC in the presence or absence
of 1 mM NAC. Images captured at 20 x magnification. Viability was inferred by 4 h incubation with
cell titre aqueous assay. n = 3 patient replicates, with 3 biological replicates performed per patient.
*** p < 0.0001 denoting a significant difference to relevant untreated control. #### p < 0.05 denoting a
significant difference between treatment groups.
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Figure 4. The effect of treatment with e-cigarette constituents on human osteoblast viability.
(A,B) Effect of 24 h treatment of increasing dosages of PG and VG human primary osteoblast viability.
(C,D) Representative images of human primary osteoblasts following 24 h exposure to increasing
dosages of PG and VG, images captured at 20 x magnification. n = 4 Patient replicates with 4 biologi-

cal replicates performed per patient. * signifies p < 0.05 denoting a significant treatment effect by a
Kruscal-Wallace test.

4. Discussion

This is the first study to demonstrate that e-cigarette condensate exposure reduces
human primary osteoblast viability and function in a dose-dependent manner, utilising a
model system that accounts for changes in the chemical composition of e-cigarette liquids
that occur during vaping.

Treatment of osteoblasts with concentrations of 2.5% ECVC and above, was cytotoxic
from both 2nd generation and 3rd generation devices, reducing viability to less than 30%
compared to untreated controls. Although there is a lack of data regarding the concen-
tration of nicotine and other vapour constituents delivered to bone following e-cigarette
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usage, a concentration of 2.5% ECVC (15.5 uM, 3rd generation) as used here is within a
physiologically relevant systemic concentration based on reported levels after e-cigarette
usage [32]. In concordance with these results, previous studies have demonstrated that
cigarette smoke is toxic to human osteoblasts, reducing osteoblast viability in both a con-
centration and time-dependent manner [33]. More recently, a toxic effect of e-cigarette
vapour on a variety of cell types, including alveolar macrophages and epithelial cells has
been reported [23,34]. Additionally, Shaito et al. observed both reduced proliferation and
impaired osteoblastic differentiation of bone marrow derived mesenchymal stem cells
(MSCs) following exposure to e-cigarette aerosol extract [34]. Therefore, e-cigarette use may
not only reduce osteoblast viability directly, as observed in this study, but could also reduce
MSC-mediated bone repair. Together, these data suggest long-term e-cigarette use could
have significant implications for individuals following chronic use and especially individu-
als with disorders of the skeletal system such as osteoarthritis [35,36], osteoporosis [36] and
scoliosis [37], where there is evidence of abnormal bone and/or osteoblast pathology. In
addition, this is also likely to impact skeletal remodelling during bone healing following
injury, orthopaedic surgery and oral surgery such as dental implants, where exposure to
e-cigarette vapour will be in very close proximity to the wounded site. Furthermore, it is
also very important to consider the impact of e-cigarettes on adolescent and young adults,
who comprise one of the largest cohort of e-cigarette users. Sustained e-cigarette use in
such individuals may impair ongoing bone development, leading to reduced bone mineral
density into adulthood. Harmful effects of conventional cigarettes and e-Cigarettes have
been attributed, at least in part, to nicotine [38]. Our data supports a role for nicotine
in driving osteoblast dysfunction, as the impact of nfECVC on osteoblast viability was
significantly less than following exposure to ECVC of the same concentration. This effect
was particularly apparent for second-generation device condensate. However, it should be
noted that although osteoblast viability was greater following 10% 2nd gen nfECVC expo-
sure in comparison to the 3rd generation device, cellular morphology appeared abnormal.
This could be explained due to the viability assay fundamentally being based on cellular
metabolism, therefore it is possible that although stressed and so losing typical morphology,
the cells treated with the 2nd generation condensate were still more metabolically active.
Whereas those treated with the 3rd gen condensate, quickly began to die after treatment.
The considerable sustained impact of 3rd generation nfECVC on osteoblast viability may be
attributable to differences in vapour constituent content. In addition to nicotine, e-Cigarette
vapour also contains carrier agents/humectants including propylene glycol and vegetable
glycerine. Thermal degradation of these carrier compounds generates reactive carbonyl
species at similar concentrations to those seen in cigarettesmoke (~5 pg-puff 1) [39] and in
some cases, in excess of cigarette smoke (200 ug-puff’l) [21]. Importantly, reactive carbonyl
species have been demonstrated to reduce proliferation, increase cell death and inhibit
both osteoblast alkaline phosphatase activity and mineralisation [40—-42]. Additionally,
e-cigarette liquids also generate a considerable amount of short-lived, highly reactive free
radicals (>10'® molecules/puff) [21,43-45] upon vapourising. ROS are reported to induce
apoptosis of osteoblasts, as well as inhibit osteoblastic differentiation, reducing osteoblast
number and impairing function [45-47]. Furthermore, Bai et al. present evidence that in-
creased intracellular ROS can stimulate the expression of RANKL in human osteoblast-like
cells, which would be expected to promote osteoclast activity and bone resorption [48].
Collectively, these findings suggest that ROS not only reduces osteoblast mediated bone
formation, but may also increase bone resorption through activation of osteoclasts, ulti-
mately resulting in reduced bone density. Critically, increasing battery size and decreased
coil resistance result in increased amounts of both ROS and RCS being generated per puff
by newer generation e-cigarette devices, such as the 3rd generation device used in this
study [20,22,45]. Unlike previous studies that treat cells with e-cigarette liquids directly
from the bottle, our model system accounts for changes in chemical composition that occur
upon vaping. Therefore, it is possible that the nicotine free ECVC from the 3rd generation
device used in this study contained a greater amount of reactive species compared to 2nd
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generation devices, in turn mediating a greater impact on osteoblasts. To investigate this
possibility, we treated osteoblasts with ECVC in the presence of NAC, an antioxidant that
has been reported to protect against ROS and reactive aldehydes [49]. Following treatment
with 3rd generation ECVC, NAC provided a significant protective effect, restoring viability
to the level of control osteoblasts. This suggests that the toxic effects of ECVC may indeed
be mediated in part by increased levels of reactive species. We also demonstrate that
components of e-cigarette condensate other than nicotine, including the humectant PG,
also significantly impaired osteoblast viability and altered cellular morphology. Emerging
data in gingival and airway epithelial cells has also shown cytotoxic, inflammatory and
metabolic effects of such compounds, widely regarded as inert carrier agents [50,51]. It
should be noted that repeated exposure to vapour generated from humectants alone over a
6 month period had no significant effect on bone morphology in mice [52]. However, the
potential impact of such humectant exposure on osteoblast/osteoclast function and bone
turnover remains to be determined and therefore potential implications to processes such
as bone healing still need to be considered. Indeed, although we observed no reduction
in viability following VG treatment, recent work has demonstrated that VG exposure
can impact chloride channel expression [53]. Therefore, non-toxic doses of VG and PG
may still have considerable effects on osteoblast function, similarly to the effect non-toxic
doses of ECVC had on OPG secretion as we report in this study. Collectively these data
emphasise that further studies are necessary to understand the effect of chronic exposure
to humectants and other components of e-cigarettes on human bone, especially following
chronic use. Additionally the need for such studies is paramount, as e-cigarette devices
are continually innovating, leading to ever greater power output and therefore increasing
burden of RCS per puff and so in turn potential harm is only likely to increase

In line with the detrimental effect of ECVC on osteoblast viability, we also found
that ECVC impaired the functional ability of osteoblasts by reducing their secretion of
OPG, the decoy receptor for RANK ligand and a key regulator of bone turnover. Previ-
ous studies have examined the impact of conventional cigarette smoking on serum OPG
levels, concluding that levels were significantly reduced in smokers [54]. In addition,
OPG:RANKL is significantly reduced in patients who smoke, suggesting smoking may
drive bone resorption [54]. Here, we also observed that OPG production by osteoblasts
was significantly reduced following treatment with ECVC at 24 h, suggesting that the
effects of e-Cigarette use and conventional cigarette smoking on osteoblast function maybe
comparable. We did attempt to measure RANKL protein content in osteoblast supernatants
by ELISA, however protein concentrations were below the lower limit of detection of our
assay. Critically, as e-cigarette use is typically chronic, we also found that stimulation
using concentrations of ECVC from either 2nd or 3rd generation devices, that did not
impair osteoblast viability (0.25% and 0.50%) was sufficient to elicit a sustained reduction
in OPG secretion for up to 7 days. This suggests long term use of e-cigarettes could lead
to chronic suppression of OPG, promoting greater bone resorption Such non-toxic effects
could also extend to suppression of other critical cellular functions of osteoblasts, such as
alkaline phosphatase activity, or expression of genes such as COL1Al, in turn reducing
extracellular matrix secretion. This carries clear clinical implications for a number cohorts
including; adolescent users still undergoing bone development, in addition to individu-
als with bone associated disease such as osteoporosis, and those recovering from injury
and surgery as discussed above. In line with this, it may also be important to consider
chronic e-cigarette use in the context of DNA damage and ageing. Although e-cigarettes are
widely thought to produce fewer carcinogenic compounds relative to cigarettes, nicotine
nitrosation does indeed occur following e-cigarettes use, inducing the formation of the
DNA adducts O(6)-methyl-deoxyguanosines and cyclic y-hydroxy-1, N2-propano-dG [55].
Additionally, the presence of DNA adducts associated with reactive carbonyl species, such
as acrolein, have also been reported following e-cigarette use in humans [56-58]. There-
fore, it seems reasonable to assume that chronic systemic delivery of such compounds
following e-cigarette use could reduce DNA repair in bone, in turn driving an accelerated

29



Toxics 2022, 10, 506

bone ageing phenotype as described by Chen et al. [59]. Consequently, this may compound
dysfunctional bone remodelling and further contribute to reduced bone mass and increased
fracture risk, particularly in older users.

Due to the difficulty in replicating e-cigarette use in vitro, this study does have limita-
tions. Firstly, although we have used a range of does in this study, concentrations of nicotine
and other metabolites in the vapour condensate may not represent localised interstitial
concentrations. Smoker and vaper plasma nicotine will of course vary greatly dependent
on personal addiction level. However, ex-smokers will vape to meet their individual nico-
tine addiction needs [18] and as such, it is likely tissue exposure will remain comparable
between these groups. Smoker urinary nicotine and nicotine metabolites (assessing chronic
exposure) have been quantified in a range from 7-338 uM [60]. Here, we have delivered
non-toxic nicotine doses of 0.82 uM (0.5% 2nd generation challenge); and 3.1 uM (0.5%
3rd generation challenge) [32]. Whilst lacking definitive data for comparison, these low
dose challenges are well within a feasible physiological range [32]. Secondly, osteoblasts
were only stimulated with one dose of ECVC, and therefore we can only speculate that
repeated daily usage of chronic e-cigarette use would have a similarly detrimental effect on
osteoblast viability.

5. Conclusions

In summary, we have demonstrated that ECVC has a negative effect on both osteoblast
viability and function, with these effects being mediated, in part, by nicotine-dependent
mechanisms and also reactive carbonyl species derived from e-liquid humectants as sum-
marised in Table 1. Reduced osteoblast viability, coupled with a reduction in OPG secretion
as observed following ECVC treatment, may lead to increased bone resorption following
chronic exposure, in turn potentially impacting bone development in younger users, while
increasing bone associated disease progression and negatively impacting orthopaedic and
dental surgeryoutcomes.

Table 1. A summary of key findings.

2nd Generation Device 3rd Generation Device Humectants
ECVC nfECVC ECVC nfECVC PG VG
Dose to significantly reduce 259 10% 19 25% Significant treatment No significant effect

osteoblast viability (24 h)

effect 0.5-10%

Dose to significantly reduce
osteoblast OPG secretion (24 h)

0.5% - 0.5% - - -
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Figure A1l. Low dose stimulation of Primary human osteoblasts for up to 7 days does not affect
viability. Effect of treating primary human osteoblasts either 2nd (A) or 3rd generation (B) ECVC
at either 0.25% or 0.5% for 24 h-7d on primary human osteoblasts. 1 = 3 patient replicates with 4
biological replicates performed per patient.
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Abstract: Health risk assessment of tobacco and related products (TRPs) is highly challenging due to
the variety in products, even within the product class, the complex mixture of components in the
emission and the variety of user behaviour. In this paper, we summarize methods that can be used to
assess the health risks associated with the use of TRPs. The choice of methods to be used and the data
needed are dependent on the aim. Risk assessment can be used to identify the emission components
of highest health concern. Alternatively, risk assessment methods can be used to determine the
absolute risk of a TRP, which is the health risk of a product, not related to other products, or to
determine the relative risk of a TRP, which is the health risk of a TRP compared to, for example,
a cigarette. Generally, health risk assessment can be based on the effects of the complete mixture
(whole smoke) or based on the (added) effects of individual components. Data requirements are
dependent on the method used, but most methods require substantial data on identity and quantity
of components in emissions and on the hazards of these components. Especially for hazards, only
limited data are available. Currently, due to a lack of suitable data, quantitative risk assessment
methods cannot be used to inform regulation.

Keywords: tobacco products; risk assessment; mixtures

1. Introduction

Tobacco use is the major cause of premature death worldwide. Each year, about
8 million people die from tobacco-related diseases, including an estimated 1.2 million
non-smokers who were exposed to second-hand smoke [1]. Although cigarettes are the
most common tobacco product, especially in developed countries, other tobacco products
also pose serious health risks. In India, more than 350,000 deaths are attributed to use of
chewing and oral tobacco each year [2].

The toxic effects associated with the high mortality rate associated with tobacco
consumption are due to carcinogenic and otherwise hazardous tobacco constituents and
combustion products. The contributions of individual components to the carcinogenicity of
tobacco use have been estimated [3,4], leading to identification of the major carcinogens and
ranking of smoke constituents by their potency in inducing tumours. Similar approaches
may also be used for cardiovascular and other health risks.

Strategies have been proposed to reduce the exposure of smokers to toxicants, includ-
ing mandatory limits on the most relevant toxicants in cigarette smoke [5-7]. In addition,
new tobacco and related products (TRPs) have been developed which have lower quan-
tities of specific toxicants in their emission, such as heated tobacco products (HTPs) and
e-cigarettes. These products may also contain other components than cigarettes, such as
specific flavourings. We have defined TRPs as all tobacco products and all other products
that may be used as alternatives to tobacco products; this includes both nicotine- and
non-nicotine-containing products but excludes nicotine replacement products, as such
products are not intended for replacing TRP use.

A smoker switching to a product that is potentially less harmful may experience a
reduction in health risk, whereas the same product will lead to an increased health risk

Toxics 2022, 10, 491. https:/ /doi.org/10.3390/ toxics10090491 35

https:/ /www.mdpi.com/journal/toxics



Toxics 2022, 10, 491

for a non-smoker compared to no TRP use at all. Quantitative hazard characterization,
which includes a dose— or concentration-response relation, will give information on the
health impact of a TRP. When information is available on the number of users and their use
patterns, such hazard data can be used to obtain information on quantitative health impacts
to determine the potential health effects at population level. Ideally, risk assessment of TRPs
should be conducted separately for groups of devices or even for individual products [8].
As there is a wide variety in individual puff topography, a wide range of topographies
must also be considered in estimating human exposure. This includes using relevant
smoking topographies in smoking machines to characterize emissions. Practically, this
ideal approach is not feasible since the variation in topographies is huge. A pragmatic
solution would be to define extremes in the composition of the emission, using extreme
(high and low), but realistic smoking topographies to define ranges for concentration of
components in the emissions and whether the composition changes with topography. Such
extremes in emission can be used to group TRPs or use scenarios and to select TRPs for a
product-specific risk assessment. In such cases, generalization of risk assessment to product
classes may be scientifically justified and a more pragmatic way to proceed.

This paper gives an overview of risk assessment methods that can be applied to get
insight into the health impact of TRPs. The methods are described with their respective
pros and cons when applied to assess the risk of a TRP. With this paper we aim to provide
guidance for deciding which risk assessment method is relevant to apply in a specific case
based on the information needed, the outcome and the limitations of the method. Risk
assessment on population level comes with more challenges, such as the role of marketing
in product initiation, addictive potential and attractiveness of the product [9,10]. Our
paper focusses on toxicological risk assessment of a product as such and therefore does not
discuss these other important aspects, although it should be realized that their role should
not be ignored.

