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ABSTRACT OF THE DISSERTATION

Search for the Holy Grail of Smoking:
Hidden Dangers of Electronic Nicotine Delivery Devices

by
Barbara Davis
Doctor of Philosophy, Graduate Program in Cell, Molecular, and Developmental Biology

University of California, Riverside, December 2018
Dr. Prue Talbot, Chairperson

For decades, smokers have searched for a safer alternative to cigarette smoking;
to minimize smoking-related toxicant exposure and avoid illness. Recently, electronic
nicotine delivery devices (ENDS), e-cigarettes and heat-not-burn systems, have
emerged as a potential solution. The promise of reduced-risk advertised by ENDS has
led to a surge in popularity, but the potential health hazards they present are just
beginning to be elucidated. This dissertation sought to determine if the claims of harm-
reduction touted were true for ENDS products. For e-cigarettes, quality control in refill
fluid and Do-It-Yourself flavoring-product manufacturing was evaluated by testing the
accuracy of nicotine concentration labeling and examining the presence of nicotine in
flavoring products that are presumed nicotine-free. Analysis showed that a majority of
refill fluids deviated by more than 10%, primarily in excess, of the label. Flavoring
product testing showed the presence of nicotine in concentrations high enough to cause
illness or death if accidentally ingested. IQOS, a novel heat-not-burn product, was also

investigated. Testing of IQOS performance and toxicant emission from polymer-film filter



melting was conducted under two cleanliness conditions, in which the device was
cleaned after every heatstick (C1) or after the 20" heatstick (C20), per the instruction
manual. Performance evaluations showed IQOS is a well manufactured product.
Comparisons of C1 and C20 aerosols showed that device cleanliness played a role in
heat generation, leading to increased charring and polymer-film filter melting, emitting
formaldehyde cyanohydrin, a deadly toxicant. Cytotoxicity testing comparing IQOS
aerosols to 3R4F cigarette smoke showed that some aerosols had equivalent toxicities
to smoke; and that A549, a cancer cell line, was the least sensitive to treatment. IQOS
induced an epithelial-to-mesenchymal transition (EMT), the first step in cancer
metastasis, in A549 cells. The EMT was characterized by decreased e-cadherin,
increased vimentin, and increased cell motility. Proteomic evaluation of acute IQOS
exposure showed that aerosols effected proteins involved in metabolism and respiratory
diseases, and activated oxidative and inflammatory pathways. Device cleanliness
affected protein expression. This investigation demonstrates that ENDS are not harm-
free and emphasizes the need for further testing to accurately assess the risk these

products pose.
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INTRODUCITON

THE HISTORY OF SMOKING
Early tobacco use

While the exact dates are unknown, historians agree that tobacco had ritualistic
uses as early as 3000 BC in its native North America [1]. There exist three natural
varieties of tobacco, the first, Nicotiana persica, is native to Persia, and the other two,
Nicotiana rustica and the most well-known Nicotiana tabacum, are native to North

America [2]. It is thought that tobacco was first cultivated by humans in Mesoamerica

. ) ~ %

Figure I.1. Field of Nicotiana rustica (tobacco plants). Image downloaded
from http://tns.thenews.com.pk/framework-mpowerment/#.W-eVRC2ZNTY

and South America where natives throughout the continent used it in shamanistic rituals
and in medicinal applications. Ritualistically, tobacco was offered to the gods and used
in religious ceremonies and was blown in the faces of warriors prior to battle and over

the bodies of women prior to intercourse [3]. Medicinally, it was drunk, eaten and



chewed because of its analgesic properties. It was smeared over skin as a way to purge
parasites and lice, spread over agricultural fields as an insecticide, and it was thought to
cure many ailments because of its antiseptic properties [2].

Scholars believe that the practice of smoking arose from the practice of snuffing
because snuff pipes are among the most common tobacco-related paraphernalia
unearthed in archaeological digs [1]. Snuffing is the act of inhaling pulverized tobacco
leaves into the nasal cavity. While this remained a popular method of tobacco
consumption, by the time Christopher Columbus arrived in the Americas in 1492,
smoking tobacco had already become the most popular method of tobacco use in both
ritualistic and social applications. It was Nicotiana tabacum that was offered to
Christopher Columbus by the natives, making him and his crew the first European
smokers [1]. Tobacco was introduced in Spain around 1528, but was initially ill-received
and touted as an evil and harmful practice [4]. Eventually, doctors began to recognize its

“medicinal properties” and tobacco gained widespread acceptance [5].

The dawn of social tobacco use

As with most socially acceptable practices of the time, smoking didn’t gain
widespread popularity until it was accepted by royalty and used at court. Although
tobacco was initially recognized only for medicinal purposes, and despite initial
abhorrence, the English court began smoking during the reign Queen Elizabeth | and the
practice was eventually adopted by the queen herself [6]. Tobacco was an expensive
imported commodity that only affluent English society could afford, so the practice of

smoking was initially limited to the wealthy. As the practice became more widespread,



the English began growing their own tobacco, opening smoking and snuffing to more
people and solidifying it in mainstream society [7].

Tobacco made its way to other parts of Europe and Asia via Eurasian trade
routes where it evolved specific cultural practices and medicinal applications in each
country. It also spread to other parts of the world through colonization over the coming

centuries, eventually gaining worldwide use and acceptance [8].

Early health concerns

Concern about health effects of tobacco has a long history. The earliest
outspoken critic of the practice was English King James |, who condemned the practice
in his 1604 polemic [9]. Shortly thereafter, the Roman Catholic Church threatened to
excommunicate anyone who smoked in church [7,10]. By the 1700’s, an association had
been made between several cancers and tobacco use, and this observation was
recapitulated from the late 1800’s into the early 1920’s, although this reiteration was
routinely ignored. In the early 19" century, American naturalist and practitioner of
botanical medicine, Gideon Lincecum, wrote that "this poisonous plant has been used a
great deal as a medicine by the old school faculty, and thousands have been slain by
it... it is a very dangerous article, and use it as you will, it always diminishes the vital
energies in exact proportion to the quantity used - it may be slowly, but it is very sure"
[11].

Despite the concerns of medical professionals, the advent of the automated
cigarette-making machinery in the 1880’s made it possible to mass-produce cigarettes at
low cost, and smoking increased [7]. From the 1890’s onwards, associations of tobacco

use with cancers and vascular disease were regularly reported [12]. Before World War I,



lung cancer was classified as a rare disease that most physicians would never
encounter during their career. Following the war, there was a rise in popularity of
cigarette smoking, and concomitantly, an epidemic of lung cancer [13]. In 1912,
American Dr. Isaac Adler was the first to advocate that lung cancer was connected with
smoking [14], and in 1924, economist Irving Fisher wrote an anti-smoking article for
Reader's Digest admonishing its use, calling it a poison and comparing it to opium [15].
Tobacco criticism continued in 1930, when German sociologist Fritz Lickint published a
meta-analysis citing 167 other works to link tobacco use to lung cancer [12]. Lickint
showed that people with lung cancer were likely to be smokers. He contended that
tobacco use explained the fact that lung cancer struck men 4-5 times more often than
women, who smoked much less than men, and he discussed the underlying contribution
of smoking on liver and bladder cancer. Many more observational studies were
published throughout the 1930’s, and 1940’s, but several were not in English and most
of them were largely ignored [16]. However, in the 1950’s, five case-control studies were
published by researchers from the United States (US) and United Kingdom (UK) and
these drew widespread attention [17] .These studies, which were among the first to use
valid methodologies in which they excluded ex-smokers from their nonsmokers group,
clearly demonstrated a close correlation between smoking and lung cancer, but received

criticism for not showing causality.

The rise of public awareness to the dangers of tobacco use
Despite the early studies, the public largely ignored medical or scientific reports
that correlated smoking to health concerns. However, in 1952 the very popular Reader's

Digest published an article entitled "Cancer by the Carton" [18], in which they publicized



several studies that investigated the rise in incidence of the once-rare lung cancer and
other cancers in response to the astronomical rise in tobacco consumption. Then, in
1953, scientists at the Sloan-Kettering Institute in New York City demonstrated
experimentally that cigarette tar painted on the skin of mice caused several devastating
cancers [19]. This work attracted extensive media coverage; the New York Times and
Life Magazine both covered the study [18]. Then, in 1964, the United States Surgeon
General published the first report on Smoking and Health, which determined, based on a
massive review of 7,000 biomedical articles, that smoking was the cause of lung and
pharyngeal cancer in men and women, and the primary cause of chronic bronchitis[20].
This report was one of the top-ranked news stories of the year, spending several days
as headline news both in print and on television. This massive public awareness led to
the Federal Cigarette Labeling and Advertising Act of 1965 and the Public Health

Cigarette Smoking Act of 1969 [21].

The adverse health effects of tobacco

Over the last century, the list of health problems associated with cigarette
smoking has become extensive. Health issues have been identified in Psychological,
Reproductive, Immune, Oral, and Pulmonary/Cardiovascular organs, and smoking has

been causatively associated with various types of cancers.

Psychological
Although surveys of smokers often report that cigarettes help relieve feelings of
stress, studies demonstrated that measurable stress cues are higher in smokers than in

nonsmokers, and smoking cessation leads to reduced stress [22]. Rather than as an aid



for mood control, nicotine dependency has been shown to lead to mood instability: in the
daily mood patterns described by smokers, moods are normal during smoking, but
worsen between cigarettes. Thus, the apparent relaxant effect of smoking only reflects
the reversal of the tension and irritability that develop during nicotine depletion, meaning

dependent smokers need constant nicotine to maintain mood control [23].

Reproductive

A number of studies have shown that tobacco use is a significant factor in miscarriages
among pregnant smokers, and that it contributes to a number of other threats to the
health of the fetus, including neural tube defects [24], and other developmental defects
including cleft lip and palate. It has also been associated with preterm labor, ectopic
pregnancy, stillbirth, and sudden infant death syndrome (refs). Multiple studies have
demonstrated that environmental tobacco smoke also has adverse effects on developing
fetuses [25]. Outside of birth defects, smoking has been shown to lead to infertility.
Prolonged nicotine exposure can interfere with the body's ability to create estrogen,
damaging ovaries and inhibiting folliculogenesis [26]. The degree of damage is
dependent upon the amount and length of time a woman smokes, and can be
irreversible [27,28]. Studies have shown that smokers are 60% more likely to be infertile
than nonsmokers, and that smoking reduces the chances of successful in-vitro
fertilization (IVF) by 34% and increases the risk of an IVF pregnancy miscarriage by
30%, and has also been associated with accelerated menopause [29,30].

In men, the incidence of impotence in smokers is approximately 85% higher than in

nonsmokers [31]. Smoking is a key cause of erectile dysfunction as it promotes arterial



narrowing and damages the cells lining the inside of the arteries, leading to reduce

penile blood flow [32]

Immune

Several correlative studies suggest that smoking can repress immunity.
According to a retrospective study of 1,900 male cadets following the 1968 Hong Kong
A2 influenza epidemic, heavy smokers (those who smoked more than 20 cigarettes per
day) had a 21% increase in illnesses and required 20% more bed rest than nonsmokers,
whereas light smokers (those who smoked less than 20 cigarettes per day) only
experienced 10% increase and required 7% more bed rest [33]. A more comprehensive
1982 study of an outbreak of influenza in an Israeli military unit of 336 healthy young
men revealed that out of the 168 smokers, 68.5% contracted influenza, as compared to
47.2% of nonsmokers. Symptoms were also more severe in smokers, 50.6% of them
lost work days or required bed rest, compared to 30.1% of the nonsmokers [34].

Smoking is also linked to susceptibility to other infectious diseases, particularly of
the lungs. Smoking more than 20 cigarettes a day increases the risk of contracting
pneumonia by 2-4 times [35,36], and being a current smoker has been linked to a 4-fold
increase in the risk of infection by Streptococcus pneumoniae [37]. Smokers are also
susceptible for increased risk of other pulmonary and respiratory tract infections both
through structural damage and through effects on the immune system. Studies have
shown that smokers exhibit an increase in CD4+ cell production, which is attributable to
nicotine [38]. CD4+ cells play an essential role in immunosuppressive function, thus and
increase in these cells leads to decreased immunity [39]. Increase in CD4+ cell

production have also been tentatively linked to increased HIV susceptibility [40].



Moreover, smoking increases the risk of Kaposi's sarcoma in people without HIV

infection [41].