2. Methods for Quantifying Risk

Health risk assessment of TRP use is generally aimed either at assessing the relative
(to another product) or absolute health risk of a TRP or to identify components in the
emission that have a relatively large contribution to the TRPs” health risk. This could be
used, for example, to set upper limits for specific constituents. The methods used and
the data needed are dependent on the aim. Figure 1 gives an overview of risk assessment
methods that can be used for these aims in relation to the data demand. These methods
will be briefly discussed.

2.1. Evaluation Frameworks

Assessment of the health effects of TRPs could be based on an appropriate evaluation
framework. In this approach, expert judgement is used to score aspects of a product in
order to identify the most important risks of, for example, drugs [11,12]. Such aspects
can be predefined properties of a product, such as composition of a product and user-
specific characteristics like quantity of use. Each of these aspects is scored based on
expert judgement on a scale running from not harmful to extremely harmful. Altogether
this results in identification of the aspects of most concern to health. A non-quantitative
evaluation framework has also been developed for tobacco products which summarizes all
the factors that may influence the attractiveness, addictiveness and toxicity of a product
and can be used to identify knowledge gaps or prioritize research on a specific product [9].
Input for such evaluation frameworks is information on product aspects that influence
attractiveness and addictiveness in addition to data on the composition of emissions. These
models allow evaluation of a product even when limited data are available but can be used
to identify possible health risks. In addition, such models can also be used for product
scoring, resulting in a quantitative outcome that can be used to compare health risks
of TRPs.
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Evaluation framework(no scoring)
Aim: identification of possible health risks

1. Aim is to determine potential hazards
of the mixture as a whole

2. Aim is to determine a relative risk of

3. Aim is to identify the components of
most concern

1 (between products)

a TRP for a specific health effect

In vivo or in vitro studies with whole
emission exposure (based on product
device settings and topography)

Aim: finding a concentration-response

Evaluation framework (with scoring)
Aim: qualitative comparison of potential health risk based on expert judgement (for
priority setting)

Low complexity and data demand

relation at mixture level '|'_|'C a;_)pro_ach
Identify target organs or adverse effects Aim: filtering out components of no or
Determine human relevancy of the effect low concern

MoE MoE

Aim: comparison of individual compo- «+—

nents of concern between products

Aim: identify components of concern

Hazard Quotient
Aim: Risk assessment of individual
components

Hazard Index

Aim: add the effect of components [

Relative potency approaches

Aim: determine an absolute risk of
(specific groups of components within)

the mixture

sharing the same toxicity endpoint

Relative potency approaches: (e.g., RPF, CCE)
Aim: use an indicator compound to add the effect of mixture constituents with the
same toxicity endpoint

<gh complexity and data demand

Figure 1. Overview of risk assessment methods for health risk assessment of TRPs. The choice of
the method is dependent on the aim. Dashed boxes: the three different aims of the risk assessment
methods. The methods that can be used for this aim are in the same column. White boxes: Methods
resulting in an assessment for the individual compounds in the emission. Grey boxes: methods
resulting in an assessment for the mixture of components. Interaction between components is not
considered, except for experimental studies with whole emission. All methods, except experimental
studies with whole smoke, are dependent on the available data on emission composition and on
hazard for individual components. Black-lined boxes: these methods allow quantification of risk of
single components. The arrows between boxes indicate a follow-up of that method; for example, the
MOoE approach first needs to be applied to identify components of concern before it can be used to
compare these components between products. The arrow on the right indicates the complexity and
data requirements of the methods.

2.2. Risk Assessment Based on Individual Components

Information on exposure and the hazard of individual components could be used to
estimate the risk of a product as a whole, while ignoring the interaction of components in a
mixture. For cigarettes, priority components have been identified based on their hazardous
potential [6,13,14]. Compared to tobacco cigarette smoke, e-cigarette emissions contain a
lower number of components. However, there may be other components in the emission
than known tobacco toxicants, such as flavorants [15]. The data on hazards used in this
approach are derived from studies providing information on the relationship between
exposure and toxicity, including human epidemiological studies and animal experiments.
If this relationship can be quantified sulfficiently, safe levels of human exposure can be
derived. In emissions from TRPs, the concentrations can be above the safe level of exposure,
but the concentration and exposure regime (see Section 3) in emission is not the same
as the exposure concentration reaching the lower respiratory tract due to dilution of the
air by breathing. This should be accounted for and the final concentration in inhaled air
should be used for risk assessment rather than the concentration in the emission. Therefore,
information on emission composition and concentrations may be used as an indicator of
potential concern or can be used to compare products but not directly for quantifying risks.
A method based on health risk evaluation of individual components in order to estimate
the risk of a complex mixture may result in underestimates of health risks, as interactive
effects among components in the mixture are ignored. To compare the severity of effects

37



Toxics 2022, 10, 491

of components in TRPs, detailed information is necessary on the relationships between
exposure and health effects and how they can be extrapolated to effects in humans.

Below we discuss four methods for risk assessment of individual components, the
threshold of toxicological concern, the margin of exposure approach, the hazard-quotient/
hazard-index and relative potency approach.

2.2.1. Threshold of Toxicological Concern

One approach to evaluate the potential risk of exposure to complex mixtures is the
threshold of toxicological concern (TTC) [16]. In this approach, originally developed
for preventing risks, the components of potential toxicological concern in a mixture are
identified from structure-activity relations and read-across. TTC values (in pug/person
or ug/kg body weight per day) have been defined for three classes (Cramer classes I-III)
according to structural elements, but only for oral exposure. Cramer class III indicates the
highest health risk and consequently the lowest TTC value [17]. The TTC approach cannot
be used to quantify health effects and is only designed to identify components for which
there is no or low concern.

The risk of a mixture is then assessed by comparing exposure to each of the com-
ponents in the mixture, with the appropriate TTC value. This results in identification of
components with low or no concern and of components with a potential concern. This
approach has been applied to complex mixtures such as botanical extracts [18], flavour
complexes [19] and, although intended for oral exposure, it has also been applied to inhaled
toxicants [20-22]. The TTC method might be used when no hazard data are available for
the product as a whole or to identify components of potential concern in complex mixtures.
This method does not indicate a risk to health but indicates that further testing is required if
a component exceeds a TTC threshold; otherwise, the probability of a health risk is low. Al-
though components below a TTC threshold could in combination result in a health risk, this
will be limited in comparison with components exceeding the TTC. The TTC method relies
on data of known toxicants to identify a possible health risk, which means that sufficient in-
formation of comparable components should be available. For TRPs, this method might be
used to identify the components in the emission that potentially pose the highest health risk
and to prioritize them for further testing. However, as the TTC method and the respective
thresholds are based on oral toxicity data, and use a dose relative to body weight, this is
quite different from assessments based on inhalation exposure, in which both concentration
and exposure duration are important determinants of toxicity [23]. A TTC for inhaled
components should be derived from inhalation toxicity data, among other factors, because
toxicity is determined by the specific combination of both the exposure concentration and
duration, and not just the (inhaled) dose. This is especially important for TRPs as users
are throughout the day regularly exposed to peaks of high concentrations of components.
Furthermore, an oral toxicity database does not contain information about adverse effects
on the respiratory tract which is an important endpoint in inhalation exposure.

2.2.2. Hazard Quotient and Hazard Index

The hazard index (HI) can be used to estimate the potential risks of a chemical mixture
and is defined as the sum of component-specific hazard quotients (HQ) [24,25]. An HQ
relates the exposure to a component to a reference value (or limit value) and is calculated
as the ratio of exposure and reference value. Assessment factors, for example to correct for
differences between animals and humans, have already been considered in these reference
values. Therefore, an HQ > 1 indicates a potential health risk for that component. The HI
for a mixture of components, as for TRPs, can be calculated as the sum of the HQ for the
individual components. An HI > 1 indicates a potential for health risk of exposure to the
mixture, and the component(s) which add(s) the most to the HI can be evaluated. However,
the HI approach can only be applied to a group of components if the reference levels for
the individual components are based on the same health endpoint, i.e., the components
need to share a common mechanism of action. For components with a different mechanism
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of action or a different target organ, subgroups of components should be identified to allow
estimation of the effects of a mixture. A further disadvantage may be that reference values
may not only reflect the toxicity of a component, since assessment factors applied may
not only be health-based but may also be policy-driven or driven by the quality of the
database [24].

2.2.3. Margin of Exposure Approach

The margin of exposure (MOE) approach is based on the ratio of the exposure at
which no effects occur or the dose at which a predefined adverse effect occurs (e.g., a
benchmark dose level) and the exposure level. This approach has been applied to compare
components between tobacco products based on potential health risks [26-28] and can
be used to prioritize components for reduction in tobacco smoke emissions or to assess
individual components in the emissions of TRPs. An MOE is calculated for each component
from information on hazard and data on inhaled emissions (corrected for inhaled total
volume of air, i.e., final concentration in inhaled air). The approach requires relevant hazard
and exposure data but does not result in a quantification of the health risks. Its main goal
is to determine whether or not an exposure to a specific component is of concern. The
magnitude of the margin of exposure is not a measure of risk and can therefore not be
used to compare (the chance of) health risks between components. Furthermore, MOEs
of individual components cannot be added straightforwardly to estimate the risk of the
combination of components [23]. The MOE approach is a pragmatic approach to compare
mixtures consisting of the same components while incorporating differences in exposure.
Differences between the exposure pattern on which the hazard information is based and
that of the TRP user can be weighed in the evaluation of the magnitude of the margin of
exposure (see also Figure 3 in [23] on the application of the MOE approach)). For instance,
the impact of differences in the exposure of a TRP user (i.e., frequent high peak exposures
during a day) and that of a daily 6 h animal experiment on the health outcome needs to
be considered.

2.2.4. Comparison of the HI/HQ Approach and the Margin of Exposure Approach

The main advantage of the HI/HQ approach as compared to the MOE approach is
that HQs for different components can be added, provided the aforementioned conditions
are met, whereas MOEs cannot be added. However, an important difference between
the HI/HQ approach and the MOE approach is the comparator, i.e., a reference value
or a point of departure (such as a BMD or NOAEL), respectively. It should be realized
that for the HQ (and thus for the HI), issues such as the quality of the data and practical
feasibility may have been accounted for in the derivation process of the reference value.
Also, the point of departure underlying the reference value may not be the optimal point
for evaluation of TRPs as, for example, the exposure scenario may be considerably different.
Without verification of the derivation of each reference value, the impact of these issues
on the outcome remains uncertain. For the MOE approach the best available data for each
component can be used, whereas the HI/HQ approach is dependent on the availability
of reference values and these should therefore be based on use comparable data for each
component. In addition, the MOE approach has more flexibility and possibilities to account
for differences between the exposure patterns of the hazard data and that of the user. This is
especially important for TRPs as the reference values or limit values are based on exposure
conditions that are highly different from TRP exposure scenarios (see Section 3.2).

2.2.5. Relative Potency Approaches

Relative potency approaches are based on expression of the potency of all components
in a mixture with similar toxicity in relation to a reference component. This allows addition
of the hazards of individual components to estimate total risk. Such approaches have been
applied for components with related structures such as polycyclic aromatic hydrocarbons,
dioxines and cholinesterase inhibitors (organophosphates and carbamates) [29-32]. In
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addition, studies have been conducted to estimate the carcinogenic potency of a tobacco
product as a whole and relative to a (reference) tobacco cigarette [3,33]. In this approach,
data from carcinogenicity studies are used to determine the carcinogenic potency of every
component by using a modelled linear relation between exposure level and the number of
tumours induced. The carcinogenic potential can be compared to a reference value of the
index component to calculate the relative carcinogenic potency of each component. This
is expressed as a Relative Potency Factor (RPF), which is 1 for the index component and
can be higher or lower for the other components. The total relative carcinogenic potency
of mixtures or aerosols can then be calculated by adding the concentration values for
individual components multiplied by their relative potency and comparing the outcome
with the toxicological reference value of the index component. This approach is used for
components from different chemical classes and is based on the formation of tumours in
general, as opposed to being organ-specific. However, components should show similar
toxicity, and the mixture components show similar dose-response curves on a log scale
(i.e., only differ in potency) and it is assumed the mixture components do not interact
(i-e., do not show synergism or antagonism) [32]. Stephens (24) modelled the carcinogenic
potency of aerosols from cigarettes, e-cigarettes and HTPs, and comparative modelling ap-
proaches have since been refined [3] to determine the relative cancer potency of individual
components and product emissions, with confidence intervals. The ratio of cumulative
exposure can then be calculated with a probabilistic approach for two products. For HTPs,
the ratio of cumulative exposure to selected components was 10-25 times lower than from
smoking cigarettes [3]. With relevant information on human dose responses, the change
in cumulative exposure can be translated into an associated health impact for each device.
This approach was initially used for eight carcinogens that occur in the aerosol of HTP
and in cigarette smoke but should be extended to carcinogenic components that are found
at higher levels in HTP aerosols than in cigarette smoke. This relative potency approach
depends on the availability of either substance- or product-specific data on both emissions
and carcinogenicity [34].

2.3. Risk Assessment of the Product as a Whole

Hazard assessment of the product as a whole can be done using epidemiological
data, in vivo studies or in vitro models, which will give information on (adverse) effects in
response to an exposure. Epidemiological studies might be preferred, but also have their
limitations. For example, human studies with TRP users often involve former smokers, for
which delayed effects of former smoking complicate the hazard assessment of the new TRP.
In addition, many TRP users are also dual users (i.e., parallel use with tobacco cigarettes
or other tobacco products). Unfortunately, epidemiological studies of the health effects
of consistent exclusive e-cigarette use (or other TRP use) without a previous smoking
history are difficult to conduct because of the relatively small population of non-former
smokers and current e-cigarette users [35]. In addition, there are many confounders for
TRP use, such as other life-style factors, as well as social and economic status, which make
interpretation of the effect of TRP use challenging. In contrast to epidemiological studies,
clinical studies assessing the effect of TRP use in a defined population are less impacted by
these confounders.

On the other hand, bioassays in experimental animals may have disadvantages due to
interspecies differences and ethical objections, and the results of cellular assays are difficult
to translate into effects in humans. In addition, not only should the effects (read-out
parameters) be extrapolated to human effects, but the exposure should resemble human
exposure. This includes smoking topography and, in the case of a lung model, deposition in
the airways. As the exposure in in vitro and in vivo differs largely from human exposure to
TRPs, as explained above, such methods can be used for hazard assessment and can provide
input for risk assessment, but only in combination with appropriate exposure information to
bridge these differences. In vitro and in vivo studies can be used to determine an exposure
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-elated response, for identifying relevant target organs or modes of action for adverse effects
or for determining the human relevancy of an effect.

2.4. Possibilities and Limitations of Risk Assessment Methods

The methods described above can be used to compare the health risks of different
products. Table 1 summarizes the methods, their data requirements and their applications.
The relevancy of applying the methods is determined by the information available. In
some methods, a weight-of-evidence approach can be used for data of different quality.
All methods for risk quantification also require data on emissions, an indicator of human
exposure. It should be noted that all the methods are described to assess health risks of
users. Similar methods could be used to assess the risk of bystanders (second or third hand
smoke exposure), provided that information is available on their exposure. In such cases,
the exposure route may not be limited to the inhalation route of exposure, but oral and

dermal exposure should be considered as well.

Table 1. Main limitations and advantages of each method for quantifying the health risk of TRPs.

Potential Application for
TRPs

Main Limitations

Main Advantages

Evaluation frameworks (with
or without scoring)

Qualitative health risk
assessment based on scores,
can be used for setting
priorities

Most subjective method
No quantification of risks

Requires limited data; more
data will improve outcomes

Threshold of toxicological
concern (TTC)

Identification of components
for further assessment/testing

Cannot assess risk of complete
product.
No quantification of risks

Identification of components
of no concern

Hazard quotient
(HQ)/Hazard index (HI)

Health risk assessment based
on available data
Health risk assessment of
groups of components sharing
the same toxicity endpoint

High data requirement.
Only for groups with
reference value based on
similar toxicity endpoint
Assessment factors may be
based on non-scientific
considerations

Considers target organ in the
evaluation

Margin of exposure approach
(MoE)

Identification of risks of
components of concern
Comparison between
products on risks from
individual components

High data requirement
Cannot sum risks of different
substances

Identification of individual
components of (potential)
concern

Relative potency approaches

Health risk assessment based
on total risk of groups of
components sharing the same
toxicological endpoint
Comparison between
products based on groups of
components

High data requirement for all
components within a group.
Components should share the
same toxicological endpoint

Allows comparison of risks
between products for groups
of components

In vivo or in vitro studies
with whole emission exposure

Hazard assessment based on
dose-response data of mixture
as a whole

Extensive testing required and
extrapolation of exposure and
results to humans
Only information on one
composition

Does not require data on
emissions or hazard of
individual components as the
model is exposed to the
emission as a whole
Includes agonistic and
antagonistic effects of all
components
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3. Challenges to Quantifying Risk

Quantification of the risks of chemical mixtures is inherently difficult, because of
the interaction that may occur between components and because the effects of single
components need to be factored in. In the case of TRPs, there are some additional topics
that determine the exposure of the user and need to be accounted for: product variation,
user-related factors and the complex composition of the emission. There is large variation
in the product itself. For example, in heated tobacco differences between sticks of the
same brand, and devices used to heat them, will lead to different emission profiles. Such
differences will become even larger when one considers not one brand, but an entire
product class. To complicate things further, this differs per consumer due to variation in the
way the product is used, which affects the identity and quantity of the emission profile and
the exposure pattern. Finally, health risk assessment of TRPs involves some complexities
due to the complex mixture of components in the emission which may not be constant.
These three topics are briefly discussed separately in the next three sections, although it
should be noted that these topics may be interrelated.

3.1. Product Variation

The TRPs with currently the widest variation in heating devices and fillings (and
their combinations) is the e-cigarette or electronic nicotine delivery systems (ENDS). The
vapour that is inhaled by a user is dependent on the system itself, the possibilities to adapt
the system, the adaptations by the user and the composition of the e-liquid. There are
over 20,000 varieties of e-liquids notified in The Netherlands [36]. In the case of refillable
e-cigarettes, endless combinations of devices and e-liquids can be made, which allow the
user to adapt and choose the settings and the e-liquids he/she prefers. Some of these
product variations are also applicable to other TRPs than e-cigarettes, such as different
flavours of tobacco stick for HTPs. Variations in the product lead to changes in presence as
well as the quantity of the components in emission.

3.2. User-Related Factors

A major complexity in using exposure information for risk assessment is that the
exposure scenario that is used to determine hazard is substantially different between
hazard assessment studies and TRP users. Inhalation studies are preferred over oral
studies, since the exposure route is more relevant for TRPs and health risks will be related
to the specific inhalation exposure characteristics (concentration, duration, frequency).
However, exposure in experimental inhalation studies in animals is generally for 6 h/day, 5
days/week, which is not representative for the use of TRPs, as TRP use generally results in
irregular peak exposure for 7 days/week. Therefore, studies in experimental animals may
not provide meaningful results for assessing the risks that the complex exposure scenario
of TRPs poses to humans [23]. The development and use of alternative models, such as cell
models, are increasing rapidly, and may help to apply more relevant exposure scenarios
in the near future [37,38]. Exposure scenarios for cell models would be based on local
concentrations at the site of the cell and allow more rapid assessment of different exposure
scenarios in relation to their effect. In vitro read-outs will, however, need to be extrapolated
on the basis of effects at the organism level [39,40].

3.3. Complex Mixture of Components in the Emission

Tobacco smoke consists of a mixture of over 7000 chemicals, while the emission of
many TRPs is less complex. The complexity of the product emissions is dependent on the
product itself (as mentioned in Section 3.1) and the user (as mentioned in Section 3.2). For
risk assessment methods that rely on the effects of individual components, the components
in emissions must be characterized and quantified in order to assess the risk of these
products [41]. Unfortunately, information on ingredients (contents) alone is insufficient,
as they may not completely transfer into the emissions, they may degrade or burn during
aerosolization or as components in the emissions may originate from the device (such as
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metals). Information on the chemical composition of the emissions is necessary to identify
the components to which users are exposed. This mixture of components in the emissions
varies both in presence and in quantity for the individual constituents. As this mixture is
dependent on the user behaviour, this makes a risk assessment of TRP emission specific for
a combination of a product and user or, to reduce complexity, a user group. Generalization
of risk assessment to a group of products, for example e-cigarettes, relies on assumptions
about limited variation or representative product choice, which are difficult to substantiate,
and it is difficult to define their impact on health risk. Insight into the drivers of the
variations in emission will help to group products according to their emissions, which
can be used to substantiate grouping of TRPs for risk assessment purposes, to, ultimately,
assess the risk of this group of TRPs.

Some work has been conducted on the toxicological effects of mixtures [42] to deter-
mine whether the effect of the mixture was different from those of the sum of the individual
components [43]. For such purposes, components are often classified according to their tar-
get organ and their mechanism of action. Most mixture assessments have focused on binary
mixtures, but risk assessment of the complex emissions of TRPs is even more complicated
and is similar to the assessment of other complex mixtures, such as petroleum-derived
products and air pollution [44,45].

To add to this complexity, TRP emissions are dynamic. Emissions cool as they pass
to the exit of the device or the cigarette on their way to the respiratory tract and get
humidified along the way, resulting in condensation of volatile components, agglomeration
of particles, reactions of components with each other (aerosol aging) or binding to water in
the humidified air. These processes occur simultaneously and determine local deposition
in the airways, which can result in high doses at specific locations in the airways, which
could have site-specific adverse effects. Models are being developed to estimate airway
deposition of tobacco smoke and e-cigarette emissions to allow assessment of local dose;
however, most models focus on a few components, not on complete emissions [46,47].

A summary of the factors affecting the exposure of a user is shown in Table 2.

Table 2. Factors that determine exposure and deposition in the respiratory tract of TRP emissions,
while using the e-cigarette as an example.

Factor Effect on
Identity and quantity of
Product-related Settings of the device components in emission, particle
size distribution
Identity and quantity of
Product-related Product itself (such as brand) ~ components in emission, particle
size distribution
Identity and quantity of
User-related Topography components in the emission, user
exposure
User-related Number of items consumed Quantity inhaled of each
per day component, user exposure

Quantity of air inhaled with a
puff dilutes the emission and

User-related Breathing volume therefore determines the

concentrations inhaled
. . . I i ity of

Complex mixtures Burning and degradation dentity and Huant}t){ °
components in emission
. Emissions from other sources, Identity and quantity of

Complex mixtures . . .o

such as the device components in emission

Aerosol aging, humidification

. . Particle size distribution
in the airways

Complex mixtures
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4. Discussion
4.1. Overview and Applications

This paper provides an overview of methods that can be used to assess the health risks
associated with the use of TRPs. Several models are available that could assess the risk of
mixtures in TRPs, although most address carcinogenic effects. The methods described in
this paper can be used for assessing the risks of TRPs, each aimed at answering a different
question (Table 1). Moreover, probably more than one model will be required for a full
assessment, which is dependent on the regulatory or scientific question to be answered.
This question includes, amongst others, the group that is exposed (smokers, non-smokers
or bystanders, for example). Methods based on the risk associated with components in
emissions can be used to obtain an indication of the absolute or relative health risk of
a product. At this time, not enough scientific data are available to make full health risk
assessments of a TRP, but whether that is needed depends on the aim of performing TRP
risk assessment. When more hazard information is available, only chemical analysis of the
emissions of a novel TRP would be required, which, combined with models of deposition
and risk assessment, would allow determination of the health effects.

4.2. Risk Characterization

Risk characterization requires information on the relation between actual human
exposure and the occurrence of adverse effects. Such a relation is important to validate
the methods for TRP risk assessment, and to ultimately apply risk assessment methods
for novel TRPs prior to their market launch, when only limited information is available.
A causal relation between TRP use and acute effects (short-term health risk) is generally
easier to identify than the effects on the longer term, as the time between exposure and
effect is short. In many cases, when users stop using the product the adverse effects may be
mitigated. Assessment of the health risk of TRPs would benefit from data on health effects
in long-time users; unfortunately, such data are not yet available, as novel TRPs have not
been available for the time necessary to develop chronic health effects such as cancer. In
addition, current TRP users are often former smokers. Thus, if a user develops a disease,
it may be a delayed effect of smoking and not necessarily related to TRP use. The most
robust data for assessing health risk would be for TRP users who are not former smokers
and not dual users. The lack of long-term data and of information on non-smokers may
change over time as the products remain on the market for longer. This is exactly why the
methods to characterize TRP risk described in this paper are needed, since these can be
applied before products are launched into the market.

4.3. Risks at Population Level

A quantified health risk of a TRP can be used to provide information on health risk at a
population level of that TRP, when combining this with information on the number of users
and the quantity of the TRP used. Although this has not yet been applied in practice, the
feasibility of modelling population health effects has been explored [48]. When quantitative
information on health risk and product use across the population is available, the health
impact of TRPs in smokers, non-smokers and former smokers can be estimated when
monitoring the popularity of the TRP (number of users) and how the TRP is used. The
outcomes can be used to inform legislative measures to, for example, regulate contents and
emissions or establish a basis for public education. It should be noted that quantification
of health risks is not a static outcome but remains an estimation based on the available
knowledge and is always influenced by the user and frequency of use. Information on
novel TRPs is increasing, as is, probably even more important for e-cigarettes, the wide
variety of devices, user settings and e-liquids, which will influence health risks.

4.4. Implications for Regulation

The risk assessment approaches described in this paper could inform policymakers on
the health effects of a product or could be considered for use in regulation. However, there
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is insufficient data to reliably quantify the health risk of TRPs, and there is no uniformly
used method to quantify risks of complex mixtures. Whether such information is needed,
also depends on the regulatory aim, as most tobacco product legislations do not require
detailed information on absolute risk of a TRP. As a first step, the conceptual model can be
used to identify whether there are any health concerns to be expected, but the decision to
apply subsequent models is dependent on the question that needs to be answered and the
data that is available.

4.5. Recommendations

Development of risk assessment models should continue and, at some point, they
should be validated with human data. Models of airway deposition should also be de-
veloped for application in risk assessment, as this is a crucial step between emission
quantification and hazard characterization. From a scientific perspective, further devel-
opment and ultimately implementation is currently limited by lack of data, which also
implies that the models cannot yet be validated with data on human use. For a meaningful
application of quantitative methods of risk assessment, data should be collected on the
emissions, toxicity, use and effects of TRPs on exposed populations. Characterization of
toxicants should include non-targeted screening approaches to identify product-specific
components that are not usually measured in tobacco smoke.

It is recommended to evaluate the suitability of a framework published by Meek
et al. [49] for combined exposures for the risk assessment of TRPs, in which the methods dis-
cussed come together. As follow-up of a WHO/IPCS Workshop on Aggregate/Cumulative
risk assessment, Meek et al. [49] published a framework designed to aid in identifying
priorities for risk management for exposure scenarios with combined exposures. Evalu-
ation is done using a tiered approach which combines exposure assessment and hazard
assessment. Along the evaluation, more refined tools are used. At any tier, the evaluation
is made by calculating an MOE and the outcome of the analysis can be risk management,
no further action, or further assessment. The assessment stops if an adequate assessment
can be made. The framework helps to identify potential data gaps that need to be filled
before the step to a next higher tier can be made. In addition to the MOE approach, the
other methods also discussed in the present paper can be used in this framework, including
the TTC approach, the Hazard Quotient and Hazard Index, and the use of relative potency
factors, as is illustrated by the two example cases described in the paper by Meek et al.
This framework, therefore, may provide useful guidance for the evaluation of combined
exposure to multiple chemicals, as occurs when using TRPs.

From a regulatory perspective, these risk assessment methods can be selected based on
regulatory needs, and based on these needs, address the requirements for data. These data
requirements could be provided by the producers of TRPs, while following quality crite-
ria [34] and using human-relevant scenarios to ensure its reliability and applicability. Such
data would not only benefit risk assessment of TRPs but may also help to select ingredients,
emissions and technical features that have the strongest contribution to health risks.

5. Conclusions

Several approaches have been used to quantify the health risk of tobacco products,
either the absolute risk or that relative to a tobacco cigarette. The HI and RPF approaches
may be used for quantification of health risk, provided that sufficient and relevant hazard
and exposure data is available. None of the methods are ready to be used in regulation
yet due to a lack of relevant data on hazard and exposure, but also due to a variety of
regulatory needs and wishes. Nevertheless, application of these methods may be possible
in due time.
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Abstract: Flavoring chemicals in electronic nicotine delivery systems have been shown to cause
cellular inflammation; meanwhile, the effects of fruit and tobacco flavors on lung inflammation by
nose-only exposures to mice are relatively unknown. We hypothesized that exposure to flavored
e-cigarettes would cause lung inflammation in C57BL/6 ] mice. The mice were exposed to air,
propylene glycol/vegetable glycerin, and flavored e-liquids: Apple, Cherry, Strawberry, Wintergreen,
and Smooth & Mild Tobacco, one hour per day for three days. Quantification of flavoring chemicals by
proton nuclear magnetic resonance spectroscopy ("H NMR), differential cell counts by flow cytometry,
pro-inflammatory cytokines/chemokines by ELISA, and matrix metalloproteinase levels by western
blot were performed. Exposure to PG/ VG increased neutrophil cell count in lung bronchoalveolar
lavage fluid (BALF). KC and IL6 levels were increased by PG/ VG exposure and female mice exposed
to Cherry flavored e-cigarettes, in lung homogenate. Mice exposed to PG/VG, Apple, Cherry, and
Wintergreen increased MMP2 levels. Our results revealed flavor- and sex-based e-cigarette effects
in female mice exposed to cherry-flavored e-liquids and male mice exposed to tobacco-flavored
e-liquids, namely, increased lung inflammation.

Keywords: e-cigarettes; ENDS; flavors; tobacco; mint; lung; inflammation

1. Introduction

Electronic nicotine delivery systems (ENDS), also referred to as electronic cigarettes
(e-cigarettes), are devices that utilize an atomizer to aerosolize a liquid typically composed
of propylene glycol/vegetable glycerin (PG/VG), nicotine, and flavoring chemicals at
various concentrations [1]. In 2018, the United States had more than 8000 flavors and
250 e-cigarette brands available on the market [2]. In 2018, an estimated 8 million US adults
(3.2%) were active e-cigarette users, with a high prevalence in young adults, with active
e-cigarette users increasing to 4.5% in 2019 [3,4].

A majority of e-cigarette users list available flavor choices as their reason for initia-
tion [5]. The Population Assessment of Tobacco and Health Study found age-dependent
flavor preferences: adolescents have a higher affinity for fruit flavors than adults (52.8% vs.
30.8%), but a decreased preference for both menthol/mint (10.8% vs. 17.9%) and tobacco
(5.1% vs. 24.5%) [6]. The 2021 National Youth Tobacco Survey also found fruit to be the
preferred flavor among middle and high school students (71.6%), with mint and menthol
trailing at 30.2% and 28.8%, respectively [7].

In the United States, current e-cigarette users believe that e-cigarettes are less harmful
than traditional cigarettes [8,9]. Despite the fact that many flavoring chemicals are gen-
erally recognized as safe for ingestion (GRAS), emerging literature indicates that these
chemicals may pose health risks to e-cigarette users [2]. A recent study demonstrated
that ethyl maltol, maltol, ethyl vanillin, and furaneol exhibit cytotoxicity towards lung
epithelial cells and mouse neuronal stem cells at concentrations found in e-liquids [10].
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Monocytes treated with maltol, o-vanillin, and coumarin, and lung epithelial cells treated
with maltol, o-vanillin, and diacetyl released significantly elevated levels of IL-8 [2,11,12].
Flavoring chemicals such as maltol and o-vanillin have been found in both fruit- and
tobacco-flavored e-liquids [13]. Additionally, treatments with cinnamaldehyde-containing
e-liquids decreased the phagocytotic activity of macrophages and neutrophils with con-
comitant increases in pro-inflammatory cytokine/chemokine secretion in the latter [14].
Recent studies also indicate that e-cigarette use is also beginning to be associated with lung
remodeling and fibrosis-like events along with an increased risk for the development of
respiratory diseases [15-18].