Oral
Smoking increases the risk for multiple oral diseases, some almost completely unique to
tobacco users. The National Institutes of Health, through the National Cancer Institute,
determined in 1998, that cigar smoking causes a variety of oral cancers [42], and that
pipe smoking also involves significant health risks [43], particularly oral cancer. Dentists
have reported that nearly half of the cases of periodontitis or inflammation around the
teeth are attributed to current or former smoking, and up to 90% of patients that do not
respond to traditional treatments for these illnesses are smokers. Smokeless tobacco is
known to cause gingival recession and white mucosal lesions. As with smoking, up to
90% of periodontitis patients who are not helped by common modes of treatment use
these products. Smokers have significantly greater loss of socket bone height than
nonsmokers, and the trend can be extended to pipe smokers who have more bone loss
than non-smokers [44].

Less severe oral issues associated with smoking include staining of teeth [45,46],
halitosis [47], tooth loss [48], and leukoplakia, the adherent white plaques or patches on

the mucous membranes of the oral cavity, including the tongue [49].

Pulmonary/Cardiovascular
Long-term exposure to compounds found in tobacco smoke (e.g., carbon
monoxide and cyanide) are thought to be responsible for pulmonary damage and for

loss of elasticity in the alveoli, leading to chronic bronchitis, emphysema and Chronic



Obstructive Pulmonary Disease (COPD), a permanent, incurable, often terminal
reduction of pulmonary capacity characterized by shortness of breath and damage to the
lungs [50,51]. Inhalation of tobacco smoke also causes several cardiac issues [52].
Tobacco use has been linked to Buerger's disease, in which the veins of the hands and
feet exhibit acute inflammation and thrombosis of arteries [53]. It also leads to increase
blood cholesterol levels: smokers tend to have higher levels of low-density lipoprotein
(the "bad" cholesterol) compared to nonsmokers. Smokers also display higher levels of
fibrinogen and increased platelet production (both involved in blood clotting) making the
blood thicker and more likely to clot unnecessarily, increasing the risk of developing
various forms of arteriosclerosis, heart disease, stroke, and peripheral vascular disease
[54]. According to a collaborative international research study, smokers under the age of

40 are five times more likely to have a heart attack than nonsmokers [55].

Cancer

The major risk of tobacco usage includes many forms of cancer, primarily lung
cancer [56], cancer of the larynx, head and neck [57], cancer of the esophagus [58], and
cancers of the pancreas [59,60], stomach [61], kidney, and bladder [62]. Studies have
also established a relationship between tobacco smoke, including secondhand smoke,
and cervical cancer in women [63-65]. Lung cancer risk is greatly increased by smoking,
causing the great majority of all lung cancer cases and increasing the risk of developing
lung cancer with every year a person smokes and the number of cigarettes smoked daily

[13,66,67].



THE INTRODUCTION OF HARM REDUCTION PRODUCTS

The concept of tobacco harm reduction was established in 1976 when British
Psychologist Michael Russell wrote: "People smoke for nicotine but they die from the tar"
[68] and suggested that the ratio of tar to nicotine could be the key to safer smoking.
Since then, despite Russell’s conflict of interest and collaboration with British American
Tobacco, it has been widely accepted that the harm from smoking is derived almost
exclusively from toxins released through the combustion of tobacco [69], leading to the
development of non-combustible, pure nicotine tobacco products believed to be
considerably less harmful [70-72].

In 2008, the American Association of Public Health Physicians became the first
medical organization in the US to officially endorse tobacco harm reduction as a viable
strategy to reduce the death toll related to cigarette smoking [69]. However, while the
US accepted harm reduction products, many other parts of the world have not [73].
Debates on tobacco harm reduction tend to differ geographically due to varying legal
and moral status of tobacco, as well as the different types of tobacco products and use
in different cultures around the world [74]. Anti-smoking advocacy efforts and
widespread popularization of the negative health effects of smoking over the past few
decades have led to restrictions in the sale and use of regular tobacco products and a
rise in sales of harm reduction products [75]. However, the European Union (EU), which
allows traditional tobacco products, prohibits tobacco harm reduction in many EU

countries because of the lack of peer-reviewed research data to support evidence-based

policy making for the products [76].
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Light cigarettes

Light cigarettes are a form of ventilated cigarette that purportedly causes the
smoker to inhale lower levels of tar, nicotine, and other chemicals. The idea for light
cigarettes came from the filters that were incorporated into cigarettes in the 1950’s in
response to the intensifying link between cancer and smoking [77]; however, through 50
years of repeated designs, cigarette manufactures have had trouble producing
substantiated evidence that they do indeed reduce harm [78]. The belief that these
innovations were harm reducing lead to an explosion in sales and they were the most
popular tobacco product by the 1960’s [79]. By the 1970’s, “low-tar” cigarettes, which
contained a measurably lower level of tar, became available. In 1976, investigators at
the American Cancer Society published research concluding that light cigarettes were
safer [80], writing that the "total death rates, death rates from coronary heart disease,
and death rates from lung cancer were somewhat lower for those who smoked 'low' tar-
nicotine cigarettes than for those who smoked 'high' tar-nicotine cigarettes." However,
modern scientific evidence suggests that switching from regular to light or low-tar
cigarettes does not reduce the health risks of smoking or lowers the smoker's exposure
to the nicotine, tar, and carcinogens that are present in cigarette smoke [81]. This lack of
reduction is due to nonlinear relationship between cigarette consumption and exposure
to cigarette smoke constituents via compensatory smoking; the adjustments made to
smoking patterns (i.e. inhale more deeply) by low-tar cigarette users to maintain a
desired level of nicotine thus “compensating” for the reduction [82-84]. This adjustment
not only increase nicotine to levels equivalent to regular-tar cigarettes but to other
cigarette constituents as well, leading to no differences in cancer risk [82]. The World

Health Organization subsequently recommend that misleading terms, such as “light” and

11



“mild”, should be removed from tobacco product advertising, packaging, and labeling

[85].

Alternative nicotine delivery devices/methods (Smokeless Tobacco)

Non-electronic alternative nicotine delivery devices refer to methods of tobacco
consumption that do not require the burning of tobacco, as do cigarettes, pipes, and
cigars [86]. The term for this is smokeless tobacco, a broad term referring to a number of
different types of tobacco products used orally or nasally. These include chewing
tobaccos, dry snuff, moist snuff, and Swedish-style snus, as well as various cultural
types of smokeless tobacco and newer dissolvable tobacco products [87]. Because the
blanket term smokeless tobacco covers such a wide scope of products, explaining
epidemiological associations between smokeless tobacco use and health becomes
complicated, which had led to miscommunications in terms of the hazardous of

smokeless products [88].

Snus

Scandinavian snus is a moist form of smokeless tobacco, which is usually placed
under the upper lip and is not smoked or swallowed. Because of the cultural importance
of snus in Sweden, snus is the only “harm-reduction” product that is legal in the EU [89].
Thus, in an effort to ease these restrictions, proposed legislation by the EU posits that
Sweden, whose cigarette consumption is lower than the rest of the Union, appears to
avoid smoking in favor of snus, and hence has the lowest rates of tobacco related
disease in Europe [90]. However, a 2014 report commissioned by Public Health England

on tobacco harm reduction said snus has a risk profile which includes possible increases
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in esophageal and pancreatic cancer, and myocardial infarction, but not COPD or lung
cancer, suggesting that the risk for snus tobacco is not less than cigarettes, but merely
different [91]. Several subsequent peer reviewed studies have upheld this supposition

[92-95].

Chewing Tobacco

One of the oldest methods of tobacco consumption, chewing tobacco is a type of
smokeless tobacco product consumed by placing a portion of the tobacco between the
cheek and gum or upper lip teeth then manually crushing the toabcco with the teeth to
release flavor and nicotine. The resulting unwanted juices are then expectorated [96].
Chewing tobacco has been known to cause cancer, primarily of the mouth and throat
[97]. As with other types of smokeless tobacco, chewing tobacco has been suggested to
be used in smoking cessation programs because it partly reduces the exposure of
smokers to carcinogens and the risk for cancer, but these claims have been challenged

[98].

Snuff

Snuff is a smokeless tobacco made from ground or pulverized tobacco leaves. It
is inhaled or "snuffed" into the nasal cavity, delivering a swift hit of nicotine and often a
flavored scent. Traditionally, it is placed onto the back of the hand, pinched between
thumb and index finger, or held by a "snuffing" device, then sniffed or inhaled lightly [99].
Studies relating dry snuff to cancers in the nasal mucosa are rare and not conclusive,
but there are studies that show that long-term snuff users develop a form of chronic

rhinitis [100].
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Electronic nicotine delivery devices
Electronic cigarettes

Electronic cigarettes or e-cigarettes/e-cigs/vape were first developed in China in
2003, by a Chinese pharmacist, Hon Lik, who was motivated to create an ignition free
electronic atomizing device that would mimic a cigarette. He was influenced by the death
of his father who was a cigarette smoker and had succumbed to lung cancer. Lik was
conducting medical research at a company called Golden Dragon Holdings that
subsequently changed its name to Ruyan and became the first company to produce and
sell e-cigarettes. In 2007, Ruyan received their international patent and began
introducing their product to US and European markets, where sales of e-cigarettes
began to boom [101-104].

E-cigarettes are electronic devices that are comprised of a battery, atomizer, and
typically a cartridge or storage tank that houses fluid [105-107]; however, some current
models do not use any storage vessel but rather the fluid is directly dripped onto the
atomizer. The fluid solution is comprised of a solvent, propylene glycol, glycerin, or a
combination of the two, and flavor chemicals [108,109]. Some fluids are nicotine-free but
many contain nicotine at varying concentrations. E-cigarette aerosol is produced by
drawing air through the device or by pushing a power button, which activates the battery
and heats the atomizer, aerosolizing the fluid.

Since the inception of the first e-cigarette, the device has continued to evolve as
its popularity has grown, becoming ever more user friendly and/or customizable. The
first iteration of e-cigarettes, cig-a-likes, were made to resemble a conventional cigarette
and the three basic components, battery, atomizer, cartridge, were separate entities.

Quickly, the atomizer and cartridge were combined to form the “cartomizer” unit,
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simplifying the design [105-107]. The next evolution was the pen style, which offered a
larger more powerful battery, followed by the tank model, which employed a larger
vessel for holding more fluid. This was subsequently followed by another upgrade to the
battery [110] called the box-mod, this model allowed for customizing by the user,
including making changes to voltage/ wattage, this was followed by the advent of the
drip system, doing away with any tank/vessel and dripping the fluid directly onto the
atomizing coils [111] [112]. The latest in e- cigarette evolution is the pod style, e.g.
JUUL, a sleek, engineered product that resembles a USB flash-drive and utilizes single-

use fluid-filled pod [113].

Figure 1.2. Evolution
of e-cigarettes.
(from left to right)
Cig-a-like models,
vape pen, tank
model, box-mod,
pod models (JUUL).
Image has been
modified from the
original version.
Image downloaded

=

from
http://www.ansrmn.
o U J L ‘ - orgl/ecigs
Cig-alike Vape  Tank Box-mod Pod
Pen (JUuL)

Over time the device has not been the only component to evolve, the fluid used

to generate aerosols has also. Early e-cigarette fluids came in pre-fill cartridges but with

15



the growing popularity of refillable models, the refill fluid industry was born. Refill fluids
had the same basic composition of pre-fill fluids but were sold in drip-top bottles. This
allowed the user to control the amount of solution dispensed as they manually added or
refiled the solution of their choice. This option was also more cost effective and allowed
users to compound their own fluids at home by purchasing the individual ingredients.
Also, many companies allowed their users to customize every aspect of the fluid from
solvent makeup, flavor choices, and nicotine concentration. However, initially, in an effort
to emulate conventional cigarette use, fluids were nicotine containing and had
rudimentary flavor profiles, primarily of the tobacco variety. Over time and as “vaping”
culture grew among young users, the flavor profiles became ever more complex, with
flavors ranging from strawberry to chocolate covered bacon. By 2014, a study by Zhu et
al. [114] found that there were over 7000 different flavors of fluids. Currently, refill fluids
flavors have become even more elaborate and have names that give no indication of the
flavor profile at all, such as Unicorn Puke and The Mystery Flavor [115]. Another shift in
fluid evolution was the decrease or complete lack of nicotine in fluids. As some e-
cigarette users were previously nonsmokers, there was an interest in using the device
nicotine free. Also, e-cigarettes are an attractive alternative to cigarettes for some
expectant mothers, who have become one of the fastest growing user bases. Many of
these women, believing e-cigarettes were harm reduction, sought to use the device as
an alternative method to satisfy their nicotine needs without bringing harm to their babies
or as a method of smoking cessation since refill fluids allowed them to step-down their

nicotine intake gradually [116-118].
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Figure 1.3. Collection of modern refill fluids. Shows colorful labeling without
indication of flavor profile. Inage downloaded from
http://www.bu.edu/research/articles/behind-the-vapor/

Since their inception, electronic cigarettes have been marketed as a smoking
cessation device, delivering nicotine without the dangerous chemicals wrought in
tobacco combustion [71]. Currently, there is no consensus on whether e-cigarette use
aids in cigarette smoking cessation, there is data to support both sides; however, there
is growing scientific evidence that they are not harm-free. New research over the last 2
years has found evidence that the heating of these unstable fluids can induce toxicity,
inflammation and oxidative stress in the mothers and can accumulate in the developing
fetus, affecting intrauterine development and causing respiratory and neurological

disorders [119].
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Their novelty means that regulation of e-cigarettes varies globally. The Institute
for Global Tobacco Control (IGTC) has identified 68 countries that have laws regulating
e-cigarettes, as of November 2016 [120]. Types of regulation range from complete
outright prohibition on the sale and marketing of e-cigarettes (Brazil, Singapore) to
prohibition on their use in enclosed public places (United States) to a simple minimum
age of purchase regulation (many countries). There also exist restrictions on whether
vendors are permitted to sell nicotine-containing or nicotine-free solution cartridges. The
World Health Organization acknowledged that e-cigarettes may play a role in harm
reduction strategies, but in light of newly published and imminent studies, should be

regulated to minimize any potential risks [121].