Given the high preference of flavored e-cigarette use in current users and in vitro
data showing the induction of an inflammatory response by flavoring chemicals used
in e-cigarettes, we hypothesize that nose-only exposure of mice to flavored e-cigarettes
would result in lung inflammation. To conduct this study, we exposed mice to five different
e-cigarette flavors to several puffs daily, a similar number to the daily puffs of e-cigarette
users, by utilizing a puffing profile that mimicked the puffing topography of current e-
cigarette users and measured pro-inflammatory cytokine levels, BALF cell counts, and lung
protease levels to determine lung inflammation [19].

2. Materials and Methods
2.1. Ethics Statement

Experiments were performed following the standards established by the United States
Animal Welfare Act. The Animal Research Committee of the University of Rochester
(UCAR) approved the animal experimental protocol.

2.2. Animals

Six-week-old male and female C57 BL/6 ] mice were ordered from Jackson Laboratory.
Mice were housed at the University of Rochester for 1 week to acclimatize prior to nose-only
tower training. All mice, regardless of exposure group, were trained by placing each mouse
in the restraints of the Scireq nose-only tower one week prior to e-cigarette exposure. Mice
were trained for fifteen minutes on the first day, thirty minutes on the second day, forty-five
minutes on the third day, and one hour on the fourth and fifth days.

2.3. E-Cigarette Device and Liquids

A Joytech eVIC mini device (SCIREQ, Montreal) with KangerTech 0.15 () atomiz-
ers/coils (SCIREQ, Montreal) and the Scireq nose-only tower (SCIREQ, Montreal) were
utilized for all e-cigarette exposures. E-liquids (0 mg nicotine), PG, and VG were purchased
from the same company through local vendors/online vendors with e-liquids purchased
under the following flavor categories, fruit (Apple, Cherry, and Strawberry), mint/menthol
(Wintergreen), and tobacco (Smooth & Mild Tobacco). A 1:1 PG/VG mixture was used for
all experiments.

2.4. E-Cigarette Exposure

E-cigarette nose-only exposure was performed utilizing the Scireq InExpose system
using the Joytech eVIC mini device controlled by the Scireq Flexiware software. The puffing
profile utilized to expose mice was set at two puffs per minute at an inter-puff interval of
thirty seconds, with a three-second puff duration and a puff volume of 51 mL. Mice were
split into six exposure groups (PG/VG, Apple, Cherry, Strawberry, Wintergreen, Smooth &
Mild Tobacco) of equal numbers of males (3) and females (3) and exposed using the puffing
profile (120 puffs daily) for a total of one hour per day for a three-day exposure. Air mice
were exposed to room air following the same exposure methodology.

2.5. BALF Collection and Cell Counts

Mice were sacrificed 24 h after the last e-cigarette exposure and were euthanized
by administering a mixture of ketamine and xylazine. Lungs were lavaged via tracheal
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catheterization three times each with 0.6 mL of 0.05% fetal bovine serum in 0.9% NaCl.
The combined lavage fluids were centrifuged at 2000 rpm for 10 min at 4 °C. The super-
natant was recovered and stored at —80 °C, while the cell pellet was resuspended in 1 mL
of 1 x phosphate buffer saline (PBS). Total cell counts were measured by staining cells
with acridine orange and propidium iodide (AO/PI) and counted using the Nexcelom
Cellometer Auto 2000 cell viability counter. Differential cell counts were determined by
flow cytometry using a Guava easyCyte flow cytometer with a minimum of 100,000 cells
per sample. Cells from BALF were stained with CD16/32 (Tonbo biosciences 70-0161-u500,
1:10) to block nonspecific binding and then cells were stained using a master mix of CD45.1
(Biolegend Cat# 110728, 1:1000, San Diego, CA, USA), F4/80 (Biolegend Cat# 123110, 1:500,
San Diego, CA, USA), Ly6 B.2 (Novus Biological Cat# NBP2-13077, 1:250, Littleton, CO,
USA), CD4 (Invitrogen Cat# 25-0041-82, 1:500, Carlsbad, CA, USA), and CD8 (Invitrogen
Cat# 17-0081-82, 1:500, Carlsbad, CA, USA).

2.6. Protein Extraction

Mouse lung lobes were collected and washed in 1 x PBS, dry blotted using a filter pad,
and stored at —80 °C. Approximately 30 mg of lung tissue were mechanically homogenized
in 350 uL of radioimmunoprecipitation assay buffer containing protease inhibitor and
EDTA. After mechanical homogenization, samples were placed on ice for forty-five minutes
before centrifugation at 14,000 rpm for thirty minutes at 4 °C. The supernatant was collected
and stored at —80 °C in 50 uL aliquots for ELISA and Western blot. To determine the total
protein concentration in each sample, the Pierce BCA Protein Assay kit (ThermoFisher
Scientific, Cat# 23225, Waltham, MA, USA) was used and bovine serum albumin was
utilized as the protein standard.

2.7. Pro-Inflammatory Cytokines/Chemokines

Pro-inflammatory cytokine /chemokine keratinocytes-derived chemokine (KC) (R&D
DuoSet DY453), interleukin-6 (IL-6) (R&D Duoset DY406), and monocyte chemoattractant
protein-1 (MCP-1) (R&D DuoSet DY479) levels were measured using ELISA following
manufacturer protocol in BALF and lung homogenate. A dilution of 1:10 was utilized for
lung homogenate samples and no dilution was utilized for BALF samples.

2.8. Immunoblot Assay

Equal concentration of lung homogenate samples, 10 pg of samples, were loaded per
well of a 26 well 4-15% Criterion Precast Protein Gel (BioRad Cat# 5671085, GmbH, Feld-
kirchen, Germany) and proteins were ran at 200 V through the gel before being transferred
to a nitrocellulose membrane. Nonspecific binding was blocked by incubating membranes
in 5% non-fat milk in 1 x tris-buffer saline with 0.1% tween 20 (TBST) for one hour with
rocking at room temperature. Membranes were then probed to determine protein levels
using the following antibodies diluted in 5% non-fat milk in 1 x TBST: matrix metallo-
proteinase 9 (MMP9) (Abcam ab38898, 1:1000, Cambridge, MA, USA) and MMP2 (Abcam
ab92536, 1:1000, Cambridge, MA, USA) and left rocking overnight at 4 °C. After overnight
incubation, membranes were washed three times with 1 x TBST for ten minutes per wash
and then incubated, with a secondary goat anti-rabbit antibody (BioRad Cat# 1706515,
1:10,000, GmbH, Feldkirchen, Germany) for one hour with rocking at room temperature.
Membranes were then washed three times with 1 x TBST for ten minutes per wash and
signals were measured using an ultra-sensitive enhanced chemiluminescent (Thermofisher
Cat# 34096, Waltham, MA, USA) following the manufacturer’s protocol. Images of the
membrane were collected utilizing the Bio-Rad ChemiDoc MP Imaging system (Bio-Rad
Laboratories, GmbH, Feldkirchen, Germany). Membranes were then stripped utilizing
restore western stripping buffer (Thermofisher Cat# 21063, Waltham, MA, USA) and re-
probed for the other MMP and finally for -actin (cell signaling 12620 s, 1:2000). Band
intensity was determined using densitometry analysis using image lab software and nor-
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malized to the levels of 3-actin. Fold changes in protein levels were relative to the protein
levels of air-exposed mice.

2.9. Proton Nuclear Magnetic Resonance Spectroscopy Chemical Assay

In total, 120 uL e-liquids, 600 uL of DMSO-d6 containing 0.3% tetramethylsilane
(Cambridge Isotope Laboratories Inc., Cat#DLM-10 TC-25, Andover, MA, USA), and 10 pL
of a 306 mM solution of 1,2,4,5-tetrachloro-3-nitrobenzene in DMSO-d6 were combined,
after which 500 pL of this mixture was introduced into 5 mm Wilmad 528-PP-7 thin wall
precision NMR tubes for analysis. 'H NMR spectra were acquired on a Bruker Avance
500 MHz NMR spectrometer with 128 scans with a 4.7 s repetition rate, a 30° flip angle, with
64 k data points. Spectra were processed using Mestrenova with 0.3 Hz line-broadening
factor to a final data size of 64 k real data points, manually phase-corrected, and baseline
corrected using the Bernstein polynomial fit. Flavoring chemical concentrations were
determined by comparing the peak integrations of the internal standard to flavoring
chemicals, and the PG/VG ratio was determined by direct integration of their resonances.
All samples were run in triplicates.

2.10. Statistical Analysis

Analysis was performed using GraphPad Prisma version 8.1.1 (San Diego, CA, USA)
utilizing a one-way ANOVA with Dunnett’s multiple comparisons test with data shown as
mean =+ standard error of the mean (SEM).

3. Results
3.1. NMR Analysis of Flavored E-liquids for Flavoring Chemicals

The chemical composition of all e-liquids was assessed by NMR to determine the
ratio of PG to VG and quantify key flavoring chemicals in flavored e-liquids. In the Apple
e-liquid, the concentration of hexyl acetate was determined to be 0.43 & 0.04 mg/mL,
and ethyl maltol was determined to be 0.30 + 0.05 mg/mL with a 46:54 PG/VG ratio
(Table 1). In the Cherry e-liquid, the concentration of benzaldehyde was determined to
be 0.12 £ 0.01 mg/mL with a 51:49 PG/ VG ratio (Table 1). In the Strawberry e-liquid, the
concentration of ethyl maltol was determined to be 0.32 &= 0.05 mg/mL and maltol was
determined to be 0.24 £ 0.04 mg/mL with a 50:50 PG/ VG ratio (Table 1). In the Wintergreen
e-liquid, the concentration of methyl salicylate was determined to be 9.70 & 0.50 mg/mL
with a 49:51 PG/ VG ratio (Table 1). Finally, in the Smooth & Mild Tobacco e-liquid, the
concentration of maltol was determined to be 1.13 + 0.02 mg/mL with a 49:51 PG/VG
ratio (Table 1).

Table 1. Flavoring chemical and propylene glycol and vegetable glycerin quantification in e-liquids.
E-liquids were analyzed by 'H NMR using a Bruker Advance 500 MHz NMR spectrometer with
128 scans with a 4.7 s repetition rate and a 30° flip angle, with 64 k data points. Flavoring chemical
concentrations and propylene glycol and vegetable glycerin quantification were representatives of
the average of the three samples + SEM.

E-liquids Flavoring Chemicals Concentration PG:VG
Apple Hexyl Acetate 0.43 £ 0.04 mg/mL 46:54
Ethyl Maltol 0.30 £ 0.05 mg/mL
Cherry Benzaldehyde 0.12 £ 0.01 mg/mL 51:49
Strawberry Ethyl Maltol 0.32 £ 0.05 mg/mL 50:50
Maltol 0.24 + 0.04 mg/mL
Wintergreen Methyl Salicylate 9.70 £+ 0.50 mg/mL 49:51
Smooth & Mild Tobacco Maltol 1.13 £ 0.02 mg/mL 49:51
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3.2. Alterations in Inflammatory Cell Influx in Lung by E-cigarette Flavors

To determine the effect of flavored e-cigarettes on the influx of inflammatory cells,
differential cell counts were measured in BALF cells. In all mouse e-cigarette exposure
groups, there were no significant alterations in total cell counts or macrophage cell counts
compared to air controls (Figure 1A,B). In combined data, mice exposed to Smooth &
Mild Tobacco resulted in a significant increase in the neutrophil cell count compared to
air controls (Figure 1C). In male mice, exposure to Smooth & Mild Tobacco resulted in a
significant increase in neutrophil cell counts, and in female mice, exposure to PG/VG and
Apple resulted in a significant increase in neutrophil cell count compared to air controls
(Figure 1C). Mice exposed to PG/VG resulted in a significant increase in the CD4 T-cell
count compared to air controls (Figure 1D). In all mouse e-cigarette exposure groups, there
were no significant alterations in CD8 T-cell count compared to air controls (Figure 1E).
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Figure 1. Sex-dependent effects of flavored e-cigarette exposure on inflammatory cell count in
bronchoalveolar lavage fluid. Mice were exposed to air, PG/VG, and e-liquid flavors “Apple”,
“Cherry”, “Strawberry”, “Wintergreen”, and “Smooth & Mild Tobacco” for 3 days for 1 h per day.
Mice were sacrificed twenty-four hours after the final exposure. (A) Total cell counts were obtained
by staining cells with AO/PI and counting with a cellometer. Differential cells were measured using
flow cytometry: (B) F4/80+ macrophages, (C) Ly6 B.2+ neutrophils, (D) CD4+ T-cells, and (E) CD8+
T-cells. Data are shown as mean + SEM with individual data points represented by the following
symbols: Air (black circles), PG/ VG (black squares), Apple (black triangles), Cherry (black diamonds),
Strawberry (white circles), Wintergreen (white squares), Smooth & Mild Tobacco (white triangles),
with * indicating p < 0.05, ** p < 0.01, *** p < 0.001, and *** p < 0.0001 vs. air controls. n = 6 for
combined groups and 7 = 3 for male- and female-only groups.

3.3. Alteration of Pro-Inflammatory Cytokines/Chemokines Levels in Lungs by E-cigarette Flavors

To determine the potential for flavored e-cigarette to elicit an inflammatory response,
pro-inflammatory cytokines/chemokines were measured in BALF and lung homogenate.
In BALF, KC levels in combined data were significantly increased in Strawberry-exposed
mice compared to air controls (Figure 2A). In lung homogenate, KC levels in combined
data were significantly increased in Cherry and Smooth & Mild Tobacco exposed mice
compared to air controls (Figure 3A). In lung homogenate, there was no significant change
in any exposed groups in male mice, but in female mice, there was a significant increase
in KC levels when exposed to PG/VG and Cherry compared to air controls (Figure 3A).
In BALF, IL-6 levels in all exposed mice were not significantly changed compared to air
controls (Figure 2B). In lung homogenate, IL-6 levels in combined data were significantly
increased in PG/VG and Cherry exposed mice compared to air controls (Figure 3B). In
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lung homogenate, there was a significant increase in IL-6 levels in male mice exposed
to PG/VG as compared to air controls, and female mice exposed to PG/VG and Cherry
showed significant increases in IL-6 levels compared to air controls (Figure 3B). In BALF,
MCP-1 levels were unchanged in all exposed mice compared to air controls (Figure 2C). In
lung homogenate, MCP-1 levels in combined data were significantly decreased in Apple,
Strawberry, Wintergreen, and Smooth & Mild Tobacco exposed mice compared to air
controls (Figure 3C). In all male mice exposure groups, a significant decrease in MCP-1
levels compared to air controls in lung homogenate was observed, whereas for female mice,
MCP-1 levels were not impacted by the exposures (Figure 3C).
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Figure 2. Sex-dependent effects of flavored e-cigarette exposure on pro-inflammatory cy-
tokines/chemokine release in bronchoalveolar lavage fluid. Mice were exposed to air, PG/VG,
and e-liquid flavors “Apple”, “Cherry”, “Strawberry”, “Wintergreen”, and “Smooth & Mild To-
bacco” for 3 days for 1 h per day. Mice were sacrificed twenty-four hours after the final exposure.
Pro-inflammatory cytokines/chemokines were measured in BALF. (A) KC levels, (B) IL-6 levels,
(C) MCP-1 levels. Data are shown as mean & SEM with individual data points represented by the
following symbols: Air (black circles), PG/VG (black squares), Apple (black triangles), Cherry (black
diamonds), Strawberry (white circles), Wintergreen (white squares), Smooth & Mild Tobacco (white
triangles), with ** p < 0.01 vs. air controls. n = 6 for combined groups and n = 3 for male- and

female-only groups.
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Figure 3. Sex-dependent effects of acute flavored e-cigarette exposure on pro-inflammatory cy-
tokines/chemokine release in lung homogenate. Mice were exposed to air, PG/VG, and e-liquid
flavors “Apple”, “Cherry”, “Strawberry”, “Wintergreen”, and “Smooth & Mild Tobacco” for 3 days
for 1 h per day. Mice were sacrificed twenty-four hours after the final exposure. Pro-inflammatory
cytokines/chemokines were measured in lung homogenate. (A) KC levels, (B) IL-6 levels, (C) MCP-1
levels. Data are shown as mean + SEM with individual data points represented by the following
symbols: Air (black circles), PG/ VG (black squares), Apple (black triangles), Cherry (black diamonds),
Strawberry (white circles), Wintergreen (white squares), Smooth & Mild Tobacco (white triangles),
with * p < 0.05, ** p < 0.01, ** p < 0.001, and **** p < 0.0001 vs. air controls. n = 6 for combined groups
and n = 3 for male- and female-only groups.
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3.4. Alterations in Matrix Metalloproteinase Levels in Lungs by E-cigarette Flavors

To determine the effect of flavored e-cigarettes on extracellular remodeling proteins,
MMP protein levels were measured in lung homogenate. In all female mice exposure
groups, there was no significant change in the relative fold change of MMP9 protein levels
compared to air controls (Figures 4B and S1-S3). Exposure to PG/VG, Apple, Cherry, and
Wintergreen resulted in a significant increase in the relative fold change of MMP2 protein
levels in female mice compared to air controls (Figures 4B and S1-53). Male mice exposed
to Apple displayed a significant decrease in the relative fold change of MMP9 protein levels
compared to air controls (Figures 4B and S1-53). In male mice exposed to PG/VG, Apple,
Cherry, and Wintergreen resulted in a significant increase in the relative fold change of
MMP2 protein levels compared to air controls (Figures 4B and S1-S3).
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Figure 4. Effects of acute flavored e-cigarette exposure on matrix metalloprotease protein levels
in lung homogenate. Mice were exposed to air, PG/ VG, and e-liquid flavors “Apple”, “Cherry”,
“Strawberry”, “Wintergreen”, and “Smooth & Mild Tobacco” for 3 days for 1 h per day. Mice were
sacrificed twenty-four hours after the final exposure. Protein levels for matrix metalloproteinases
were measured in lung homogenate using Western blot. (A) MMP2 and MMP?9 protein abundance
in mouse lung homogenate from male and female exposed mice. (B) Band intensity was measured
using densitometry and data are shown as fold change compared to air control mice. Data are shown
as mean + SEM with individual data points represented by the following symbols: Air (black circles),
PG/VG (black squares), Apple (black triangles), Cherry (black diamonds), Strawberry (white circles),
Wintergreen (white squares), Smooth & Mild Tobacco (white triangles), with * p < 0.05, ** p < 0.01,
and ** p < 0.001 vs. air controls. n = 3 for male- and female-only groups.