Heated tobacco products

In 1988, R.J. Reynolds released Premier, a smokeless tobacco product that
mimicked the appearance of a conventional cigarette but functioned by igniting a
combustible fuel element of a carbonaceous material that would heat (without burning)
tobacco saturated in glycerin to produce an aerosol [122]. In 1989, Premier was pulled
from the market only to reappear in the mid 1990’s as the Eclipse [123], subsequently
the Eclipse was redesigned as the Revo, only to be pulled from commercial markets in
2015 [124].

In 1998, PMI launched the Accord, the predecessor to the IQOS. In 2008, the
Accord we redesigned and reintroduced as the Heatbar. Accord, Heatbar and 1QOS
function similarly and were the first electronic heated tobacco products, employing a
battery powered heating unit/holder outfitted with a flange to heat a rolled, reconstituted

tobacco sheet impregnated with glycerin (called a cast-leaf), housed within a cigarette-
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like heatstick that generates a nicotine containing aerosol when heated [125,126]. Prior
to the IQOS, earlier iterations of heat-not-burn products were not well received, and all
were discontinued.

The 1QOS heat-not-burn system was successfully launched in 2014 to test
markets in Japan and ltaly [127]. However, recently PMI observed a 16% drop in sales
in Asia [128], and although sales in Italy are still growing, they have received criticism
because IQOS was marketed as a smoking cessation aid, but in the 4 years they have
been sold, there has not been any significant decrease in conventional cigarette use, but
rather a substantial increase in IQOS use [129].

IQOS is currently commercially available in 43 countries but is not available for
purchase in the US [130,131]. In December 2016, PMI filed an application with the US
the Food and Drug Administration (FDA) to market IQOS as a modified risk tobacco
product (MRTP) [129,132,133]. In January 2018, the FDA held a meeting of the Tobacco
Products Scientific Advisory Committee (TPSAC) during which they acknowledge that
IQOS studies showed a significant reduction in exposure to harmful or potentially
harmful chemicals (HPHC); however, they did not feel this reduction was sufficient “to
have a measurable and substantial reduction in morbidity and/or mortality”, and thus
voted to deny their application to market IQOS as a MRTP and continued the ban IQOS

sales in the US [132,133].

19



1

f ‘
| BB, Hicrile
I Rize e e
‘,

LJ
=i QO S
FOR USE WITH

(s

heatsticks, a pack of heatsticks, three individual heatsticks, two IQOS
chargers and Holders. The black? charger is shown with the lid closed, the
black? blue Holder is shown with a heatstick inserted, and the white Holder
is placed inside the white charger (lid open).

20



Concerns surrounding “safe” nicotine and tobacco products

Smoking has become socially unacceptable over recent years in many countries,
a result of a repeatedly published scientific evidence and public awareness campaigns,
but this has led to a rise in the use of “harm-reduction” products, and thus a host of new
public health concerns [88,134]. As discussed in previous sections, research has shown
that most harm reduction products (light cigarettes and chewing tobacco/snus) parallel
the health problems of cigarettes, leading to other types of orofacial cancers, dental
issues, and other health concerns [42,92-94,97,98]. The newest harm-reduction
products, e-cigarettes debuted to rave reviews for their potential as a smoking cessation
device and complete lack of tobacco, which has been publicly accepted as the causative
culprit for the aforementioned health problems. Public Health Officials are concerned
that with the popularization of e-cigarettes, there will be a renormalization of smoking, for
example through their use in locations where conventional cigarettes are prohibited,
ultimately leading to an unintended increase in use of conventional tobacco products by
nonsmokers. In fact, this been demonstrated to occur with e-cigarettes [135-137], and
has already begun to occur with the IQOS heat-not-burn system. In just 4 years since its
debut, polls indicated that in Italy 51% of IQOS consumers were previously nonsmokers,
introducing a substantial new population to addictive nicotine levels on par with
conventional cigarettes [138].

More pressing than social concerns are the latest publications that suggest
heating of refill fluids can have physical ramifications in the body of the user. Nicotine
delivery has increased with e-cigarette evolutions [139], and it has been suggested that
repeated use of larger battery/ more powerful devices can result in continual venous

blood levels of nicotine equal to those of cigarette smokers [140]. Although nicotine has
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been touted as a safe alternative to tobacco, various studies have demonstrated that
nicotine, independent of other chemical found in cigarettes, affects cell proliferation,
increases oxidative stress, apoptosis, and promotes DNA mutation by various
mechanisms, leading to cancer [141]. It can also affect tumor proliferation and
metastasis and can cause resistance to chemo- and radio-therapeutic agents [142].
Studies in which animals were exposed to vaporized refill fluids provided evidence that
vapor inhaled from e-cigarettes promotes an inflammatory response in the lungs (refs).
This response is more pronounced in chemically flavored refill fluids, compared to
unflavored ones, suggesting that prolonged vaping can cause irreversible damage to the
lung tissue and can increase pulmonary susceptibility to viral infection [143]. Moreover,
dental studies have shown that people who vape exhibit increased levels of pro-
inflammatory cytokines, leading to increased peri-implant complications. Cell studies
have mirrored in vivo studies, demonstrating decreased cell viability and increased
inflammation [144-146].

Another concern with electronic cigarettes is that they are a common alternative
choice for pregnant smokers. Despite e-cigarette’s lack of extraneous chemicals that are
commonly found in tobacco, multiple animal studies have demonstrated that nicotine is a
developmental neurotoxin [147-151] and is responsible for many of the health
consequences associated with in utero tobacco smoke exposure, including heart and
craniofacial defects [152,153]. Recent studies have demonstrated that exposing
embryos to aerosols caused developmental defects including heart deformities [154] and
some craniofacial defects [155]. Animal studies have also been done to determine
whether nicotine-free vape solutions were safe. In these studies, embryos (e.g. mouse

and monkey) exposed to the nicotine-free e-cigarette solutions produced the same
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results, indicating that either the solution components alone, or the heating of these
components is teratogenic [156].

While most of the data currently available on electronic nicotine delivery systems
is deals with electronic cigarettes (due to the length of time of their commercial
availability), more data are becoming available for the IQOS system, some of these data
challenge the claim of harm reduction. The new data, pioneered to a great extent by
researchers from the University of California San Francisco, contradicts PMI’s internal
data that touts its safety and efficacy in smoking cessation.

The Gotts research group at the University of California, San Francisco, (UCSF)
conducted an independent review of PMI’s internal preclinical trial data revealing a
different story than the one they flaunt publicly. Their own internal data suggested that
the usage of the IQOS system presented a new tobacco related complication:
hepatotoxicity [157]. Preclinical studies demonstrated that after only 5 days of use in
human subijects, plasma bilirubin was elevated by 8.8% compared with 0% elevation in
conventional cigarette smokers, suggesting cholestatic liver injury. Ninety-day studies in
male and female Sprague-Dawley rats also showed that rats exposed to IQOS aerosols
had increased liver weights, a symptom of hepatocellular hypertrophy. Measures of
blood levels of alanine aminotransferase, an enzyme released into the blood by
hepatocytes during hepatocellular injury, were significantly higher with IQOS than with
conventional cigarettes in female animals. Moreover, livers of IQOS rats exhibited
hepatocellular vacuolization, a sign of acute liver injury and an effect not seen in
cigarette-exposed animals. Aside from liberally interpreting data to fit a desirable
outcome, former employees of PMI have criticized their research methods. In an

interview with Reuters, former IQOS preclinical trial coordinator Tamara Koval stated
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that when she pointed out irregularities in the study, she was simply excluded from
meetings. Interviews with principal investigators revealed issues with basic scientific
technique. Regrettably, this is not the first time PMI’s internal research has been brought
into question. A former FDA commissioner was quoted as saying “Taken as a whole, it’s
clear they do not have the sophistication to carry out adequate and well-controlled
clinical trials,” which highlights the need for external research to authenticate PMI’s
claims [158].

In addition to this analysis, Moazed et al. also reviewed PMI’'s data for anomalies
with pulmonary health and found evidence that IQOS usage is associated with
significant pulmonary and immunomodulatory toxicities [159], and that there was no
detectable differences between conventional cigarette smokers and those who switched
to IQOS, challenging PMI’s claim that their device is less harmful than conventional
cigarettes. Moazed et al. also noted that PMI did not conduct studies to examine the
impact of dual use (both IQOS and cigarettes) or secondhand aerosol exposure,
highlighting the inadequacy and bias of their studies.

A second research group at UCSF conducted independent research to assess
the effect of IQOS aerosols on vascular endothelial function and found that exposure to
these aerosols produces vascular damage on par with conventional cigarettes, and
effects were observed at a lower dose, demonstrating that IQOS products will expose
users to similar cardiovascular risks [160]. These results were true for IQOS systems
from three different countries (each of which have different tobacco regulations),

suggesting that this problem is related to a core aspect of this device.
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PURPOSE OF THE DISSERTATION

Since the popularization of tobacco products in Europe, humans have been
entangled in a cyclical back-and-forth where the tobacco industry debuts a new, popular
product, medical and research professionals point out their danger, and the tobacco
industry develops a new “safer” product that is subsequently disavowed. Increasing data
are available to demonstrate that electronic cigarettes are not harm-free. The novelty of
the IQOS system combined with independent reevaluation of PMI’s preclinical data
demonstrate that this product can lead to physiological changes and suggest that history
is about to repeat itself.

The research presented here aims to expand upon existing research that
demonstrates that the electronic nicotine delivery devices, e-cigarettes and particularly
the new IQOS system are not harm free products. This study addresses both electronic
cigarettes and IQOS products and provides new data showing that: (1) nicotine
concentration labeling on electronic cigarette refill products is often inaccurate and
misleading; (2) refill fluids and Do-it-Yourself (DIY) products require stricter quality
control guidelines/oversight due to presence of nicotine in DIY electronic cigarette
flavorings; (3) performance of IQOS heat-not-burn devices is affected by cleanliness,
and use leads to heat generation and polymer-film filter melting, as well as emission of
formaldehyde cyanohydrin from heated polymer-film filters; (4) IQOS aerosols have
equivalent cytotoxicity to 3R4F reference cigarettes under certain conditions of testing;
(5) IQOS exposure induced an epithelial-to-mesenchymal transition in primary lung
carcinoma cells in vitro; and (6) the proteome of normal human bronchial epithelial cells

from a nonsmoker is altered by exposure to IQOS aerosol. .
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ABSTRACT

Introduction: To evaluate the accuracy of nicotine concentration labeling on electronic
cigarette refill products.

Methods: The nicotine concentration of 71 electronic cigarette refill fluid products and
one related DIY (do-it-yourself) product was quantified using high performance liquid
chromatography. Quantified data were compared to manufacturers labeled
concentrations. Duplicate refill fluid products purchased at different times were evaluated
by visual comparison of fluid coloration and quantified nicotine concentration.