4. Discussion

In this study, we investigated the immune-inflammatory effects of exposure to flavored
e-cigarettes. To determine the potential inhalation effects of flavoring chemicals added
into e-liquids, we determined the concentration of five distinct flavoring chemicals (maltol,
ethyl maltol, benzaldehyde, methyl salicylate, and hexyl acetate), but the presence of other
flavorants are still under investigation. Prior literature also indicates that these compounds
have an abundant and widespread presence in market-available e-liquids [13,20,21]. While
quantification of flavorants are important, a recently published study showed the inherent
variability in lung deposition of flavoring chemicals as a function of inhalation modality:
in “lung inhalers” nearly 100% retention of flavorants was observed, but lower retention
was observed for “mouth inhalers” [22].

The chemicals found in these e-liquids (maltol, ethyl maltol, benzaldehyde, hexyl
acetate, methyl salicylate, and hexyl acetate) are GRAS for ingestion, but the inhalation and
respiratory effects of these chemicals are relatively understudied. Diacetyl, which has been

55



Toxics 2022, 10, 471

used commercially as flavor additives in food for butter flavoring, is a flavoring chemical
that has been found in e-liquids, but despite being GRAS for ingestion, the inhalation of
this chemical has been found to result in the respiratory disease bronchiolitis obliterans,
which showed the potential risk of inhaling these chemicals [23]. Although there are limited
studies, one study has previously been conducted on the inhalation effects of benzaldehyde
in Sprague-Dawley rats and found that exposure to 500, 750, and 1000 ppm benzaldehyde
displayed dose-dependent increases in nasal irritation [24]. Previous preliminary data from
our lab exposing C57 BL/6 ] mice (n = 2-3) to PG/VG and benzaldehyde, following the
same methodology described in thisstudy, has shown a potential trend of an increase in
pro-inflammatory cytokine production in BALF, although the small sample size does not
allow for the determination of significant changes (Figure S4).

Few studies have focused solely on the effect of flavors/flavoring chemicals in e-
cigarette exposure, with most studies focusing on the effects of nicotine or the effects
of the base components of e-liquids. One study that has investigated the respiratory
effects of the flavoring chemical vanillin exposed C57 BL/6 ] mice to 70:30 VG:PG with or
without vanillin for 6 weeks. This study found similar results to the results herein, with no
significant change in macrophages count and CD8 T cells from VG/PG with or without
vanillin, while also finding a significant increase in CD4 T cells in mice exposed to VG/PG
but also found an increase in VG /PG with vanillin contrary to the flavor exposure results
herein [25]. Another study conducted on flavored e-cigarettes, in which C57 BL/6 ] mice
were exposed for two weeks to a menthol-flavored e-cigarette with 1.8% nicotine. Contrary
to the results herein, macrophage cells were significantly increased in e-cigarette-exposed
mice; meanwhile, no significant changes were found in neutrophil and lymphocyte cell
counts such as the results herein [26]. One study conducted on the base component of
e-liquids exposed female BALB/c to PG and VG alone. Similar to the results of our female
mice exposed to PG/VG, PG and VG alone resulted in no significant change in total cell
count and macrophage cell count compared to air controls, while contrary to the results
herein, PG and VG alone did not result in a significant increase in neutrophil count [27]. In
another study looking at the base component of e-liquids, female C57 BL/6 ] mice were
exposed to 60:40 PG:VG for four months. Comparable to the results herein, there was no
significant change in macrophage cell counts in PG/VG; meanwhile, unlike the results
herein, there was no significant change in neutrophil or lymphocyte cell counts in PG/VG
exposures [28]. In another study conducted on exposure to PG for a three-day exposure,
contrary to the results herein, exposure to PG resulted in a significant decrease in total
cell counts and macrophage cell count, along with no significant change in neutrophil
and CD4 T-cells [15]. A study conducted on the effects of PG for 1 month, similar to the
results herein, found no significant change in total cell count, macrophage cell counts, or
CD8 T-cells compared to air controls, while, differing from the results herein, there was no
significant change in CD4 T-cells [29].

In line with the increase in IL-6 levels by PG/VG and Cherry exposures in lung
homogenate, exposure of C57 BL/6 ] mice to e-cigarette with 18 mg/mL nicotine found a
significant increase in IL-6 RNA levels in the lung tissue [30]. However, exposure to 60:40
PG:VG in C57 BL/6 ] female mice found no change in IL-6 levels in lung homogenate [28].
In line with the results from the Wintergreen flavor exposure, menthol-flavored C57 BL/6 ]
mouse exposure had no change in MCP-1 levels, although this exposure resulted in a
significant decrease in IL-6 levels in BALF [26]. In contrast to results herein, another C57
BL/6] e-cigarette exposure found that PG/ VG did not alter IL-6 levels, but tobacco flavored
exposure significantly increased IL-6 levels in lung homogenate [31]. In alternative mice
strains, ENDS exposure in BENaC resulted in a significant increase in cytokines associated
with lung fibrosis [32]. While exposure to PG/VG with nicotine in A /] mice resulted
in a significant increase in RNA levels of cytokines associated with chronic obstructive
pulmonary disease (COPD) [33].

The results of this study are one of the first evidence to show the sex-specific effects of
nose-only exposure to e-cigarette flavors. The results herein found that male mice exposed
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to Smooth & Mild tobacco resulted in a significant increase in neutrophil count in BALE,
while all e-cigarette exposures resulted in a significant decrease in MCP-1 levels in lung
homogenate. In female mice exposed to Cherry, there was a significant increase in levels
of KC and IL-6 in lung homogenate, while in female mice exposed to Apple, there was a
significant increase in neutrophil count in BALF. In PG/VG-exposed female mice, there
was a significant increase in neutrophils in BALF and a significant increase in KC levels in
lung homogenate. There are limited current studies that have investigated the sex-specific
effects of e-cigarette exposure. One study investigating the effects of PG and PG with
nicotine on C57 BL/6 ] mice in a sex-specific manner found that female mice exposed to
PG with nicotine had a significant increase in neutrophil and CD8 T-cell counts, while male
mice exposed to PG with nicotine were found to have a significant increase in lung inflam-
matory cytokines [15]. A study conducted on cigarette smoke exposure on spontaneously
hypertensive rats found that male mice had significant increases in macrophage cell counts
and tumor necrosis factor-alpha levels showing a male-specific increase in inflammation
contrary to the results herein but similar to the results of Wang et al. [34].

Alterations in MMP2 and MMP?9 levels due to e-cigarette exposures are important,
since both MMP2 and MMP9 gelatinolytic activity have been found to be increased in
the sputum in both asthmatic and COPD patients [35]. Comparable to the results herein,
exposure of C57 BL/6 ] mice to PG found that there was no change in MMP?9 levels in
exposed mice [15]. However, e-cigarette exposures to PG/VG with nicotine resulted in
an increase in MMP9 and other lung protease levels [33]. Cell studies have found that
alveolar macrophages and neutrophils treated with e-cigarette condensate significantly
increased MMP?9 [36,37]. MMP9 levels have also been found to be elevated in the plasma
and bronchoalveolar lavage in e-cigarette users [38,39]. Consistent with our MMP2 results,
increased MMP2 levels have also been found in mice exposed to PG and increased MMP2
levels in the bronchoalveolar lavage of chronic e-cigarette users [15,29,39]. Although the
effects of e-cigarette exposures on cytokine/chemokine levels, MMP levels, and BALF cell
counts have different effects in this and other studies, these differences may come down to
the methodology for e-cigarette exposures. Each study utilizes different devices and puffing
profiles for mouse exposures, along with different e-liquids with differences in nicotine
concentration, flavors, and the ratio of PG and VG. These differences between studies
demonstrate the need for a standardized methodology for mouse exposures to reduce
potential differences between studies and allow for greater comparisons between studies.

5. Conclusions

Based on the results in this study, flavored e-cigarettes showed both increases in lung
inflammation and resolution. Mice exposed to PG/ VG, Cherry, and Smooth & Mild Tobacco
resulted in an increase in lung inflammation due to the increases in KC and IL-6 levels
in lung homogenate along with infiltration of neutrophils in BALF. These exposures may
also have sex-specific alterations, with Smooth & Mild Tobacco exposure only resulting
in a significant increase in neutrophil cell counts in male mice. Meanwhile, in Cherry
exposure, KC and IL-6 levels were increased in lung homogenate only in female mice. In
PG/VG exposures, only female mice had a significant increase in neutrophil cell count and a
significant increase in KC levels in lung homogenate. Despite the increases in inflammatory
cytokines in Cherry and PG/VG, the increases in MMP2 levels potentially indicate that
these exposures have begun to shift away from inflammation and towards tissue repair and
resolution. In contrast, other exposures, such as Wintergreen flavor, resulted in a decrease
in lung inflammation, with a decrease in MCP-1 levels and increases in MMP2 levels.
Further studies are in progress to determine the chronic exposures to flavored e-cigarettes
on long-term pulmonary effects and the potential sex-specific effects. This study revealed
that flavor-based e-cigarette exposure elicited sex-specific alterations in lung inflammation,
with cherry flavors/benzaldehyde eliciting female-specific and tobacco flavor resulting
in male-specific increases in lung inflammation. This highlights the toxicity of flavored
chemicals and the further need for the regulation of flavoring chemicals.
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Abstract: Electronic nicotine delivery systems (ENDS) containing synthetic nicotine have yet to
be classified as tobacco products; consequently, there is ambiguity over whether Food and Drug
Administration (FDA) regulatory authority can be extended to include tobacco-free nicotine (TEN)
e-cigarettes. In recent years, a more significant number of e-cigarette companies have been manu-
facturing TFN-containing e-cigarettes and e-liquids to circumvent FDA regulations. While studies
have shown that aerosols generated from tobacco-derived nicotine-containing e-cigarettes contain
significant reactive oxygen species (ROS) levels, no comparison studies have been conducted using
TFN e-cigarettes. This study uses a single puff aerosol generator to aerosolize TFN and tobacco-
derived nicotine-containing vape products and subsequently involves semi-quantifying the ROS
generated by these vape products in HO, equivalents. We found that the differences between
ROS levels generated from TFN and tobacco-derived nicotine-containing vape products vary by
flavor. TEN tobacco flavored and fruit flavored products are more toxic in terms of ROS generation
than menthol/ice and drink/beverage flavored products using TFN. Our study provides further
insight into understanding how flavoring agents used in vape products impact ROS generation from
e-cigarettes differently in TFN e-cigarettes than e-cigarettes using tobacco-derived nicotine.

Keywords: tobacco-free nicotine (TFN); synthetic nicotine; tobacco-derived nicotine; vape-bar;
electronic nicotine delivery systems; reactive oxygen species (ROS)

1. Introduction

Based on data from the 2021 National Youth Tobacco Survey (NYTS), a report pub-
lished in the Morbidity and Mortality Weekly Report estimated 11.3% (1.72 million) of high
school students and an estimated 2.8% (320,000) of middle school students currently use
e-cigarettes [1]. E-cigarette aerosols contain numerous toxic chemicals, including acrolein,
formaldehyde, and acetaldehyde; the latter two are known to cause lung disease and
cardiovascular disease [2,3]. Previous studies have shown that aerosols generated from
e-cigarette vapor contain exogenous reactive oxygen species (ROS) [4-6]. Additionally,
studies have shown that exogenous ROS found in cigarette smoke and air pollutants can
induce oxidative stress in the lungs and are the main factor in the development of chronic
obstructive pulmonary disease (COPD) [7].

The 2021 NYTS found that out of all youth e-cigarette users surveyed, 85% used fla-
vored e-cigarettes [1]. Additionally, one study has shown that ROS levels within e-cigarette
aerosols vary amongst different flavored e-cigarettes and e-cigarettes of differing nicotine
concentrations [4]. Regarding analyses of e-cigarette sales trends, a study conducted by
the Office on Smoking and Health, a part of the Center for Disease Control and Prevention
(CDCQ), found that 98.7% of flavored e-cigarettes sold in the United States in 2015 contain
nicotine [8]. Ongoing efforts to reduce youth usage of e-cigarettes include the Food and
Drug Administration (FDA) extending its tobacco regulatory authority to cover electronic
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nicotine delivery systems (ENDS), like e-cigarettes, in 2016 [9]. In May 2016, the FDA issued
the Deeming Tobacco Products to be Subject to the Federal Food, Drug, and Cosmetic Act,
commonly known as the “Deeming Rule” [9]. Under the “deeming rule,” the FDA can
regulate the sales of any product that contains tobacco or uses components derived from
tobacco, like tobacco-derived nicotine; this includes e-cigarettes [9]. Moreover, since May
2016, the FDA has required all e-cigarette manufacturers and retailers to file premarket
tobacco market applications (PMTAs) to gain permission from the agency to market their
products [9]. The Center for Tobacco Products (CTP) oversees all products containing
tobacco-derived nicotine; however, the FDA has not decided how to regulate synthetic
nicotine-containing vape products; these products continue to remain unregulated [2,10,11].
In recent years, a more significant number of e-cigarette manufacturers have been using
synthetic nicotine instead of tobacco-derived nicotine when producing e-cigarettes and e-
liquids, all to bypass/evade FDA regulations [10]. Synthetic nicotine is chemically identical
to nicotine from tobacco plants, with the former being made within a lab without the need
of a tobacco plant [12]. In February 2021, Puff Bar, a prominent e-cigarette manufactured in
the U.S,, reintroduced their disposable vape-bar products, claiming them to contain syn-
thetic nicotine and not containing tobacco or anything derived from tobacco [13]. Since Puff
Bar’s synthetic nicotine-containing vape bars entered the market in April 2021, Puff Bar has
become the most popular company from which disposable e-cigarettes are purchased in the
U.S., the company holding 51.3% of the national disposable e-cigarette market share [13].
No studies to date have been conducted involving comparative analyses in exogenous
ROS levels between aerosols generated by synthetic-nicotine-containing e-cigarettes and
those by e-cigarettes containing tobacco-derived nicotine. With the substantial rise in
youth usage of e-cigarettes and a more significant number of e-cigarette manufacturers
producing TEN e-cigarettes, more studies examining differences in ROS levels between
aerosols generated by tobacco-based nicotine and synthetic nicotine-containing e-cigarettes
are needed [11]. Unlike previous studies which have analyzed the ROS concentration levels
within aerosols generated by tobacco-derived nicotine-containing e-cigarettes, our study
includes analyses of the acellular ROS levels generated by TEN e-cigarettes [4-6]. Adding
to the novelty of this study, we seek to understand the role the type of salt nicotine used in
e-flavored e-cigarettes (synthetic or tobacco-derived) has in altering acellular ROS levels
within generated aerosols. In this study, we quantify ROS levels generated by synthetic
nicotine-containing ENDS products and compare them to ROS levels generated from their
flavor-specific tobacco-derived nicotine-containing counterparts.

2. Materials and Methods
2.1. Procurement of Vape-Bars and E-Liquids

Three different TFN vape-bars and three different TEN e-liquids were analyzed in this
study (Table 1). In addition to the six TFN vape-products analyzed, six different tobacco-
derived nicotine-containing vape-bars were analyzed in this study. All vape-products
(vape-bars and e-liquids) used in this study were either purchased from online vendors or
local stores in the Rochester, NY area. All vape-bars and e-liquids used in this study have a
salt nicotine concentration of 50 mg/mL or 5.0% nicotine by volume.
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Table 1. Tobacco-derived and tobacco-free nicotine ENDS used in this study.

Company Flavor Nicotine Concentration (mg/mL) Nicotine Salt-Type
Air Factory Pink Punch ( Pink Punch Lemonade) 50.0 TFN
Bad Drip Rawberry Melon 50.0 TEN
Flair Plus Pink Lemonade 50.0 Tobacco-Derived
Glas (BASIX Series) Blue Razz 50.0 TFN
Hyppe Blue Raz 50.0 Tobacco-Derived
Hyde Spearmint 50.0 Tobacco-Derived
JUUL Virginia Tobacco 50.0 Tobacco-Derived
Lit Strawmelon 50.0 Tobacco-Derived
Pachamama Banana Ice 50.0 TFN
Puff Bar Banana Ice 50.0 Tobacco-Derived
Salty Man Creamy Tobacco 50.0 TEN
Salty Man Spearmint 50.0 TEN

2.2. Acellular ROS Quantification within Generated Aerosols

ROS levels within aerosols generated from all twelve vape-products were quantified
via spectrofluorometry and in H,O, equivalents. Aerosols from each individual TEN vape-
product used in the study were generated using a Buxco Individual Cigarette Puff Generator
(Data Sciences International (DSI), St. Paul, MN, USA) (Cat#601-2055-001) (Figure 1). Upon
inserting the e-cigarette device into the central orifice apart of the adapter on the front
side of the Puff Generator, the aerosol is generated and puffed by the mechanical part
of the Puff Generator. Via tubing, the generated aerosols are then exposed to 10 mL of
fluorogenic dye for a single puffing regimen at 1.5 L/min (Figure 1). One puffing regimen
lasted for 10 min;2 puffs/min, with each puff having a volume of 55.0 mL to simulate
vaping topography parameters like puff volume, puff length, and puff duration This
specific puffing regimen is identical to the puffing regimen used in our previous study
analyzing acellular ROS levels with different flavored tobacco-derived nicotine-containing
vape-bars and similar to the one used in another one of our previous studies examining
acellular ROS levels generated by JUUL pods [4,14]. The fluorogenic dye used in the
study was made from 0.01 N NaOH, 2’7’ dichlorofluorescein diacetate (H,DCF-DA) (EMD
Biosciences, San Diego, CA, USA) (Cat#287810), phosphate (PO,) buffer, and horseradish
peroxidase (Thermo Fisher Scientific, Waltham, MA, USA (Cat#31491). Each TEN e-liquid
was aerosolized using a new, empty refillable JUUL Pod (OVNStech, Shenzhen, China)
(Model: WO1 JUUL Pods) inserted into a JUUL device (JUUL Labs Inc., Washington, DC,
USA) (Model: Rechargeable JUUL Device w/USB charger). Subsequently, this JUUL device
was inserted into the Individual Cigarette Puff Generator.

Each vape-bar and JUUL Pod containing TFN e-liquid had undergone three separate
puffing regimens to prepare three individual samples of 10 mL dye solution exposed to e-
cigarette aerosols. For our negative control, filtered air was passed through fluorogenic dye
using the previously mentioned puffing regimen and inserting a filter into the Individual
Puff Generator instead of an e-cigarette. For our positive control, the smoke generated
from a conventional cigarette (Kentucky Tobacco Research & Development Center in
the University of Kentucky, Lexington, KY, USA) (Model Reference: 3R4F) was exposed
to fluorogenic dye under the previously mentioned puffing regimen. To avoid cross-
contamination, once a specific e-cigarette had undergone a single puffing regimen, the
tubing connecting the Puff Generator to the 50 mL conical tube containing dye was rinsed
with 70% ethanol and then double-distilled water (ddH,O). The tubing was also rinsed
with 70% ethanol and ddH,O prior to generating puffs from a different e-cigarette model.
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© Puffing Regimen
0 10 minutes
0 2 puffs/min

0 55.0mL puff volume

10ml
fluorogenic
dye

Vape-bar containing e-liquid
with 50mg/mL nicotine

Figure 1. E-cigarette puff generator apparatus. The schematic shows the apparatus used to aerosolize
each vape-bar and e-liquid included in this study. Once inserted into the Individual Cigarette Puff
Generator, the component e-liquid within each vape bar was aerosolized for one individual puffing
regimen; the generated aerosol was then exposed to 10 mL of fluorogenic dye during those ten
minutes. One puffing regimen consisted of a vape-bar being aerosolized for 10 min and generating 20
total puffs, each puff lasting 3.0 s and having a volume of 55.0 mL. The entirety of the aerosolization
process and the subsequent exposure of the generated aerosols to fluorogenic dye was done within a
chemical fume hood. The pictogram was made using Adobe Illustrator and BioRender.

Subsequently, 0 uM, 10 uM, 15 uM, 20 uM, 30 uM, 40 uM, and 50 uM H,O; stan-
dards were prepared using 30% H;O, (Thermo Fischer Scientific, Waltham, MA, USA)
(Cat#H323-500) and ddH,O. After aerosolizing each vape product and exposing its gener-
ated aerosols to three separate 10 mL samples of fluorogenic dye, each resulting fluorogenic
dye sample and standard was placed in a 37 °C degree water bath (VWR International,
Radnor, PA) (Model: 1228 Digital Water Bath) for fifteen minutes. After placing each sample
and standard into the water bath, the resulting solutions were analyzed via fluorescence
spectroscopy (Ex = 475 nm and Em = 535 nm). Readings were taken on a spectrofluorom-
eter (Thermo Fischer Scientific, Waltham, MA, USA) (Model: FM109535) in fluorescence
intensity units (FIU) and measured as HyO, equivalents.

2.3. Statistical Analyses

One-way ANOVA and Tukey’s post-hoc test for multiple pairwise comparisons via
GraphPad Prism Software version 8.1.1 was used to conduct statistical analyses of sig-
nificance. Samples were run in triplicates. The results are shown as mean + SEM with
triplicate analyses. Data were considered to be statistically significant for p values < 0.05.

3. Results
Differences in ROS Levels within Aerosols Generated by TFN Vape-Products and Tobacco-Derived
Nicotine-Containing Vape-Products Vary with Flavor

For the blueberry-raspberry-flavored vape-products analyzed, the level of ROS
generated from the Hyppe: Blue Raz (5.0% tobacco-derived nicotine) bar (4.92-6.61 uM)
did not significantly differ from that generated from the GLAS Basix Blue Razz (5.0% syn-
thetic nicotine) e-liquid (4.97-7.44 uM) (Figure 2a). Among the strawberry watermelon
flavored vape-bars analyzed, the difference in acellular ROS levels in aerosols generated
by the Bad Drip: Rawberry Melon (5.0% synthetic nicotine) vape-bar (3.82-7.48 uM)
and Lit: Strawmelon (5.0% tobacco-derived nicotine) vape-bar (4.10-4.77 uM) was not
significant (Figure 2b).
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Figure 2. ROS levels within aerosols generated from blueberry-raspberry (a) and strawberry-melon
(b) flavored tobacco-derived nicotine-containing and TFN vape-products. ROS levels within the
generated aerosols from each individual TFN vape-product and tobacco-derived nicotine-containing
vape-product was measured via spectrofluorometry and quantified as HO, equivalents. During
analysis, the level of ROS generated from each individual vape-product was compared to the ROS
generated from the filtered air control. Data are represented as mean £ SEM, and significance was
determined by one-way ANOVA. ** p < 0.01 and *** p < 0.001 versus air controls. ns is abbreviated
for “Non-Significant” versus air-controls (p > 0.05). Sample size (N) = 3—4.

Regarding minty/iced (cooled) flavored vape products, there appear to be significant
differences in ROS levels generated between TEN vape products and their corresponding
flavor-specific tobacco-derived nicotine counterparts (Figure 3). The level of ROS generated
from the Pachamama: Banana Ice (5.0% synthetic nicotine) vape-bar (7.19-8.40 uM) differed
significantly from that generated from the Puff Bar: Banana Ice (5.0% tobacco-derived
nicotine) bar (9.69-15.87 uM) (Figure 3a). Similarly, the level of ROS generated from
aerosolized Salty Mann: Spearmint (5.0% synthetic nicotine) e-liquid (1.33-2.11 uM) differed
significantly from that generated from the Hyde: Spearmint (5.0% tobacco-derived nicotine)
bar (3.28-4.50 uM) (Figure 3b).
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Figure 3. ROS generation among aerosols generated from banana ice (a) and spearmint (b) flavored
TEN and tobacco-derived nicotine-containing vape-products. ROS levels within the generated
aerosols from each individual minty/iced (cooled) flavored TFN and tobacco-derived nicotine-
containing vape-product was measured via spectrofluorometry and quantified as H,O, equivalents.
During analysis, the level of ROS generated from each individual vape-bar was compared to the ROS
generated from the filtered air control. Data are represented as mean 4 SEM, and significance was
determined by one-way ANOVA. ** p < 0.01, ** p < 0.001, and *** p < 0.0001 versus air controls. ns is
abbreviated for “Non-Significant” versus air-controls (p > 0.05). Sample size (N) = 3—4.

When comparing tobacco-flavored vape products, the level of ROS generated from the
aerosolized Salty Man: Creamy Tobacco (5.0% synthetic nicotine) e-liquid (2.32-3.96 uM)
did not significantly differ from that generated from the JUUL: Virginia Tobacco
(5.0% tobacco-derived nicotine) bar (1.26-5.14 uM) (Figure 4a). However, regarding
drink-flavored ENDS, the level of ROS generated from the Flair Plus: Pink Lemonade
(5.0% tobacco-derived nicotine) bar (1.84-2.47 uM) was significantly different from that
generated from the aerosolized Air Factory: Pink Punch (5.0% synthetic nicotine) e-liquid
(0.61-0.92 uM) (Figure 4b). Regarding comparisons of the differences in ROS production
between all flavors that had tobacco-derived nicotine and all flavors that had synthetic
nicotine, we found particular flavored e-cigarettes containing Tobacco-derived nicotine
generated significantly higher levels of ROS compared to the air control (0.21-1.59 uM)
than their TEN-containing counterpart (Figure 5). More specifically, the difference in ROS
levels generated by the Blue Razz, Strawberry Melon, and Tobacco-flavored vape-products
containing tobacco-derived nicotine and the air control was higher than that between the
corresponding flavored TEN vape-products and the air control (Figure 5).
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Figure 4. ROS generation among aerosols generated from tobacco (a) and drink flavored (b) TFN and
tobacco-derived nicotine-containing vape-products. ROS levels within the generated aerosols from
each individual tobacco and drink-flavored TEN e-liquid and tobacco-derived nicotine-containing
vape-bar was measured via spectrofluorometry and quantified as HO, equivalents. During analysis,
the level of ROS generated from each individual vape-bar was compared to the ROS generated from
the filtered air control. Data are represented as mean + SEM, and significance was determined by
one-way ANOVA. *** p < 0.001 versus air controls. ns is abbreviated for “Non-Significant” versus
air-controls (p > 0.05). Sample size (N) = 3—4.
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Figure 5. ROS generation among aerosols generated from tobacco-derived nicotine-containing (a) and
TEN (b) vape-products ROS levels within the generated aerosols from each individual flavored TFN e-
liquid and tobacco-derived nicotine-containing vape products were measured via spectrofluorometry
and quantified as HyO, equivalents. During analysis, the level of ROS generated from each individual
vape-bar and e-liquid was compared to the ROS generated from the filtered air control. Data are
represented as mean + SEM, and significance was determined by one-way ANOVA. ** p < 0.01,
*** p < 0.001, and **** p < 0.0001 versus air controls. ns is abbreviated for “Non-Significant” versus
air-controls (p > 0.05). Sample size (N) = 3-4.
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4. Discussion

Our data suggest that the type of nicotine salt used in e-liquids and vape-bars, tobacco-
derived or synthetic, plays a role in modulating ROS generation upon component e-liquid
aerosolization. To further explain, significant differences in ROS generation were observed
between TEN and tobacco-derived nicotine-containing vape-products containing drink
and minty/iced flavoring. However, non-significant differences in ROS generation were
observed between TEN and tobacco-derived nicotine-containing vape-products with fruity
and tobacco flavoring. Our data suggest that flavoring agents used in e-cigarettes containing
synthetic nicotine play a role in modulating ROS levels within generated aerosols. Our
data also indicate that flavoring agents used in e-liquids affect acellular ROS generation
from synthetic-nicotine-containing e-cigarettes and tobacco-derived nicotine-containing
e-cigarettes of comparable flavors differently.

Similarly, the results of our study seem to concur with our previous study, the data of
which suggested that flavoring agents used in tobacco-derived nicotine-containing vape-
bars play a role in modulating ROS generation upon component e-liquid aerosolization [4].
Regarding the effects of nicotine content on ROS generation and oxidative stress, one
study had found that nicotine increases oxidative stress in rat mesencephalic cells in a
dose-dependent manner [15]. Another study found that aerosols from flavored e-cigarettes
and e-liquids promoted oxidative stress in H292 lung epithelial cells as well as in the lungs
of mice [16]. Additionally, one study found that ROS generated from e-cigarettes was
highly dependent on the flavor of e-liquid used (fruity and tobacco) [5]. However, studies
examining the differences in ROS generation within cellular and acellular systems due
to the usage of tobacco-derived nicotine-containing and TEN vape- products are lacking.
While previous studies have shown that voltage, flavoring, and nicotine concentration have
a role in modulating e-cigarette generated ROS levels, the results of our study show that
the type of nicotine salt used (synthetic or tobacco-derived) does as well [4-6].

Interestingly, we noticed that amongst the minty/cooled flavored vape-products
analyzed (Spearmint and Banana Ice), the level of ROS generated by the synthetic-nicotine
vape-product was significantly less than that generated by its flavor specific tobacco-derived
nicotine-containing counterpart. Additionally, amongst the drink/beverage-flavored vape-
products analyzed, the synthetic nicotine-containing vape product generated significantly
less ROS than its tobacco-derived nicotine-containing counterpart. Synthetic nicotine
lacks the impurities contained within tobacco-derived nicotine [11,17]. Vape products
using synthetic nicotine lack tobacco specific nitrosamines (TSNAs), a carcinogen found in
tobacco and tobacco-derived nicotine [11,17,18]. In our study, the differences in exogenous
ROS between aerosols generated by TEN and tobacco-derived nicotine-containing vape-
products with Pink Lemonade, Spearmint, and Banana-Ice flavoring may be due to the
differences in impurities within each type of nicotine salt (tobacco-derived or synthetic)
used. However, to determine whether the results observed for the Pink Punch Lemonade,
Spearmint, and Banana Ice flavored ENDS are due to differences in the level of impurities
within the salt nicotine used, e-cigarette screening via inductively coupled plasma mass
spectrometry (ICP-MS) is needed.