Results: 35 of the 54 nicotine containing fluids had quantified nicotine concentrations
that deviated by more than +10% from the manufacturer labels with 46 of 50 being in
excess of labeled values. Refill fluids labeled as zero nicotine had no detectable
nicotine. Of five products that were unlabeled for nicotine concentration, three contained
no detectable nicotine, while the remaining two contained nicotine in excess of
100mg/mL and may have been intended for do-it-yourself use. 16 of the 18 duplicate
bottles of refill fluid varied greatly in their nicotine concentrations. One of five companies
showed significant improvement in labeling accuracy in the most recently purchased
products. Of the 23 total duplicate pairs, 15 of 23 varied in coloration from their mates.
Conclusions: Nicotine concentration labeling on electronic cigarette refill products was
often inaccurate but showed improvement recently in products from one company.

To ensure the safety of refill fluids and DIY products, it is necessary to establish quality
control guidelines for the manufacturing and labeling and to monitor products

longitudinally.
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INTRODUCTION

E-cigarettes (EC) are comprised of a battery that heats an atomizer, which
aerosolizes a fluid that generally contains nicotine, a humectant(s), and flavorings [1,2].
EC cartridges, cartomizers, and tanks, which hold the fluid, can be refilled from drip bottles
of refill fluid that are readily available over the Internet, in EC retail shops, and in malls.
While EC per se are generally marketed in a limited number of flavors, refill fluids are
available, often from third party vendors, in hundreds of different flavors. Thus, they
expand the flavor options and offer EC users a more cost-effective option by enabling EC
cartridges to be reused. However, some refill fluids were cytotoxic when tested in vitro
with different cell types, and cytotoxicity of several products was attributed to flavorings
[3.,4].

Because nicotine contained in these fluids is both addictive and toxic (a dose of
6.5-13 mg/kg is fatal to adult humans) [5,6], it is important that the concentrations of
nicotine on refill fluid and DIY product bottles be accurate. However, there are currently
no federal regulations on the manufacturing of these products. Recently, the EC industry
has begun some self-regulation with the creation of the American E-liquid Manufacturing
Standards Association (AEMSA), which was formed to certify nicotine concentrations in
EC products. According to the revised AEMSA guidelines (posted on the AEMSA
website in February, 2014), nicotine concentrations should be +10% of the label [7].

Previous studies have examined nicotine concentrations in a limited number of
refill fluid products [8-10], and in some cases found significant discrepancies between
what was on the bottle and what was measured [8,10]. The purpose of the current study
was to quantify nicotine concentrations in a broad spectrum of refill fluids from different

American manufacturers, to compare measured nicotine concentrations to those
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provided by the manufacturer, and to determine if duplicate bottles of the same product
purchased at different times had similar concentrations of nicotine. This study is the first
to investigate nicotine concentrations in a broad range of American-made refill fluid

products in longitudinal samples.

MATERIALS & METHODS:
Products tested

71 EC refill fluids and one DIY (do-it-yourself) product were purchased from five
different manufacturers using the Internet or a local vendor and inventory numbers were
assigned to each sample at the time of receipt (Table 1.1). Purchases were made on
four different dates (inventory #s 1-41 April 2011; #s 49-68 summer 2011; #s 70-92
February 2012, and #s 93-96 May 2012). Johnson Creek (Johnson Creek, WI) and Red
Oak (a subsidiary of Johnson Creek) are two major manufacturers of EC refill fluid
products, as shown by Google Trends, with sales in 101 countries. Recently, Johnson
Creek partnered with Blu Cig, one the most popular electronic cigarettes [11], thus
increasing the potential distribution of their products. Freedom Smoke USA (Tucson, AZ)
and V2 Cigs (Miami Beach, FL) were selected because the companies have consistently
gained in popularity since their introduction to the refill fluid market in 2010, with their
popularity still rising according to Google Trends. Global Smoke (Los Angeles, CA) was
selected because it is marketed and readily available in shopping malls in our area.
Lastly, e-cigexpress.com (Orlando, FL) was selected because, at the time of purchase,
they were one of the few Internet vendors that sold flavorless nicotine in a propylene

glycol base.
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Of the 71 refill fluids/1 DIY products that were evaluated, 25 were purchased
from Johnson Creek, and 20 of these were obtained from two sample kits. Kits were
purchased at two different times, and 9 of the 10 products in each kit were exact
duplicates (i.e., from the same manufacturer with the same label information). Of the
additional five Johnson Creek refill fluids, two were Tennessee Cured (#s 31, 51) with
labeled nicotine content that differed from the refill fluids in the sample kits, and three
were J.C. Original (#s 34, 50, 88) of which two (#s50 and 88) were labeled with the
same nicotine content as those in the sample kit and one (#34) was labeled at a lower
concentration. 16 refill fluids were from Red Oak, and 14 of these were also obtained in
two sample kits. The Red Oak kits each contained seven refill fluids, and all seven were
duplicate flavors. Two additional Red Oak Marcado (#s 49, 70) refill fluids were
purchased to further evaluate duplicates. For both Johnson Creek and Red Oak, all refill
fluids contained within the kits had a different labeled humectant composition than
individually purchased bottles. 24 refill fluids were purchased from Freedom Smoke-
USA. Two (#24, #55) of the 24 products were unflavored nicotine in 100% propylene
glycol. At the time of purchase, neither the labels nor website indicated the nicotine
concentrations of these products or that they were concentrates to be used in diluted
form. Therefore, these two products were also considered refill fluids, not DIY products.
Four of the flavors (eight refill bottles) were purchased as exact duplicates. Two refill
fluids were purchased from Global Smoke, four were from V2 Cigs, and the one DIY
product was from e-cigexpress.com. All products were stored in the dark at 4°C, and all

experiments were performed within three months of purchase.
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Establishment of Nicotine Calibration Curve and Method Validation:

Our HPLC method for quantifying nicotine in refill fluids/ DIY products was adapted from
Trehy et al (2011) which was shown previously to work well with EC refill fluids. Nicotine
(299% purity) purchased from Sigma-Aldrich (St. Louis, MO) was used to establish a
calibration curve. A stock solution of nicotine (10mg/mL) was prepared in non-buffered
mobile phase consisting of 77% water and 23% acetonitrile. Serial dilutions (1 to 1500
Mg/mL) were made, and the linear portion of instrumental response was determined.
Three samples of 5 doses that spanned the linear range (100 pg to 1000ug/ml) were
used to create a calibration curve. The accuracy and precision of the calibration curve
was validated by injecting four samples of nicotine, prepared as described above, at two
concentrations (500ug/ml and 637ug/ml) and determining the percent error at each
concentration. For each concentration, the error was < 1% (0.408% for 500ug/ml and
0.843% for 637ug/ml). The calibration curve was periodically validated to ensure that no

changes or drift were present.

HPLC analysis of nicotine concentrations:

HPLC grade chemicals (triethylamine, water, and acetonitrile) and phosphoric acid
(85%) were purchased from Fischer Scientific (Fair Lawn, NJ). Sodium hydroxide was
purchased from EM Scientific (Gibbstown, NJ). Samples were analyzed using a Hewlett
Packard Series 1100 HPLC, consisting of a quaternary pump, degasser, column
thermostat and manual injector. A 200 x 4.6 mm Thermo Scientific Hypersil ODS C18
column with a particle size of 5 um was used at 35°C with a flow rate of 0.8 mL/min. The
diode array detector signal was set to 260 nm with a bandwidth of 40 nm with a
reference signal of 380 nm and bandwidth of 10 nm. An isocratic method was used with

a buffered mobile phase consisting of 76.9% water, 23% acetonitrile, and 0.1%
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triethylamine. The pH of the mobile phase was adjusted daily to 7.6 using phosphoric
acid and sodium hydroxide. Since no extraction procedure was necessary, 5% stock
solutions of each fluid were prepared in a non-buffered mobile phase. Care was taken to
accurately pipette the fluids so as not to introduce air bubbles. The stock solutions were
diluted down to the injection concentration of 0.5% by the further addition of non-
buffered mobile phase. The injection volume for all samples was 5 pyl. The limit of
quantification for nicotine was 10 pg/mL with a limit of detection of 50 ng/ml. Each
sample was injected and analyzed 5 times. The values reported in Tables 1 and 2 are

the means and standard deviations of the 5 runs.

RESULTS

Table 1.1 shows the results, organized by ascending inventory number, for the
72 products that were evaluated in this study. For each product, the date of purchase,
inventory number, flavor, humectant, color, manufacturers’ nicotine concentration,
quantified nicotine concentration, percent difference in nicotine concentrations, and
whether the fluid was within £10% of the concentration on the label. A broad range of
flavors was included. In most cases, humectants were named on the label, and
humectants varied among manufacturers and varied sometimes within a manufacturer.
The color of the refill fluids also varied among products and ranged from clear to dark
brown. Similarly flavored fluids produced by the same manufacturer sometimes varied in
color. For example, Freedom Smoke Caramel (#26) was clear, while Freedom Smoke
Caramel (#27) was orange-yellow.

Manufacturer labeled nicotine concentrations were compared to the HPLC

quantified nicotine concentrations, and the percent differences were calculated (Table
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1.1). Of the products tested, the 10 refill fluids that were labeled zero nicotine (#s 20, 21,
23, 26, 30, 36, 38, 41, 90 and 92) contained no detectable nicotine. Eight of 72 samples
had nicotine concentrations below labeled values. Five of these eight were from Johnson
Creek (#s 15, 82, 85, 86, 88) and three were from Freedom Smoke-USA (#s 19, 29, 37).
Of the remaining 54 fluids, 46 had nicotine concentrations that were higher than the
labeled amount. Five bottles had no labeled nicotine concentration; three contained no
detectable nicotine (#s 25, 56, 87) and two (#s 24, 55) had nicotine concentrations in
excess of 100mg/mL. Three of the four Red Oak Marcado samples (#s 3, 49, 73) were
not analyzable using this HPLC method. Of the analyzable nicotine containing fluids,
only 19 had concentrations within £10% of the labeled concentration, which is the
nicotine tolerance level set by AEMSA in their recently revised standard [7], as well as a

standard that is acceptable for nicotine patches [12].
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Table 1.1