Regarding the limitations of this study, due to there being very few companies that
manufacture both TEN and tobacco-derived nicotine-containing vape-products, we could
not control for the e-cigarette brand in our pairwise comparisons between TEN products and
their flavor specific tobacco-derived nicotine-containing counterparts, as well as differences
between enantiomers or stereoisomers (R-nicotine vs. S-nicotine) of nicotine in both the
products. Many vendors which utilize synthetic nicotine in their vape products either
never sold e-cigarettes using tobacco-derived nicotine or stopped selling them entirely
due to the cost-burden associated with submitting PMTAs and lack of public interests,
and confirming the validity of synthetic vs. natural nicotine. One study has shown that
even amongst e-cigarettes of the same flavor, ROS levels within generated aerosols vary by
brand [4]. Future studies examining the differences in ROS levels generated by TEN vape
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products and their flavor-specific tobacco-derived nicotine-containing counterparts of the
same company are needed, as well as cellular studies.

5. Conclusions

Our data suggest that TFN tobacco flavors and fruit flavors are more toxic in terms
of ROS generation than menthol/ice and drink/beverage flavored products using TEN.
In other words, beverage flavor and minty/iced (cool) flavored TEN products generate
significantly less ROS than their corresponding flavor-specific tobacco-derived nicotine-
containing counterparts. Our study provides insight into how interactions between fla-
voring agents and salt-nicotine used in e-cigarettes impact ROS levels generated by TFN
e-cigarettes differently than e-cigarettes using tobacco-derived nicotine.
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Abstract: The growing popularity of electronic cigarettes has raised several public health concerns,
including the risks associated with heavy metals exposure via e-liquids and vapors. The purpose of
this study was to determine, using atomic absorption spectrometry, the concentrations of Pb, Ni, Zn,
and Co in some commercially available e-liquid samples from Romania immediately after purchase

and after storage in clearomizers. Lead and zinc were found in all investigated samples before
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storage. The initial concentrations of Pb ranged from 0.13 to 0.26 mg L~!, while Zn concentrations
were between 0.04 and 0.07 mg L~'. Traces of nickel appeared in all investigated e-liquids before
storage but in very small amounts (0.01-0.02 mg L™'). Co was below the detection limits. We
investigated the influence of the storage period (1, 3, and 5 days), storage temperature (22 °C and
40 °C), and type of clearomizer. In most cases, the temperature rise and storage period increase
were associated with higher concentrations of heavy metals. This confirms that storage conditions

Romania. Toxics 2022, 10, 126.
https://doi.org/10.3390/
toxics10030126

can affect metal transfer and suggests that the temperature of storage is another parameter that can
influence this phenomenon.
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Publisher’s Note: MDPI stays neutral Over the past decade, electronic nicotine-delivery systems, assigned as e-cigarettes,

have been viewed as a substitute with fewer health risks compared to conventional tobacco
cigarettes [1,2].

The progress of these products’ technology generated a diverse range of e-cigarettes
types available on the market worldwide. The generation of e-cigarettes design consists
of closed- and open-system devices as described by Chen et al. [3]. Open-system devices
have three fundamental items: a battery, a clearomizer, and a refillable tank where users
can mix different e-liquids [3]. Typically, e-cigarettes transform a liquid solution consisting
of propylene glycol, vegetable glycerol, as well as nicotine, and flavors into aerosols, which
are inhaled [4-7].

The composition of e-liquids and e-cigarettes aerosol is crucial in determining po-
tential health implications. The analysis can be challenging due to the great variety of
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e-liquids present on the market. Several studies identified toxicants, such as tobacco-
specific nitrosamines and other nicotine decomposition products, metals, and carbonyl
compounds [4,5,8].

Toxic metals, such as nickel (Ni), zinc (Zn), and lead (Pb), may be present in electronic
cigarettes as well as in the aerosols formed, exposing users and those in immediate prox-
imity (passive vaping). These metals can originate from e-liquids but mostly from the
metal coils included in the clearomizer of the e-cigarette device. The Scanning Electron
Microscopy Energy-Dispersive X-Ray (Sem-EDX) analysis of e-cigarette coils revealed the
presence of metals, such as chromium (Cr), nickel (Ni), lead (Pb), zinc (Zn), and copper
(Cu), and consequently, the transfer to the e-liquids and aerosols is possible [9-12].

Several metals, including cadmium (Cd), chromium (Cr), lead (Pb), nickel (Ni), zinc
(Zn), copper (Cu), iron (Fe), and arsenic (As), have been found in e-cigarette samples and
further detected in human biological samples collected from e-cigarette users. Inductively
Coupled Plasma Mass Spectrometry (ICP-MS), Atomic Absorption Spectrometry (AAS),
Total Reflection X-ray Fluorescence (TRXF), and Molecular Fluorescence are common tech-
niques used to analyze heavy metals in e-cigarettes [13—15]. Therefore, with the exception
of Cd, similar metals’ concentrations were found in the biological samples collected from
e-cigarette users compared with conventional tobacco cigarette smokers [16]. Although
cobalt (Co) is not a common element found in the environment or in the composition of
alloys used in the construction of e-cigarettes or other ENDS (electronic nicotine delivery
systems), small amounts of this metal were identified in the components of clearomizers
from all generations [17].

The longer-term effects of e-cigarettes exposure are still inconclusive, but the existing
literature reports revealed their inflammatory, irritant, and cytotoxic potential [18]. The
major route of metal exposure is through direct or secondary inhalation of e-liquids, which
is associated with serious health threats, such as carcinogenic and neurotoxic risks [19]. The
risks are augmented by the size of the particles. E-cigarette aerosols contain nanoparticles
(11-25 nm median diameter) and submicron particles (96-175 nm median diameter) [20].
The size of the inhaled particles is important for the depth of airway penetration, and
the toxic potential can be enhanced by the high penetration of small-sized particles in
tissues and organs [21,22]. Re et al. found a connection between chronic e-cigarette
aerosol exposure and endogen metal dyshomeostasis, which has been linked to the onset
of neurodegenerative diseases, such as Alzheimer’s and Parkinson’s [19]. The risk of
neurotoxicity is significantly higher for young people’s developing brains. They proved that
neurotoxic levels of metals accumulated in the striatum, the frontal cortex, and the ventral
midbrain of rodents after exposure to e-cigarette aerosols, increasing the risks of developing
neurological disorders and neurodegenerative diseases [19]. Metal accumulation in the
nervous system in the case of e-cigarette use is enhanced by the alteration of the blood-brain
barrier integrity [23].

Long-term Pb exposure could be related to a variety of neurological and peripheral
structure illnesses, cardiovascular issues, and muscle system abnormalities in humans [24].
Chronic inhalation of lead nanoparticles is associated with cardiovascular, respiratory, and
central nervous system alterations. The results of the studies concerning lead exposure
for e-cigarette users are still contradictory. Wiener and Bhandari found similar blood lead
levels in subjects who used or did not use e-cigarettes, while Goniewicz et al. showed that
the urinary level of lead was lower in never-users than in e-cigarette smokers [25,26]. In a
study performed on 100 participants, Olmedo et al. evaluated exposure to metals through
e-cigarettes by assessing the metal levels in non-invasive biological samples (urine, hair,
and exhaled breath condensate) [27]. Metals such as Cr, Cu, Pb, and Sn were found in
higher quantities in the urine of e-cigarette users, but the study could not correlate the
metal levels in the biological samples with the concentrations determined in e-vapors. It
could not confirm that vaping was the main source of metal exposure [27].

Ni is a toxic metal, and its adverse health effects are linked to changes in heart rate,
oxidative stress, and the consequent lung, nasal, and paranasal cancers [9,28,29]. The
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possible toxic effects of e-cigarette are also related to respiratory system damage. Ni is
classified as inhalation carcinogens, and the lung represents the most sensitive target of Ni
toxicity [16,30]. The results of Fowles et al. estimated the toxicity of heavy metals (especially
chromium and nickel) in e-liquids and aerosols and related to major health issues, such as
cancer [24]. The prolonged exposure of Ni in the human body can significantly increase the
risk of cancer [24].

Another metal of concern is Co. Cobalt exposure can cause hematopoietic effects,
cardiomyopathy, hypothyroidism, and thyroid hyperplasia, and it also has irritant effects
on the respiratory tract [31]. A recent study investigated the association between cobalt
exposure (cobalt lung) and e-cigarette users who developed giant cell interstitial pneumonia
and hard metal pneumoconiosis [32], but several inconsistencies were identified in this
report (cobalt was not determined in the original method cited by the authors, and Co was
not found in the lung samples collected from the patient) [33].

In accordance with its function to human growth and development, Zn is one of the
more fundamental elements and a cofactor for the activity of many enzymes, but inhaling
large amounts of Zn and Zn-derivative nanoparticles can cause airway inflammation [16,34].
Increased Zn concentrations have been associated with copper deficiencies in the liver
and heart along with metalloenzymes function interference and iron storage, resulting in
anemia [35]

Several parameters were investigated to see their influence on metal concentrations
in both e-liquids and aerosols. Zhao et al. determined the concentrations in e-cigarette
aerosols produced in open- and closed-systems devices and concluded that the device type
influenced metal release to aerosols; aerosols generated in open-system devices presented
higher concentrations of metals [1]. Furthermore, metal concentrations increased with
power setting, and a higher voltage is associated with an increased coil temperature and a
higher probability of degradation and metal emissions. Differences in coil composition can
also affect metal levels in aerosols [1].

In some cases, the e-liquids can remain in clearomizers for several days, stored at dif-
ferent environmental temperatures, and it is important to identify the factors that influence
metal emissions of the components of the clearomizers. Na et al. investigated the metal
release phenomenon during storage and use [11]. They concluded that metal transfer is
influenced by the duration of storage in the e-cigarette device and that the concentrations
of heavy metals found in e-liquids were significantly higher after e-cigarette use [11].

Starting from these findings, the present study aimed to determine the concentration
of some important heavy metals (Pb, Ni, Zn, and Co) in some e-liquids found on the
Romanian market. Samples from five (5) different e-cigarette brands were obtained from
national retail markets. The heavy metal content after purchasing (from e-liquid bottles)
and storage period (1, 3, and 5 days) at different temperatures (22 °C and 40 °C) were
analyzed, and their concentrations were linked to World Health Organization (WHO) and
Food and Agriculture Organization (FAO) recommended limits.

2. Materials and Methods
2.1. Sample Preparation

The types of electronic cigarette samples (ECS) were purchased from the national
market outlets (from VapePoint and Etigareta shops, Iasi, Romania). A total of five commer-
cially available e-liquid samples of various nicotine concentrations and different flavoring
agents were selected for this study (Table 1). The samples were selected randomly, but
the variable nicotine concentration and the different flavor and propylene glycol:vegetable
glycerin ratio were taken into consideration for the selection. The packaging of the liquids
consisted of 10 mL plastic dropper bottles (the dropper lids were also made from plastic).
The samples coded from A to E were kept at room temperature (22 °C) until analysis. The
basic composition description of the EC liquids (according to the manufacturer) consists
predominantly of propylene glycol (PG) and vegetable glycerin (VG).
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Table 1. Basic composition of EC liquids selected in this study.

Sample Nicotine (mg/mL) PG:VG Ratio (w/w) Flavor
A 0 50:50 Dark tobacco
B 6 70:30 Cherry
C 12 50:50 Apple
D 18 70:30 Tobacco
E 18 50:50 Cuban cigar

Data presented were available on the labels of the products.

For each sample, their heavy metal content was analyzed under three variables/conditions:

I: The initial phase: the EC liquids were directly taken from EC liquid bottles as
purchased from retail;

II: EC liquid analyzed for storage period and clearomizer effect: the samples were
stored for 1, 3, and 5 days in 2 different types of EC clearomizers purchased from
specialized shops (VapePoint and Etigareta shops, lasi, Romania). The clearomizers
were selected based on their popularity. According to the employees from the vape
shops, at the time of the purchase, these models were requested most frequently by
the customers. Both clearomizers were “tank-style” electronic cigarettes and belonged
to the second generation of electronic cigarettes [36,37]; clearomizer 1 was a CE4
type, while clearomizer 2 was a T3S type. The clearomizers (Figure 1) presented
different tank capacities (1.6 mL and, respectively, 3.0 mL) and were made from dark
plastic material (clearomizer 1) and clear, resistant plastic (clearomizer 2). Inside the
tank, an atomizing unit with metallic coil and wick material were visible. The prices
for the two clearomizers were also different (rating as “low”—clearomizer 1 and
“high”—clearomizer 2);

III: EC liquid analyzed for storage period and temperature effect: EC liquids were
stored in the two clearomizers mentioned above at two different temperatures: 22 °C
(room temperature) and 40 °C. In this step, the samples were maintained in room
with controlled temperature (22 °C), in the absence of direct sunlight, and in a pro-
grammable furnace (Model Nobertherm, Germany) at 40 °C for 1, 3, and 5 days in
order to investigate the concentration of heavy metals that can be released through
their storage under improper/inadequate conditions. For each clearomizer and both
the variables (storage period and temperature), three replicates of each sample were
performed. The clearomizers were filled and sealed with the e-liquid, from which an
aliquot of 1 mL was separated and analyzed.

Reservoir
¥ tank and

Reservoir tank
with mouth-
piece

Heating
resistance
coil with
wick | - | wick

Atomizing coil with

Figure 1. Anatomy of the clearomizers used in the experiment ((A) clearomizer 1; (B) clearomizer 2).
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The storage period and temperature were chosen in order to mimic real-life scenarios.
Electronic cigarette users do not keep e-liquids inside the clearomizers for more than a
few days before using them, and that is why we chose a five-day limit for the storage
period. The room temperature is usually around 22 °C, but it can reach 40 °C during very
hot summer days; we have chosen these two temperature values to evaluate the storage
temperature’s influence on metal transfer.

For heavy metal analysis, 1 mL of each e liquid sample was performed by diluting
with 10 mL of 5% HNOj solution. This mixture was sonicated for 30 min (Elma S180,
Elmasonic sonicator), and then, the solution were analyzed by AAS [11]. A blank e-liquid
sample was prepared by mixing PG and VG at the same ratio (1:1, w/w) and analyzed
according to real sample method.

2.2. Reagents and Standards

All reagents and chemicals used in this study were of analytical grade. Nitric acid
(HNOj Suprapur 65%, Merck, Darmstadt, Germany) and mono-element containing stock
standard solutions of Ni, Pb, Zn, and Co (1000 mg L~ !, Merck, Darmstadyt, Germany) were
used to obtain the standard solution for the calibration curve.

Calibration standards were prepared by diluting the primary standard with 5% HNO3
at five different concentration levels (0.05, 0.1, 0.2, 0.25, and 0.5 mg L~1). All dilutions were
performed using high-purity deionized water obtained from a Milli-Q water purification
system (Millipore, Bedford, MA, USA).

The samples were prepared in 25 mL glass flasks (class A), which were previously
immersed in 1% HNO3; warm aqueous solution for at least 6 h and then rinsed with
ultrapure water.

2.3. Instrument

An atomic absorption spectrometer-AAS (ContrAA 700, Analytikjena, Jena, Germany)
was conducted to assess the metals concentrations. The parameters that were used to
determine the concentration of heavy metal by AAS were a high-resolution continuum
source, equipped with a xenon short lamp with UV arc in hot spot mode and a high-
resolution echelle grating monochromator. The flame was generated using an air-acetylene
mixture with 99.95% purity.

Accuracy, linearity, precision, limit of detection (LOD), and limit of quantification
(LOQ) are some of the analytical criteria used to validate the optimized method.

The correlation coefficient (R?) of the calibration curves was used to calculate the
linearity. As part of the instrument’s performance and method accuracy, the recovery of
standard spiked samples was assessed using 5% HNO3 method [11]. It was performed
at each stage by spiking the e-liquid samples with two different concentrations (1.0 and
5.0mg L) of a mono-element standard. A blank sequence and spiked blanks were
performed at each stage to ensure the results and cancel the matrix interferences.

The relative standard deviation (RSD) of the triplicate measurements of each e-liquid
sample was used to compute the precision value. As a result, the values of this procedure
are reported as an average RSD of triplicate measurements.

The limit of detection (LOD) was the lowest amount of metal that can be detected and
was estimated by dividing the SD of three measurements of the PG/ VG mixture with the
slope of the calibration curve. The limit of quantification (LOQ) was defined as the smallest
amount that can be quantitatively identified at a specified precision and accuracy.

2.4. Data Analysis

Three replicates were taken for each sample, and the average value was calculated.
The mean values were statistically analyzed using the t-test with a 95% confidence level.
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3. Results
3.1. Calibration and Detection Limit

Table 2 presents the calibration results for the determination of heavy metals Pb,
Zn, Ni, and Co by AAS technique. The correlation coefficient was used to confirm the
linearity of each trace element (R?). The concentration ranged between 0.05-0.50 mg L~!
was established among absorbance and metal concentration; all calibration curves showed
good linearity (R? > 0.997). The obtained LOD values ranging between 0.001-0.04 mg L~!
highlights the sensitivity of the method, as the analytical parameters are low compared
with other analytical techniques [38].

Table 2. Calibration results for the determination of heavy metals in e-cigarettes.

Metal Wavelength Linear Range Detection Correlation RSD
(nm) (mgL-1) Limit (mgL-1)  Coefficient (R?) (%)
Pb 217.00 0.1-0.5 0.04 0.998 1.9
Zn 213.85 0.05-0.5 0.001 0.999 21
Ni 232.00 0.05-0.5 0.01 0.999 1.7
Co 240.72 0.05-0.5 0.005 0.997 3.4

The measurements were done in triplicate; RSD, Relative Standard Deviation of the triplicate measurements.

PG/VG mixture and e-liquids’ samples spiked with concentration of 1.0 and 5.0 mg L~
using mono-element standard registered 94.8 to 101% and 94.1 to 107.3% of the recoveries,
with RSD less than 20% at all spiked quantities (Table 3). The method’s accuracy was found
to be appropriate and was confirmed for each heavy metal through real and spiked values
measured in comparison.

Table 3. The average recovery (%) and RSD (%) of spiked samples.

E-Liquid Sample PG/VG Mixture
Metal 1.0mgL-1 50mgL-1 1.0mgL-1 50mgL-1
Recovery o Recovery o Recovery o Recovery o
(%) RSD (%) (%) RSD (%) (%) RSD (%) (%) RSD (%)
Pb 94.1 2.5 96.2 1.9 95.7 7.8 95.9 41
Zn 98.3 4.5 107.3 2.1 94.8 4.6 95.5 6.9
Ni 95.4 17 95.7 2.3 98.1 3.9 101.3 4.8
Co 96.4 5.5 104.2 3.4 95.7 4.2 98.1 2.4

RSD, Relative Standard Deviation of the triplicate measurements; PG, propylene glycol; V, vegetable glycerin.

The recoveries for the reliability assessment of our experimental method based on
spiked samples ranged between 94-107% with relative standard deviation ranged between
1.7-7.8%. According to these findings, the method presents good performance characteris-
tics.

3.2. Heavy Metals Concentration in E-Cigarettes

The results of the heavy metal analysis using AAS for e-cigarette items being sold in
Romania markets are presented. Consequently, the five e-cigarette brands were discovered
to contain quantifiable levels of heavy metals (Table 4).
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Table 4. Heavy metals (Pb, Ni, Zn) concentrations in EC liquids under different conditions.

.. Clearomizer 1 Clearomizer 2
S le Initial Conc. - -
amp. (mg L-1) 22°C 40°C 22°C 40°C
(mg L-1) (mg L-1) (mgL-1) (mg L-1)
Pb
A1) 0.28 + 0.01 0.53 £+ 0.01 0.37 £+ 0.02 0.81 + 0.01
A(3) 0.17 +0.02 0.58 £+ 0.03 0.84 + 0.02 0.74 + 0.05 0.88 + 0.09
A(5) 0.98 £ 0.04 1.84 +0.04 1.84 +0.07 1.94 +0.07
B(1) 0.47 £+ 0.01 0.67 £+ 0.03 0.50 + 0.06 0.86 + 0.02
B(3) 0.15 + 0.03 0.78 £ 0.02 1.15+0.11 0.78 + 0.03 1.30 £+ 0.06
B(5) 299 +0.15 322+0.21 197 +0.7 1.98 + 0.8
C(1) 0.58 +£0.11 1.02 +0.16 0.49 + 0.08 1.12 +£0.21
C(3) 0.26 £ 0.06 0.78 £ 0.16 145+ 0.18 0.85 £ 0.10 1.73 £ 0.36
C(5) 0.98 £0.20 1.86 £ 0.11 1.89 £+ 0.08 2.38 +0.31
D) 0.20 £+ 0.01 0.29 + 0.04 0.76 +0.14 6.63 + 1.32
D(3) 0.13 + 0.01 0.42 £ 0.03 0.90 £ 0.07 0.94 +0.19 8.56 + 1.78
D(5) 0.74 + 0.04 1.77 £ 0.11 1.85 +0.21 10.48 +1.91
E(1) 1.20 +0.19 4.72 +£0.83 1.98 +0.73 448 +£1.03
E(3) 0.19 + 0.01 2.56 £+ 0.53 5.36 £ 0.38 3.69 + 1.03 7.88 +2.11
E(5) 295+ 0.74 7.27 +0.95 5.16 + 1.38 9.23 +£2.18
Ni
A1) 0.11 £ 0.02 0.22 +0.08 0.15 + 0.01 0.25 + 0.02
A(3) 0.01 + 0.01 0.18 £ 0.01 0.31 £ 0.05 0.23 + 0.05 0.31 + 0.06
A(5) 0.33 £ 0.05 0.46 £0.11 0.58 + 0.09 2.30 +£0.29
B(1) 0.09 £+ 0.01 0.25 + 0.05 1.10 £ 0.11 1.02 £ 0.11
B(3) 0.02 +£0.01 0.60 £+ 0.09 0.89 £+ 0.07 1.73 £0.21 195+ 0.18
B(5) 1.19 +0.12 1.59 +0.22 2.08 £0.26 2.83 £0.13
C(1) 0.03 £ 0.01 0.27 £+ 0.09 0.19 + 0.03 0.15 + 0.04
C(3) 0.02 + 0.01 0.05 £ 0.01 1.02 +0.26 0.89 £ 0.11 0.83 + 0.09
C(5) 0.16 + 0.03 1.61 +0.28 0.78 + 0.08 0.87 +0.17
D) 0.18 + 0.07 0.57 £0.11 0.15 + 0.06 2.56 + 0.42
D(3) 0.01 + 0.01 0.33 £0.1 0.66 £0.18 0.63 + 0.07 3.59 £0.38
D(5) 0.51 +0.11 0.87 £ 0.12 1.06 + 0.11 4.04 +£0.96
E(1) 0.18 £+ 0.06 1.62 + 0.53 1.28 4+ 0.52 3.60 £ 0.84
E(3) 0.02 + 0.01 0.32 £ 0.09 245 +0.78 2.63 £0.31 456 £ 091
E(5) 0.56 + 0.15 3.96 +0.82 5.01 +0.79 8.19 +0.78
Zn
A1) 0.17 £ 0.02 0.62 +0.12 0.17 + 0.01 0.31 + 0.08
A(3) 0.04 +0.01 0.30 £ 0.09 0.79 £0.19 0.19 + 0.01 0.37 +0.11
A(5) 0.31 + 0.07 0.85 + 0.39 0.25 + 0.03 0.45 +0.18
B(1) 1.36 + 0.25 1.93 +0.43 0.91 + 0.09 0.51 +0.17
B(3) 0.07 + 0.01 4.02+0.72 495+ 0.61 3.50 £ 0.72 241 4+0.77
B(5) 552+ 0.73 6.98 + 0.95 4.03 £ 0.90 3.78 £ 0.85
C(1) 0.78 £ 0.01 5.59 + 0.67 0.16 + 0.08 0.20 + 0.02
C(3) 0.05 + 0.01 1.25 £ 0.82 7.14 £ 0.85 0.88 £ 0.81 0.79 £0.14
C(5) 459 + 091 7.84 +0.73 1.46 +0.93 1.84 +£0.20
D) 0.69 £+ 0.09 0.93 £0.15 1.01 £ 0.12 1.54 +0.84
D(3) 0.07 + 0.01 2.60 £ 0.55 433 £0.83 1.12 £ 0.05 4.89 £ 0.66
D(5) 3.45 +0.86 4.56 £ 0.79 1.72 +0.09 5.89 £+ 0.90
E(1) 3.35+ 094 3.65+0.25 2.40 + 0.38 253 +£0.62
E(3) 0.06 + 0.01 7.45 +0.92 7.52 +0.89 3.12+0.47 5.35 £0.88
E(5) 8.45 + 0.85 8.20 + 0.96 7.38 +£0.73 8.75+0.97

Data are presented as mean = SD (standard deviation). Sample code: Sample number (number of storage days in
the clearomizer).

3.2.1. Lead Concentration

In the present study, lead was found in all investigated samples before storage. The
initial mean values of this metal ranged from 0.13 to 0.26 mg L~ 1. The highest concentration
of Pb was exhibited by sample C.

In Figure 2 are shown the Pb concentrations obtained for the five samples and their
variation under different experimental conditions.
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Figure 2. The influence of storage temperature and of the clearomizer on Pb concentration. Sample
code: Sample number (number of storage days in the clearomizer).

As the storage period increased (from 1 to 5 days), the reported values in the five
E-liquid samples for Pb also tended to increase. This pattern of Pb concentration was found
in both types of clearomizers after storage, which showed that there are significantly higher
differences after storage than the initial ones at the 0.05 level (p-value < 0.05) (Table 5).

Table 5. The influence of the duration of storage on Pb concentration; p-value for the paired t-test
(t-test: Paired Two Sample for Means).

Ccf;(:;;ig:ns Ivs.1D Ivs.3D Ivs.5D 1Dvs.3D 1Dvs.5D 3Dvs.5D
Clleérzonger 0.048 0.048 0.019 0.048 0.022 0.068
Cllear(;’f,“ci;er 0.099 0.054 0.023 0.0006 0.003 0.008
Czleér;f‘ci?er 0.048 0.049 0.011 0.055 0.004 0.0001
Czlealg’fger 0.045 0.042 0.029 0.049 0.018 0.0043

I, initial; 1 D, storing for 1 day; 3 D, storing for 3 days; 5 D, storing for 5 days. Bold numbers denote the cases
in which differences are statistically significant at 95% confidence level. Clearomizer 1, CE4-type clearomizer;
Clearomizer 2, T3S-type clearomizer.

In addition, the current study investigated the influence of temperature on Pb transfer
after storage in the two types of clearomizers (Figure 1). After increasing the storage
temperature from 22 °C to 40 °C, higher Pb concentrations in the e-cigarette samples were
obtained. The Pb content found in e-liquids sample E (after storage in both clearomizers)
and sample D (after storage in clearomizer 2) showed the greatest increase, which suggests
the release and transfer of heavy elements from the metal substrates of different components
of clearomizers. The statistical analysis regarding the influence of temperature on Pb
transfer was performed using the t-test. For clearomizer 1, the results of the analysis
showed a significant difference at the 0.05 level only for samples B, C, and E, while for
clearomizer 2, the results were significantly different at the 0.05 level for samples C, D,
and E.

The research also included a comparison of the clearomizer type on Pb transfer when
stored at temperatures of 22 °C and 40 °C. The results obtained were heterogeneous; for
e-liquid samples A, C, D, and E, the average transfer of Pb was higher after storage in
clearomizer 2, while for sample B, the transfer was higher for clearomizer 1.
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The statistical analysis regarding the influence of the clearomizer on Pb transfer was
performed using the t-test. At 22 °C, the results showed a significant difference at the
0.05 level only for samples D and E, while after storage at 40 °C, there was a significant
difference only for sample D.

3.2.2. Nickel Concentration

The present study recorded small concentrations of Ni (0.01-0.02 mg L) in each
investigated EC liquid sample before storage. The related values for Ni content in the EC
liquids are presented in Table 4.

As a general trend, storage at a higher temperature (40 °C in comparison to 22 °C)
increased Ni transfer. The ascending trend of Ni levels in e-liquids in relation to the storage
period and temperature is visible in Figure 3.
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Figure 3. The influence of storage temperature and of the clearomizer on Ni concentration. Sample
code: Sample number (number of storage days in the clearomizer).

According to our results, the concentrations of Ni were higher after the storage period,
sustaining the possible metal transfer from the metallic parts of the clearomizer to the
solutions. It is likely that Ni concentrations increased after storage in both clearomizers,
with values significantly greater than the initial ones at the 0.05 level (Table 6).

Table 6. The influence of the duration of storage on Ni concentration; p-value for the paired t-test
(t-test: Paired Two Sample for Means).

C(S)::;iiig:ns Ivs.1D Ivs.3D Ivs.5D 1Dvs.3D 1Dvs.5D 3Dvs.5D
Clleér;’fg)zer 0.013 0.018 0.018 0.054 0.033 0.021
Clle(zlg’fger 0.049 0.022 0.024 0.020 0.023 0.030
Czle(‘;rz"f)‘ger 0.045 0.023 0.041 0.017 0.047 0.09
Czlear(;’fger 0.045 0.025 0.021 0.007 0.015 0.048

I, initial; 1 D, storing for 1 day; 3 D, storing for 3 days; 5 D, storing for 5 days. Bold numbers denote the cases
in which differences are statistically significant at 95% confidence level. Clearomizer 1, CE4-type clearomizer;
Clearomizer 2, T3S-type clearomizer.

The statistical analysis regarding the influence of temperature on the metal transfer
was performed using the t-test. For clearomizer 1, the results of the analysis showed a

81



Toxics 2022, 10, 126

Zn concentration (mg L)

12

10

A s ﬁ o é o
A() AB) AG)

B Clearomizer 1 (40°C)
r M Clearomizer 2 (22°C)
L Clearomizer 2 (40°C)

significant difference at the 0.05 level for all samples, while for clearomizer 2, the results
were significantly different at the 0.05 level only for samples D and E.

When analyzing the influence of the clearomizer (Figure 2), the data suggested that
Ni transfer was more pronounced in the case of the EC liquids stored in clearomizer 2.
The statistical analysis was performed using the t-test. At 22 °C, the results of the analysis
showed a significant difference at the 0.05 level for samples B, C, and E, while at 40 °C, the
results were significantly different at the 0.05 level for samples B, D, and E (p < 0.05).

3.2.3. Zinc Concentration

The concentrations of Zn in EC-liquid samples established during the present study
are indicated in Table 4.

Concentrations of Zn were identified in EC liquid samples before storage. Zn initial
concentrations were lower than the determined concentration of lead and ranged between
0.04-0.07 mg L.

The concentrations of Zn increased significantly according to the storage period (from
1 to 5 days), and also, high levels of Zn were associated with storage at 40 °C temperature
(Figure 4).
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Figure 4. The influence of storage temperature and of the clearomizer on Zn concentration. Sample
code: Sample number (number of storage days in the clearomizer).

In several samples, the amount of Zn as a result of the storage period in both types
of clearomizers was more than 100 times higher, with statistically significant differences
at the 0.05 level (Table 7). Moreover, our findings were very comparable to those of other
studies all supporting the claim that heavy metals can be transported to the liquids via EC
devices [11,39].

The t-test analysis was performed for the influence of temperature on zinc transfer.
For clearomizer 1, the results of the analysis showed a significant difference at the 0.05 level
for samples A, B, and C, while for clearomizer 2, the results were significantly different at
the 0.05 level only for sample A. Moreover, we found that the two types of clearomizers
released different amounts of metals when the same temperature (40 °C) was used; while
the concentrations of Ni released was more powerful after storage in clearomizer 2, Zn
concentration tended to be higher after storage in clearomizer 1 (Figure 3). In addition,
the t-test analysis showed at 22 °C no significant difference, while at 40 °C, a significant
difference at the 0.05 level was found for samples A, B, C, and D.
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Table 7. The influence of the duration of storage on Zn concentration; p-value for the paired t-test
(t-test: Paired Two Sample for Means).

Ci::iriiig:m Ivs.1D Ivs.3D Ivs.5D 1Dvs.3D 1Dvs.5D 3Dvs.5D
Clleérz"“ger 0.046 0.041 0.017 0.041 0.012 0.036
Clle(zroof,“ci;er 0.027 0.009 0.008 0.015 0.013 0.049
C;eé?{,“ci?er 0.064 0.024 0.041 0.053 0.041 0.070
C;ea’g)f‘ci?er 0.035 0.023 0.023 0.025 0.021 0.051

I, initial;1 D, storing for 1 day; 3 D, storing for 3 days; 5 D, storing for 5 days. Bold numbers denote the cases
in which differences are statistically significant at 95% confidence level. Clearomizer 1, CE4-type clearomizer;
Cle