Evaluated Refill Fluids

* [Q] % Diff AEMSA
# Manufacturer Flavor Hum Color [M] (mg/mL) From [M] Standard
1 Red Oak Domestic G,V Brown 18 22.8+0.93 +26.4 No
2 Red Oak Island G,V Lt Brown 18 29.6+0.27 +64.3 No
3 Red Oak Marcado G,V Lt Brown 18 STC n/a n/a
4 Red Oak Swiss Dark G,V Dk 18 31.7+£0.23 +76.1 No
5 Red Oak Tennessee Cured G,V Lt Brown 18 29.7+0.29 +64.9 No
6 Red Oak Valencia G,V Cream 18 24.2+0.34 +34.2 No
7 Red Oak Wisconsin Frost G,V Brown 18 23.8+0.23 +32.2 No
8 JC Arctic Menthol P,V,G Tan 18 22.2+0.30 +23.4 No
9 JC Black Cherry P,V,G Tan 18 20.9+0.13 +16.1 No
10 JC Chocolate Truffle P,V,G Med 18 19.7+0.56 +9.7 No
11 JC Espresso P,V,G Lt Brown 18 21.4+0.11 +18.83 No
12 JC French Vanilla P,V,G Brown 18 20.7+0.11 +14.83 No
13 JC JC Original P,V,G Lt Brown 18 24.9+0.45 +38.5 No
14 JC Mint Chocolate P,V,G Tan 18 24.3+0.47 +35.1 No
15 JC Simply Strawberry P,V,G Tan 18 17.£0.21 -5.8 No
16 JC Summer Peach P,V,G Tan 18 22.0+0.38 +22.1 No
17 JC Tennessee Cured P,V,G Med 18 21.4+0.31 +18.8 No
18 FS-USA Bubble Gum U Orange 24 28.5+0.80 +18.8 No
19 FS-USA Butterfinger U Dark 24 21.9+£0.71 -8.6 No
20 FS-USA Butterscotch FA U Yellow 0 0.0 0 n/a
21 FS-USA Caramel FA U Lt Brown 0 0.0 0 n/a
23 FS-USA Menthol Arctic FA U Clear 0 0.0 0 n/a
24 FS-USA PureNicLiquid P Clear (Lt UK 105.9+3.2 n/a n/a
25 FS-USA Vanilla Tahity FA U Med UK 0.0 n/a n/a
26 FS-USA Caramel \% Clear 0 0.0 0 n/a
27 FS-USA Caramel U Yellow- 6 10.2+0.27 +69.5 No
28 FS-USA Caramel \% Yellow- 6 10.5+£0.72 +75.0 No
29 FS-USA Butterscotch \% Yellow- 6 5.6+£0.03 -6.0 No
30 FS-USA Butterscotch \% Clear 0 0.0 0 n/a
31 JC Tennessee Cured P,V Med 1 15.6+0.85 +42.1 No
34 JC J.C Original P,V Lt Brown 1 17.5+£0.55 +58.6 No
35 FS-USA Chocolate Biscotti U Brown 24 34.4+1.59 +43.3 No
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* [Q] % Diff AEMSA
# Manufacturer Flavor Hum Color [M] (mg/mL) From [M] Standard
36 FS-USA Coconut U Clear (Lt 0 0.0 0 n/a
Yw Tint)
37 FS-USA Peanut Butter Cup U Dk 24 20.9+1.29 -12.9 No
38 FS-USA Tiramisu U Dk 0 0.0 0 n/a
39  Global Smoke RY4 U Yellow 18 26.6+0.63 +47.9 No
40  Global Smoke Caramel U Yellow- 18 23.31£0.86 +29.6 No
41 FS-USA Butterscotch FA U Yellow 0 0.0 0 n/a
49 Red Oak Marcado \% Tan 18 STC n/a n/a
50 JC J.C Original P,V Tan 18 19.9+0.26 +10.4 No
51 JC Tennessee Cured P,V Lt Brown 1 12.2+0.19 +10.5 No
55 FS-USA PureNicotineLiquid P Clear UK 134.7+4.0 +34.7 No
56 FS-USA Butterscotch FA U Lt Brown UK 0.0 n/a n/a
57 FS-USA Wyatt Earp U Dk 24 31.3+2.55 +30.4 No
68 e-cigexpress Unflavored PG P Clear 60 72.9+3.14 +21.5 No
ase
70 Red Oak Marcado \% Tan 1.8 27.8+1.36 +54.3 No
71 Red Oak Domestic G,V Tan 18 22.8+0.34 +26.4 No
72 Red Oak Island G,V Tan 18 23.51£0.40 +30.6 No
73 Red Oak Marcado G,V Lt Yellow 18 STC n/a n/a
74 Red Oak Swiss Dark G,V Lt Brown 18 28.0+0.28 +55.9 No
75 Red Oak Tennessee Cured G,V Lt Brown 18 28.6+1.04 +59.0 No
76 Red Oak Valencia G,V Clear 18 19.5+0.53 +8.4 No
77 Red Oak Wisconsin Frost G,V Lt Brown 18 34.2+0.72 +89.7 No
78 JC Arctic Menthol P,V,G Lt Brown 18 19.74£0.23 +9.2 No
79 JC Black Cherry P,V,G Tan 18 19.0+0.42 +5.6 No
80 JC Chocolate Truffle P,V,G Brown 18 18.2+0.98 +1.3 Yes
81 JC Espresso P,V,G Brown 18 18.2+0.70 +1.1 Yes
82 JC French Vanilla P,V,G Brown 18 17.810.24 -1.3 Yes
83 JC JC Original P,V,G Lt Brown 18 18.40.33 +2.3 Yes
84 JC Mint Chocolate P,V,G Brown 18 19.41+0.44 +9.3 No
85 JC Spiced Apple Cider P,V,G Light 18 16.8+£0.52 -6.6 No
86 JC Summer Peach P,V,G Lt Brown 18 17.4+£0.30 -3.5 Yes
87 JC Tennessee Cured P,V,G Med 18 19.2+0.34 +6.7 No
88 JC J.C Original P,V Lt Brown 1.8 17.11£0.24 -5.2 No
89 FS-USA Menthol Arctic FA U Clear UK 0.0 n/a n/a
90 FS-USA Caramel \% Clear 0 0.0 0 n/a
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" [Q] % Diff AEMSA
# Manufacturer Flavor Hum Color [M] (mg/mL) From [M] Standard
91 FS-USA Butterscotch \Y Clear 6 7.4£0.09 +22.5 No
92 FS-USA Butterscotch \Y Clear (Lt 0 0.0 0 n/a
93 V2 Cigs Peppermint P,V Lt Yellow 1.8 20.2+0.09 +12.1 No
94 V2 Cigs Menthol P Lt Yellow 18 19.6+0.08 +8.8 No
95 V2 Cigs Sahara P Yellow 18 19.7+£0.07 +9.3 No
96 V2 Cigs V2 Red P Yellow 18 18.8+0.07 +4.2 Yes

*Manufacturer's Concentration is in mg unless otherwise stated
JC= Johnson Creek, FS-USA= Freedom Smoke USA

Hum= Humectant Composition, G= Glycerin, V= Vegetable Glycerin, P= Propylene Glycol, U= Unknown

[M]= Manufacturers Concentration, [Q]= Quantified Concentration
Lt= Light, Med= Medium, Dk= Dark, Yw= Yellow
STC= Sticks to Column
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Table 1.2 Comparison of Exact Duplicate Refill Fluids

Color [Q] Comp % Diff
#s Manufacturer Flavor Comp (mg/mL) Dublt'wnt P value
plicates
1/ 71 Red Oak Domestic Brown/ Tan 22.76/ 0 0.9966
2/ 72 Red Oak Island Lt Brown/ Tan 29%28-/7263.5 22.91 < 0.0001
3/73 Red Oak Marcado Lt Brown/ Lt Yellow STC/ STC n/a n/a
4/ 74 Red Oak Swiss Dark Dk Brown/ Lt Yellow 31.69/ 12.12 < 0.0001
5/ 75 Red Oak Tennessee Cured Lt Brown/ Lt Brown 2298287/ 3.64 0.0924
6/ 76 Red Oak Valencia Cream/ Clear 22513165/ 21.26 < 0.0001
7177 Red Oak Wisconsin Frost Brown/ Lt Brown 23.18?-??2.15 35.72 < 0.0001
8/78 JC Arctic Menthol Tan/ Lt Brown 22.21/ 12.18 < 0.0001
9/ 79 JC Black Cherry Tan/ Tan 20.299/)-1696.01 9.47 0.0001
10/ 80 JC Chocolate Truffle Med Brown/ Brown 19.74/ 7.9 0.0248
11/ 81 JC Espresso Lt Brown/ Brown 21???3/ 16.17 0.0006
12/ 82 JC French Vanilla Brown/ Brown 213;?/ 15.09 < 0.0001
13/ 83 JC JC Original Lt Brown/ Lt Brown 211;??/ 30.09 < 0.0001
14/ 84 JC Mint Chocolate Tan/ Brown 21513?‘;111/ 211 < 0.0001
16/ 86 JC Summer Peach Tan/ Lt Brown 2119577/ 23.39 < 0.0001
17/ 87 JC Tennessee Cured  Med Brown/ Med Brown 2117??87/ 10.69 < 0.0001
23/ 89 FS-USA Menthol Arctic FA Clear/ Clear 13/%1 n/a n/a
26/ 90 FS-USA Caramel Clear/ Clear 0/0 n/a n/a
29/ 91 FS-USA Butterscotch Yellow-Orange/ Clear 5.64/7.35 26.33 < 0.0001
(Yw Tint)
30/ 92 FS-USA Butterscotch Clear/ Clear (Lt Yw Tint) 0/0 n/a n/a
31/ 51 JC Tennessee Cured Med Brown/ Lt Brown 15.63/ 24.97 0.0009
49/ 70 Red Oak Marcado Tan/ Tan ST1C%2176.78 n/a n/a
50/ 88 JC J.C Original Tan/ Lt Brown 119;%76/ 15.22 < 0.0001

JC= Johnson Creek, FS-USA= Freedom Smoke USA
[Q]= Quantified Concentration

Lt= Light, Med= Medium, Dk= Dark, Yw= Yellow

STC= Sticks to Column
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For some products purchased after February 2012, accuracy in labeling
appeared to have improved. For example, of the 12 Johnson Creek products purchased
in April 2011, only two of the 12 met the +10% standard. For the 11 Johnson Creek
products purchased in February 2012, all 11 were within £10% of the labeled nicotine
concentration, suggesting that manufacturing processes have improved at this company
between 2011 and 2012. For Red Oak, a subsidiary of Johnson Creek, only one of the 7
analyzable recent purchases (February 2012) was within 10% of the labeled nicotine
concentration, and 6 of the 7 were higher than the labeled concentrations by 26.6 to
89.7%. Only one sample of Freedom Smoke that was purchased in February 2012 had
nicotine, and it deviated from the label by 22.5%, which was an increase from the April
2011 purchase that deviated only 6%. In addition, of the four V2 products purchased in
May 2012, three of the four products fell within £10%, suggesting improved
manufacturing practices.

Table 1.2 presents longitudinal data comparing refill fluids that were considered
exact duplicates, i.e., produced by the same manufacturer and labeled with the same
humectant composition, flavor, and nicotine concentration, but purchased on different
dates. The Table shows the inventory number of refill fluid duplicate pairs, manufacturer,
flavor, coloration, comparisons between the exact duplicates, manufacturer’s labeled
nicotine concentration, and whether the quantified nicotine concentration was <10% from
the manufacturer’s concentration, as well as the actual percent difference (indicated in
parenthesis). The color of the refill fluids, which was evaluated visually, varied within
most of the 23 duplicate pairs. The most extreme example was observed between
numbers 4 (dark brown) and 74 (light brown), which were duplicate bottles of Red Oak

Swiss Dark (Fig. 1.1). Some duplicate samples (e.g., Freedom Smoke #29 and 91) had
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very slight differences in coloration (orange-yellow vs. clear with yellow tint), while other

duplicates were similar in color (e.g., Johnson Creek #17 and 87) (Fig. 1.1).

Red Oak Red Oak FS-USA Johnson Creek
__Swiss Dark Domestic Butterscotch Ter Cured

29 91 (17 87

4 74| 1 T
-1 I
Figure 1.1. Examples of color variation among duplicate refill fluid pairs.

Color variation between mates ranged from extreme, Red Oak Swiss Dark, to
similar in coloration, Johnson Creek Tennessee Cured.

The 18 pairs of refill fluid that contained nicotine were compared to determine if
labeling accuracy improved between purchases. Table 1.2 shows those samples that
had measured nicotine concentrations within 10% of the labeled value. Of the18 pairs,
only one pair (Red Oak Domestic #s 1, 71) had identical quantified nicotine
concentrations and thus showed no change over time from the manufacture’s labeled
concentration. Only one pair (#s 10, 80) was within 10% of the labeled concentration.
For five refill fluids pairs, all from Red Oak, both samples exceeded 10% of the labeled
concentration, and of these, one (#s 7, 77) showed an increase in the percent difference
over time. Only one refill fluid pair (Freedom Smoke #s 29, 91) showed a diminution in
quality with the fluid purchased earlier meeting the criteria and the latter not. 10 pairs
(which included 9 from Johnson Creek) showed significant improvements in labeling

accuracy over time.
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DISCUSSION

The purpose of this study was to evaluate the accuracy of nicotine
concentrations that appear on labels of EC refill fluids/DIY products and to test the
fidelity of the manufacturing process by evaluating nicotine concentrations in duplicate
products purchased on different dates. Of the 71 refill fluids/1 DIY product evaluated, 54
were labeled as containing nicotine and analyzable. Of these, 35 had nicotine
concentrations that did not meet the revised AEMSA tolerance level of £10%. Quantified
nicotine concentrations in evaluated fluids varied from as little as 1.1% to as much as
89.7% from the labeled value, with the majority being higher than indicated on the label.
Accuracy in labeling improved significantly in more recent samples purchased from one
company. We also found significant variation in the color of fluids both between the
same flavors from the same manufacturer and between duplicate bottles of the same
product. While color variation could be due to the use of different chemicals to create a
particular flavor or to changes in color during storage, a dramatic color change would
not be expected between products that are considered exact duplicates (i.e. the same
product purchased at different times) as was seen with #s 4 and 74. We have observed
our products for over 2 years and none have noticeably changed color during storage.

There have been relatively few studies on the accuracy of the labeled nicotine
concentrations on EC products [10,13-16] with a subset of studies focusing specifically
on refill fluids [8,9,14]. In most of these studies, the quantified nicotine concentrations
varied from the labeled concentrations, and the degree of variation was quite diverse. In
two studies with relatively small sample sizes, the majority of EC refill fluids contained
nicotine concentrations below that of the label [8,14]. In a third study, measured nicotine

levels tended to be higher than labeled concentrations; however, the differences
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between the labeled and measured concentrations for one manufacturer were minor
[10]. A fourth recent study of mainly Western European products found the differences
in the labeled and measured nicotine concentrations to be relatively small and
suggested that manufacturing practices have improved and may be acceptable [9]. In
our study, which is the most comprehensive evaluation of American products to date,
most nicotine concentrations were higher than the labeled values, with many being over
20% higher. For longitudinal samples from Johnson Creek, the products that were
purchased last showed better accuracy in labeling than those purchase 10 months
earlier suggesting an improvement in manufacturing processes for this company.
However, a similar improvement was not seen in Red Oak, the Johnson Creek
subsidiary. While the trend for at least one company appears to be toward better
labeling, it will be important in the future to monitor progress in accuracy of nicotine
labeling and to look at multiple products from a spectrum of companies, as there is still
variability within and between companies and there is currently no government
regulation on these products.

The importance of evaluating longitudinal samples from a manufacturer is
demonstrated in our study by the four samples of Johnson Creek J.C. Original (18mg of
nicotine /ml) that were purchased at 3 different times and varied only in humectant
composition. When calculated nicotine values were compared to labeled values, the
deviations from the label were +38.5%, +10.4%, -5.2% and +2.3%. Had only one of
these products been evaluated, e.g., the product that differed by +38.5%, the data
generated would not be an accurate representation of the product line. Likewise, we
have shown for the first time that duplicate samples of the same product can vary in their

nicotine concentration. In 7 of 21 samples, nicotine concentration between duplicate
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bottles varied by more than 20% (as indicated by stars in the <10% Difference column of
Table 1.2).

In October 2012, AEMSA was established as a volunteer organization to set
responsible and sustainable standards for the safe manufacturing of EC refill fluid
products, and their standards are quite stringent. Members, who pay a monthly
membership fee, must agree to adhere to these standards and are allowed to display the
AEMSA logo on their websites [7]. Although none of the companies evaluated in this
study are listed on the AEMSA website as members of this association, refill fluids
purchased later in our study were more accurately labeled, with Johnson Creek being
the most improved.

Accurate labeling of nicotine concentrations on EC products is important as
nicotine is both addictive and toxic [5,17-19], and EC users should have reliable
information on nicotine concentrations in these products. Moreover, some people use
EC as cessation devices [20-22] and gradually wean themselves off higher doses of
nicotine. For this group of EC users, accurately labeled products are important. Also,
studies show that decreases in nicotine intake can lead to nicotine withdrawal symptoms
and induce compensatory smoking [17]. Another concern with improper labeling is the
potential for nicotine overexposure/overdose. Two refill fluids sold as unflavored nicotine
in PG had no labeling indicating the nicotine content. Only through HPLC analysis were
these products found to contain over 100 mg of nicotine/ml. At these high
concentrations, these products may have been intended as DIY products, but this was
not stated on the manufacturer’s website at the time of purchase nor this was this
indicated on the bottles. A consumer would not know these products were DIY without

proper labeling. Nicotine doses of 500-1000 mg for adults [23] and 10 mg for children
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[5,6,24] can be lethal. Since neither of these bottles had the nicotine concentration or
danger warnings printed on their labels, users of these products could be exposed to
higher doses of nicotine than they intended. Moreover, bottles with such high
concentrations of nicotine present a clear danger to children. When the concentration of
a 10 mL bottle of fluid is considered, the total nicotine content would exceed a lethal
dose for both children and adults.

We previously showed that EC performance is highly variable both between and
within brands of EC [1,25], that cytotoxicity of refill fluids varies among products [3,4],
and that puff duration varies among brands [26]. Others have shown significant
variability among products in the aerosolization of nicotine and in the concentration of
tobacco-specific nitrosamines emitted in EC aerosols [27]. Finally, EC users have
sometimes reported symptoms consistent with nicotine overdoses [28]. While this could
occur for a number of reasons, accurate labeling would be important to prevent
inadvertent overdosing. It is clear from these results that when evaluating the chemical
components in EC fluid products and aerosols, multiple products and longitudinal
duplicates of products should be tested before any determination can be made on the
accuracy of a particular product line of refill fluids. These studies also demonstrate the
importance of having regulations governing the accurate labeling of nicotine
concentrations on EC products, as well as the need for guidelines to improve the

integrity of manufacturing.
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Electronic cigarette (EC) users often create their own refill fluids by blending
bottled nicotine/propylene glycol/glycerol mixtures with Do-it-Yourself (DIY) flavourings
[1]. Although a complete refill fluid usually contains nicotine, the flavouring solutions
themselves are an additive and are presumed to be free of nicotine, which is a known
addictive chemical and toxicant [2]. To determine if DIY flavourings are nicotine free, we
evaluated 30 products from one vendor, using high performance liquid chromatography
(HPLC)(figure 2.1B-D), and confirmed the presence of nicotine via gas chromatography
and mass spectrometry (GC-MS) (figure 2.1E, F). HPLC analysis was performed as
previously described in detail [3]. Nicotine was extracted from DIY flavorings [4] and GC-
MS analysis of the extracts was per-formed using a Hewlett-Packard 5890 Series Il gas
chromatograph equipped with a Restek Rtx-1MS, 30 m, 0.25 mm column and a Hewlett-
Packard 5971A mass selective detector. Samples were analysed from 40°C to 250°C
with a total run time of 32.75 min per sample. Of the 30 flavouring products evaluated via
HPLC, 4(figure 2.1A) had peaks with the retention time and shape characteristic of
nicotine (figure 2.1C, D). GC-MS analysis confirmed the presence of nicotine in all four
pro-ducts (figure 2.1B, E, F). The limit of quantification for this method was 10 pg/mL.
Nicotine was quantifiable in two bottles, which had concentrations of 14.2 and 95.4
mg/mL (figure 2.1B). Nicotine can be fatal to humans in doses of 500—1000 mg for
adults [5] and 10 mg for children [6]. The total nicotine content in these two 5 mL bottles
of DIY flavourings was 71 and 477 mg, doses that, if ingested, could be fatal to children
and, possibly, to adults. Assuming a dilution factor of 1:10
(http://www tastypuff.com/product/joosy-froot/), a solution mixed from the Joosy Froot
flavour and propylene glycol alone would contain 9.5 mg/mL. These data demonstrate

that DIY flavouring products, which are marketed for the purpose of flavour
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enhancement, may contain substantial amounts of nicotine. These DIY flavourings are
named and described in terms that are attractive to children, have colourful attractive
bottles and emit an aroma that may encourage ingestion. Some adult users of ECs are
not addicted to nicotine and would avoid the use of these products if nicotine content
were indicated on the label.

The current finding of nicotine in DIY flavouring products that are expected to be
nicotine free and our prior finding that a DIY bottle of nicotine (134.7 mg/mL) was
unlabeled [3], are important public health problems. These products, which are
presented to the consumer as ‘nicotine free’ (http://www.tastypuff.com/product/joosy-
froot/), could lead to unwanted addiction, poisoning, or even death. The simplest solution
to this problem would be, at minimum, to require that any products containing nicotine be
clearly labelled with the term ‘nicotine’ and an accurate concentration. Consumers who
wish to use 0% nicotine products could then avoid unwanted exposure and EC users
could protect their children from accidental ingestion of nicotine. The demonstration of
nicotine in presumably nicotine-free DIY flavouring solutions should be valuable

information for regulatory agencies, physicians, EC users and poison control centres.
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Figure 2.1. Analysis of Tasty Puff Flavorings. (A) Bottles of DIY flavorings in which
nicotine was positivity identified. Bottles are indicated by inventory number, #s 53 &
69 are duplicate bottles of Sinful Cinnamon, #106 is Nilly Vanilla, and #107 is Joosy
Froot. (B) Summary table of HPLC and GC-MS results. The table indicates inventory
number, flavor, quantified nicotine concentration (NQ = nicotine was not
quantifiable but was qualitatively determined to be present), and GC-MS
confirmation of nicotine. (C and D) 3D Chromatograms of HPLC analyzed flavorings,
X axis = time (minutes), Y axis = absorbance (mAu), Z axis = wavelength in nm. (C)
is an example of a DIY flavor without nicotine (#119 Mr. Bubble), and (D) is an
example of a DIY flavor (#107 Joosy Froot), that contains nicotine, as indicated by
the presence of the bimodal peak at approximately 8 min. (E and F) are GC-MS
analyses of flavorings. GC data are shown in the two upper graphs, X axis = time
(minutes), Y axis =abundance (arbitrary units), and MS data are in the lower graphs,
X axis = m/z, Y axis =abundance (arbitrary units). (E) shows the nicotine standard
and (F) is an example of a flavoring (#107 Joosy Froot), found to be positive for
nicotine.
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ABSTRACT

Objective To evaluate performance of the | quit original smoking (iQOS) heat-not-burn
system as a function of cleaning and puffing topography, investigate the validity of
manufacturer’s claims that this device does not burn tobacco and determine if the
polymer-film filter is potentially harmful.

Methods iQOS performance was evaluated using five running conditions incorporating
two different cleaning protocols. Heatsticks were visually and stereomicroscopically
inspected preuse and postuse to determine the extent of tobacco plug charring (from
pyrolysis) and polymer-film filter melting, and to elucidate the effects of cleaning on
charring. Gas chromatography—mass spectrometry headspace analysis was conducted
on unused polymer-film filters to determine if potentially toxic chemicals are emitted from
the filter during heating.

Results For all testing protocols, pressure drop decreased as puff number increased.
Changes in testing protocols did not affect aerosol density. Charring due to pyrolysis (a
form of organic matter thermochemical decomposition) was observed in the tobacco
plug after use. When the manufacturer’s cleaning instructions were followed, both
charring of the tobacco plug and melting of the polymer-film filter increased. Headspace
analysis of the polymer-film filter revealed the release of formaldehyde cyanohydrin at
90°C, which is well below the maximum temperature reached during normal usage.
Discussion Device usage limitations may contribute to decreases in interpuff intervals,
potentially increasing user’s intake of nicotine and other harmful chemicals. This study
found that the tobacco plug does char and that charring increases when the device is not
cleaned between heatsticks. Release of formaldehyde cyanohydrin is a concern as it is

highly toxic at very low concentrations.
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INTRODUCTION

With the rise of smoking alternatives, the electronic nicotine delivery systems
market has boomed, with electronic cigarettes (EC) being among the most popular
worldwide.[1,2] However, there are still a number of conventional (combustible) cigarette
smokers who would welcome a cigarette-like tobacco-containing/nicotine-containing
product that is devoid of or has a significantly reduced toxicity compared with
conventional cigarettes.[1] To appeal to this demographic, Philip Morris International
(PMI) has released a new product called the iQOS (I quit original smoking), which is a
‘heat-not-burn’ system,[3] as an alternative to conventional cigarettes and EC. The iQOS
system uses a flange, called the ‘heater’, which is composed of a silver, gold, platinum,
ceramic coating,[4] to heat a rolled, cast-leaf sheet of tobacco impregnated with glycerin,
thereby creating an aerosol without combustion.[3] This aerosolization process is
proposed to reduce the user’s exposure to toxic and carcinogenic chemicals produced
by the combustion of tobacco.[5,6] Thus, the consumer gets the ‘harm reduction’
component of EC along with the mouth/throat feel of a conventional cigarette. The iQOS
system has been well received in Japan and Italy. The iQOS is currently sold in 26
markets by PMI with plans to expand to over 30 countries, including the USA.[7]
Although this product has been extensively evaluated by the manufacturer,[3,5,6,8—13]
these studies appeared in a journal that may have a deficient review process,[14]
emphasizing the need for independent evaluation of the iQOS. As our initial study, we
have evaluated the performance of the iQOS system under various conditions, tested
the effects of cleaning on performance and pyrolysis and determined the composition of

and potential health risk from the polymer-film filter.
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MATERIALS AND METHODS
iQOS product acquisition and storage

Four iQOS tobacco heating system kits, manufactured by Philip Morris Products
S.A. (Switzerland), were purchased online at eBay (https://www. ebay. com/) from
sellers with a 98% or higher satisfaction rating. Kits arrived sealed and in excellent
condition. Kits were inventoried, and the components of each kit were placed into
individual plastic containers and stored in a dry area at 22°C when not in use.
Cartons of Marlboro (blue box) heatsticks, manufactured by Philip Morris Brands Sarl
(Italy), were purchased in Japan and shipped to us via a personal shopper. Each carton
was individually sealed and in excellent condition. Heatsticks were stored, unopened, in
a dry, dark area at 22°C in their cartons until used. Unused heatsticks from opened

packs were stored in an airtight bag in their carton.

Cleaning the iQOS

iQOS holders were tested using two cleaning regimens: (1) the ‘per-use’ cleaning
protocol in which the device was thoroughly cleaned after each heat-stick using the
cleaning sticks to remove residual fluid and tobacco plug debris from the heater and
surrounding base and to clean out the cap and (2) the manufacturer’'s recommended
cleaning instructions in which the cleaning cycle was used after every 20 heatsticks
before using the brush cleaners. When heatstick fragments were left behind, the
cleaning hook was used to remove these pieces, as necessary, and the holder cap was
cleaned by a 5 min warm water immersion. The instructions clearly state that the holder

itself is not to be wetted.
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Performance evaluation

Pressure drop, which measures the draw resistance of the heat-stick, aerosol
absorbance (density), a measure of particulate matter trapped within the aerosol, and
puff number were evaluated for iQOS products using equipment and protocols described
previously.[15—17] Pressure drop across heatsticks was evaluated using a Cole-Parmer
Masterflex L/S peristaltic pump (Vernon Hills, lllinois, USA) connected to a U-tube water
manometer to detect the change in differential pressure for each puff. Airflow rates were
precalculated/precalibrated to the appropriate pump speed using a conversion factor
provided by the pump head manufacturer, and flow rate was verified using a Brooks
Instruments Sho-Rate flow meter (Hatfield, Pennsylvania, USA). Aerosol density was
evaluated by capturing aerosols in a tubular cuvette, and absorbance was measured
immediately at 420 nm using a Bausch & Lomb spectrophotometer (120 V, 0.9 A,
Rochester, New York, USA).

iQOS devices were evaluated with five operating conditions; four (conditions 1-4)
used the per-use cleaning protocol and one (condition 5) used the manufacturer’s
recommended cleaning instructions. The pump head, tubing set-up and running
conditions were as follows: (1) low airflow rate 2 s protocol—the peristaltic pump was
outfitted with a Cole-Parmer Masterflex Model 7015-21 pump head (standard pump
head) using Masterflex Tygon E-LFL (tubing size 15) tubing to generate a flow rate of 7
mL/s with a 2 s puff duration for a total puff volume of 14 mL, 14 puffs were taken at 25 s
intervals; (2) low airflow rate 4 s protocol—the same pump set-up and running conditions
as for condition 1 with a 4 s puff duration generating a 28 mL puff volume; (3)
International Organization for Standardization (ISO)—the pump was outfitted with a

Cole-Parmer Masterflex L/S Easy-Load Il Model 77200-52 high-performance pump head
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with Masterflex Tygon E-LFL (tubing size 15) producing a 17.5 mL/s flow rate witha 2 s
puff duration, generating a total puff volume of 35 mL, with a total of six puffs taken, one
puff every minute; (4) the Health Canada standard (HCI)}—a Cole-Parmer Masterflex L/S
Easy-Load Il Model 77200-52 high-performance pump head was used with Masterflex
Tygon E3603 (tubing size 36) tubing for a flow rate of 27.5 mL/s, with a 2 s puff for a
total puff volume of 55 mL, 12 puffs were taken at 30 s intervals; (5) manufacturer’s
recommended cleaning (HCI), the same pump set-up and running conditions as
described for condition 4 but in the absence of per-use cleaning; for this protocol the
manufacturer’'s recommended cleaning instructions were followed (table 3.1). For
conditions 1-4, three different iQOS devices were evaluated with each device being
tested in triplicate, that is, a new heatstick was used for each experiment; condition 5
employed a single device in which 10 heatsticks were tested without cleaning between

each stick.
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Table 3.1. Performance of iQOS Heat-Not-burn Holders

Air- Average
H Puff Puff flow Puff Total Pressure Average
older . Volume # of
Duration) Interval Rate (mL) Puffs Drop Absorbance
(mL/s) (mmH:0)
Low Airflow Rate 2 Second Protocol®
A 2 25 7 14 14 135 0.42 +0.08
B 2 25 7 14 14 13+4 0.45+0.08
C 2 25 7 14 14 187 0.46 + 0.06
Low Airflow Rate 4 Second Protocol®
A 4 25 7 28 14 9+4 0.41 +£0.05
B 4 25 7 28 14 114 0.46 + 0.09
C 4 25 7 28 14 104 0.49 +0.04
ISO Standard®
A 2 60 17.5 35 6 62+5 0.49+0.10
B 2 60 17.5 35 6 65+8 0.54 +0.09
C 2 60 17.5 35 6 57+5 0.49 +0.04
HCI Standard®
A 2 30 27.5 55 12 103+ 9 0.26 +0.03
B 2 30 27.5 55 12 100+ 9 0.41 +£0.05
C 2 30 27.5 55 12 105 £13 0.42 +0.05
Manufacturer's Recommended Cleaning (HCI)®
E 2 30 27.5 55 12 103+ 12 0.46 + 0.06

Note. ? Per use cleaning protocol, standard pump head with Tygon 15 tubing.

® Per use cleaning protocol, standard pump head with Tygon 15 tubing.

°Per use cleaning protocol, high performance pump head with Tygon 15 tubing.

4Per use cleaning protocol, high performance pump head with Tygon 36 tubing.

®Manufacturer's recommended cleaning, high performance pump head with Tygon 36
tubing.

74



Effect of use on the tobacco plug and polymer-film filter
The condition of the tobacco plugs was evaluated by visual and microscopic insp
ection and imaged using a Nikon C-LEDS stereomicroscope equipped with a
Nikon Digital Sight DS-Vi1 camera head (Nikon, Minato, Tokyo, Japan) before and after
use. Some heatsticks were dissected before and after use to further evaluate residual
char (referred to as ‘char’ only) of the tobacco plugs and the condition of the polymer-film

filter.

Gas chromatography—mass spectrometry analysis of iQOS heatstick polymer-film
filters

Gas chromatography—mass spectrometry (GC-MS) using a qualitative wide-
scope screening method was performed using an Agilent 7890B GC coupled with a
5977A MSD equipped with a 7698A Headspace Sampler (Santa Clara, California, USA).
Evaluation of iQOS aerosols was performed using headspace analysis.
Chromatographic separation was accomplished using an Agilent J&W HP-5ms Ultra
Inert GC Column (30 mx0.25 mmx0.25 pym) and ultra-pure helium (>99.999% purity) as
the carrier gas at a flow rate of 1.5 mL/min. For headspace analysis, three unused
heatsticks were dissected, polymer-film filters were removed, and a 3 mm portion
(16.7%) closest to the tobacco plug were excised and placed into 20 mL headspace
vials. All samples were analyzed with a split ratio of 50:1, a solvent delay of 2 min, with
blank analysis between each sample. GC ramp conditions were as follows: 40°C for 5
min, 45°C for § min, 90°C for 5 min, 130°C for 5 min, 135°C for 5 min, 165°C for 5 min,
190°C for 2 min, all temperature ramps were at 10°C/min. lonisation of compounds was

performed using electron impact ionisation at 70 eV in positive mode, the ion source
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maintained at 250°C and chemicals were identified using the National Institute of
Standards and Technology mass spectral library (Gaithersburg, Maryland, USA), only

chemicals with an 85% or higher probably match were listed as identifiable.

RESULTS
Components in the iQOS heat-not-burn system

The iQOS kit (figure 3.1A-G) consists of an instruction manual written in
German, English, Portuguese and Italian, a pocket charger, the holder (device), a
Universal Serial Bus (USB) cable and a European wall adapter plug for charging, moist
cleaning sticks to clean the holder and cap, and the cleaner, which contains a long brush
for cleaning the inside of the holder, where the heater is housed, a short brush for
cleaning the cap and a hook for removing pieces of tobacco plug left in the holder/cap. A
universal power adapter was purchased from Amazon (https://www. amazon. com/) and
used to charge the pocket charger unit. Each carton of iQOS heatsticks contained 10
individually wrapped packs, and each pack had 20 heatsticks (figure 3.1H).

The iQOS kit components had an overall feel of good craftsmanship. The
fabrication of the tobacco plug cast-leaf demonstrates a waste not want not strategy in
that the plug is fabricated from pulverised tobacco remnants/waste materials, including
tobacco stems, torn leaf material and leaf dust.[18] These items are reconstituted with
natural adhesives and glycerin (a solvent that is used in EC fluids to produce aerosol)

and processed into sheets forming cast-leaf, which is rolled and used as the tobacco

plug.[3]
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Figure 3.1. The | quit original smoking (iQOS) heat-not-burn system. (A) An iQOS
starter kit. (B) The kit consists of an instruction manual, iQOS pocket charger,
iQOS holder, USB cable, iQOS cleaning sticks, wall charging adapter and iQOS
cleaner. (C) Profile view of iQOS holder inside a pocket charger. (D) Individual
pack of iQOS cleaning sticks with an example of an unused stick and a stick
after a single use per end. (E) A closed and opened iQOS cleaner; the larger end
contains the long brush and protruding cleaning hook, and the shorter end
contains the short brush. (F) Internal view of the iQOS cleaner showing the two
brushes (long brush on the left, short brush on the right). (G) The cleaning hook
removed from the iQOS cleaner. (H) Marlboro iQOS Heat Stick carton (containing
10 individual packs), sealed individual pack and opened pack exposing
heatsticks.
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Cleaning of iQOS device

The interior chamber of the holder contained a heating element, referred to in the
iQOS instruction manual as the silver, gold, platinum, ceramic-coated heater (figure 3.2).
Unused holders were clean and debris-free with a white base and white heater with a
metallic coil in its centre (figure 3.2A—-C). Used holders that were thoroughly cleaned with
the cleaning sticks between each heatstick were generally similar to the unused holder,
except that the heating element had deposits of hardened dark debris that was not
removed by the cleaning stick, cleaning cycle of the pocket charger or long brush (figure
3.2D-F). In the used holder that was not cleaned between heatsticks (manufacturer’s
recommended cleaning), brown liquid and particulates covered the base, walls and
heater (figure 3.2G-I). With continued use in the absence of cleaning, the volume of
liquid and debris increased, and the pieces of debris became darker and appeared more

charred (figure 3.2D—I were taken after the 10" heatstick was used).
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Unused

Cleaned

Uncleaned

Figure 3.2. Internal view of the | quit original smoking holder. (A-C) Clean, unused
holder showing heater (blue arrows). (D—-F) Used holder that was cleaned after every
use; black residue remains on heater (red arrows). (G-I) Used holder that was not
cleaned between uses (10 uses).
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iQOS performance

The iQOS gives users a maximum of 14 puffs during a 6 min window per
heatstick, after which it must be recharged before it can be used again. Performance of
the IQOS was evaluated using five puffing protocols (figure 3.3, table 3.1). For protocols
1-4, three different iQOS devices (holders A, B and C) were tested in triplicate, that is, a
new heatstick was used for each experiment, and each device underwent an intensive
cleaning between each heatstick. For protocol 5, a single device (holder E) was used,
and it was not cleaned between 10 heatsticks (average of the first three heatsticks is
shown in figure 3.31,J). For all testing protocols, pressure drop decreased as puff
number increased. Aerosol density readings increased with use, peaking around puffs
7-9 and then begin to decrease. Although pump set-up affected pressure drop, it did not
affect aerosol absorbance which remained similar under all running conditions, However,
differences in testing conditions may lead to alterations in the chemical constituents
present within the aerosol without altering aerosol density. Not cleaning did not affect
performance except that pressure drop was more variable during the first four puffs in

the uncleaned trials.
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Figure 3.3. Performance characteristics of the | quit original smoking heat-not-
burn system. (A, C, E, G and I) Pressure drop is plotted versus the puff number for
five puffing protocols. (B, D, F, H and J) Absorbance is plotted versus puff number
for the five puffing protocols. Each line of the graph represents the average of
three heatsticks for an individual holder (holder A=red, holder B=green, holder
C=blue and holder E=purple). HCI, Health Canada Standard; ISO, International
Organization for Standardization.
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Tobacco plug charring

Dissection of unused and used heatsticks showed tobacco plug charring (figure
3.4A). Stereomicroscopic comparison of unused (figure 3.4B) and used (figure 3.4C)
tobacco plugs confirmed charring or blackening of the cast-leaf. Visual and
stereomicroscopic inspection of used heatsticks show the effects cleaning had on device
heat production. Comparison of the first and 10" used heatstick from holder A (per-use
cleaning) shows that with regular cleaning the charred area surrounding the heater,
referred to as the zone of char-ring, does not increase with use (figure 3.4D,E). The
effects of cleaning on heating were most evident during the course of the manufacturer’s
recommended cleaning (HCI) testing. Comparison of these heatsticks to unused and
per-use cleaned heatsticks showed that in the absence of regular cleaning, the zone of

charring increased as the number of heatsticks tested increased (figure 3.4H-L).

Polymer-film melting

Effects of cleaning on heating were not exclusive to the tobacco plug; figure 3.4A
shows that the polymer-film filter (labeled 2), which is separated from the tobacco plug
(condition 4) by the hollow acetate filter (condition 3), was adversely affected. The
aerosol produced by the iQOS was hot enough to melt the polymer-film filter, which
could allow release of potentially hazardous chemicals. Melting of the polymer-film filter
was evident by slight yellowing of the filter, as well as by narrowing of the end closest to
the tobacco plug (figure 3.4A indicated by black arrow). This melting and subsequent
cooling of the filter caused it to harden, preventing it from being longitudinally dissected.
Comparison of unused and used polymer-film filters from both per-use and

manufacturer’'s recommended cleaning experiments showed the relationship between

83



cleaning and increased heat generation. First (figure 3.4F) and 10" (figure 3.4G) filters
from cleaned devices showed similar discoloration and melting to that of the first filter
from the uncleaned device (figure 3.4N). Comparison of these heatsticks to subsequent
manufacturer’'s recommended cleaning used heatsticks showed discoloration and

melting of the polymer-film filter increased with increased use (figure 3.4M-Q).

Headspace analysis of unused polymer-film filters

GC-MS headspace analysis of unused polymer-film filters showed the presence
of e-caprolactone and lactide, common components in plastics, as well as 1,2-diacetin, a
plasticiser (figure 3.4S). However, of most concern was the presence of form-aldehyde
cyanohydrin (glycolonitrile), an acute toxicant often used in the production of synthetic
resins and used as a solvent.[19] Formaldehyde cyanohydrin was eluted at 17.97 min,

when the column reached 90°C.
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Figure 3.4. Charring of tobacco plug and melting of polymer-film filter. (A)
Dissected heatsticks, each heatstick is composed of: (1) the low-density cellulose
mouthpiece filter, (2) polymer-film filter, (3) hollow acetate tube and (4) tobacco
plug. Heatsticks from left to right are unused stick with the paper overwrap peeled
away, and used stick with the paper overwrap removed with the mouthpiece filter
and hollow acetate tube sliced open; black arrow indicates melted region of the
polymer-film filter, black asterisk denotes tobacco plug fragments that have been
drawn into the hollow acetate tube. (B) An unused tobacco plug. (C) Used tobacco
plug showing charring/darkening with use. (D,E) Cross sections of tobacco plugs
from the first (D) and 10" (E) heatstick of holder A of the cleaned experiment.
Yellow outlined area indicates a void in the cast-leaf left by the heater, the area
between the yellow and green outlines are the charred portions of the tobacco
plug. (F,G) Cross sections of polymer-film filter from the first (F) and 10" (G) heat
stick. Polymer-film filter images shown coincide with tobacco plug images (D) and
(E). (For D—G, CHS=cleaned device heatstick.) (H-L) Cross sections of tobacco
plugs before use (H) and after use from the first, fourth, sixth and 10" heatstick of
the uncleaned experiment (I-L). Yellow outlined area indicates a void in the cast-
leaf left by the heater, area between the yellow and green outlines are the charred
portions of the tobacco plug. (M-Q) Cross sections of polymer-film filter before
(M) and after use (N-Q). Polymer-film filter images shown coincide with tobacco
plug images (H-L). Blue arrowheads show charred pieces of cast-leaf that are
affixed to the tobacco plug (K) and polymer-film filter (Q). (For (I-L) and (N-Q),
UHS=uncleaned device heatstick). (R) Unused and used whole polymer-film filters
showing discoloration and film melting, as demonstrated by the narrowing of the
used filter. (S) Gas chromatography—mass spectrometry headspace analysis of
unused polymer-film filter. Chromatogram shows an overlay of three runs, relative
abundance was plotted versus retention time in minutes, unidentifiable peaks
were unlabelled. Inset shows a magnified view of peaks with close retention times.

86



DISCUSSION

Unlike some EC, which often show significant variation in craftsmanship and
performance within and between brands,[15,20] the iQOS appearance, design and
performance data are consistent with a product that is well manufactured. However,
some design features of the iQOS, such the limited time allowed per heatstick and the
need to consume the entire heatstick within this time or alternatively waste part of it, will
affect user’s topography and may lead to unwanted exposure to potentially toxic
chemicals emitted from melting plastic and from pyrolysis of tobacco.

In contrast to tobacco and EC, which usually have no constraints on puffing, the
iQOS only operates for 6 min, at which time it automatically shuts off and requires
charging before it can be used again. Since a maximum of 14 puffs can be taken from
each iQOS heatstick, puffing needs to be done at about 25 s intervals to take full
advantage of each heatstick; used heat-sticks that have not been fully exhausted cannot
be used again as reinsertion would cause the delicate cast-leaf tobacco plug to crumble.
This may not appeal to all users, and users who puff less frequently would have a lower
number of puffs/heatstick. For users wishing to maximise each heatstick, this limitation
will force them to alter their smoking topography by decreasing the interpuff interval
and/or accelerating the rate at which they puff, leading to larger volumes of aerosol
inhalation.

The manufacturer’s cleaning instructions were not fully developed in the
instruction manual. The cleaning protocol recommended using the cleaning function of
the charger followed by cleaning with the brushes after 20 heatsticks and removing any
large fragments of tobacco plug with the hook if necessary. The iQOS kit was equipped

with cleaning sticks (figure 3.1B,D), yet their use was not mentioned in the instruction
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manual. Our data show that use of one heatstick left a significant amount of debris, fluid
and fragments of cast-leaf in the holder (figure 3.2).

While iQOS heatsticks do not produce a flame, they were always charred after
use, which we interpret to be a result of pyrolysis. The zone of charring was greater
when cleaning was not performed between heatsticks, suggesting that build-up of fluid
and debris in the holder increases pyrolytic temperatures. These data are consistent with
the idea that despite similarities in performance characteristics, the cleanliness of the
device plays a critical role in thermal regulation. Pyrolysis of tobacco is an endothermic
reaction which occurs at tempera-tures between 200°C and 600°C, during which the
majority of volatile and semivolatile components of cigarette smoke are formed.[21,22]
Although the Philip Morris study indicated that the aerosol produced by iQOS devices
reduce the amount of chemicals found on the Food and Drug Administration's Harmful
and Potentially Harmful Constituents list by limiting tobacco pyrolysis,[5] our study,
showing charring, in conjunction with a study by Auer et al, which confirmed the
presence of volatile organic compounds, polycyclic aromatic hydrocarbons, carbon
dioxide and nitric oxide,[23] contradict the claim that tobacco pyrolysis is minimised in
iQOS. Although iQOS operates at temperatures less than 350°C, this does not negate
the formation of volatile and semivolatile harmful constituents of tobacco smoke, which
tend to have boiling points that range from 70°C to 300°C.[21,22] Heatsticks used in this
experiment were dissected and the severity of polymer-film filter melting was examined.
The function of the polymer-film filter is to cool the aerosol,[3] thus, it would seem that
the polymer composing the film should be heat resistant, although, e-caprolactone, also
known as polycaprolactone, tends to have a low-melting point which is thickness

dependent.[24] The intensity of the heat produced by the iQOS, under both cleaned and
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uncleaned conditions, was sufficient to melt the polymer-film filter, even though it was
not in direct contact with the heater. The amount of damage to the film (increase in melt
and alteration of coloration) increased with each heatstick when cleaning was done per
the manufacturer's recommended procedure (after 20 heatsticks). Discoloration may be
a product of heating and/or staining from the brown fluid that is expelled from the
tobacco plug during use.

Our GC-MS data indicate that components of the polymer-film filter are
aerosolised at relatively low temperatures. GC-MS headspace analysis of unused filters
suggests the polymer-film filter is a combination of e-caprolactone, lactide, 1,2-diacetin
and other unidentified chemicals. The chemicals released from the film filter during
heating may not be suitable for inhalation. Thus, it is unknown if the film filter material is
safe for use in products where it would undergo intense cycles of heating and cooling. Of
greatest concern was the release from the polymer filter of formaldehyde cyanohydrin, a
highly toxic chemical that is metabolised in the liver and broken down into formaldehyde
and cyanide.[19] Formaldehyde cyanohydrin can be fatal to humans,[19,25,26] with
studies showing mouse inhalation LDy, the lowest dose of a toxicant that causes the
death of an animal,[27] values as 27 ppm/8 hour.[28,29] iQOS holders operate at
temperatures between 330°C and 349°C,[3,23] and as a safety feature, the device shuts
off when temperatures reach 350°C. The release of formaldehyde cyanohydrin from
unused filters during GC—MS analysis occurred at 90°C, a temperature that all users will
exceed.

In conclusion, the iIQOS appears to be well manufactured, and performance data
were consistent between heatsticks. However, the product has limitations that will affect

user topography and the application of standard smoking protocols, such as the ISO
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3308, which could not be used for more than six puffs with this product. Users may be
forced to smoke at a rapid pace in order to fully maximise heatsticks. Decreasing the
interpuff interval could lead to an increase in intake of nicotine [30] and carbonyls.[31]
This study also showed that the iQOS is not strictly a ‘heat-not-burn’ tobacco product.
The iQOS tobacco appeared to char without ignition, and charring increased when
cleaning was not done after each use. This study also showed the potential dangers that
the polymer-film filter poses. This thin plastic sheet, readily melts during iQOS use and
releases formaldehyde cyanohydrin, a dangerous toxicant. This study has shown that
the IQOS system may not be as harm-free as claimed and also emphasises the urgent
need for further safety testing as the popularity and user base of this product is growing

rapidly.
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CHAPTER 4
Comparison of cytotoxicity of IQOS aerosols to smoke from Marlboro Red and

3R4F reference cigarettes
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ABSTRACT

IQOS heat-not-burn cigarette distribution and sales have increased with little
understanding of their health effects. This study compared the cytotoxicity of IQOS
aerosols to smoke from Marlboro Red (MR) and 3R4F reference cigarettes.
Aerosol/smoke solutions were tested as the gas vapor phase (GVP), particulate phase
(total particulate matter or TPM), or whole aerosol/smoke (WA). Cytotoxicity was
evaluated using the LDH, MTT and neutral red uptake (NRU) assays in conjunction with
eight different cell types, mainly from the respiratory system. Most test solutions did not
compromise the plasma membranes of cells (LDH). However, mitochondrial activity
(MTT), and dye uptake/lysosomal activity (NRU) were depressed by IOQS aerosols and
cigarette smoke solutions. 3% TPM, 30% GVP and 30% WA were cytotoxic in most MTT
and NRU tests. Embryonic stem cells were among the most sensitive, respiratory tract
cells were moderately sensitive, and cancer cells were the least sensitive to treatments.
Two cleaning procedures for the IQOS produced similar results in most cases. MR and
3R4F smoke solutions were generally not significantly different from each other. In some
cases, IQOS and 3R4F treatments were not significantly different in the MTT and NRU

assays, indicating that IQOS was as harmful to some cells as cigarette smoke.
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INTRODUCTION

IQOS is a novel heat-not-burn cigarette released by Phillip Morris International
(PMI) in 2014. Initially sold only to Japanese and ltalian test markets, IQOS is now
available in 41 countries and in Duty Free shops worldwide [1]. IQOS functions by
heating a cast-leaf tobacco sheet, producing an aerosol without burning of the tobacco
[2,3]. Although marketed as a harm reduction product, there is currently little published
data on the health effects of IQOS aerosol. The manufacturer has written nine papers
evaluating the IQOS system. Of these, only one focused on cytotoxicity [4]. In this
study, a filter was used to separate the gas vapor phase (GVP), which passed through
the filter and was captured in phosphate-buffered saline solution, from total particulate
matter (TPM), which was captured on the filter and solubilized in dimethyl sulfoxide
(DMSO). IQOS aerosols were tested for cytotoxicity on mouse embryonic fibroblasts
(NIH/3T3) using the neutral red uptake assay (NRU). From these data, it was concluded
that IQOS aerosols were less cytotoxic than 3R4F reference cigarettes.

The purpose of our study was to repeat the cytotoxicity tests done by Schaller et
al. [4] and to broaden the screen to include eight cell types, three cytotoxicity assays,
and Marlboro Red cigarettes in addition to 3R4F research cigarettes. Aerosol/smoke
solutions were tested as GVP and TMP, emulating the PMI method, and as whole
aerosol/smoke (WA) collected in complete cell culture medium, which better models user
exposure. |IQOS aerosols were generated using two device cleanliness conditions, C1,
in which the Holder was cleaned between each heatstick, and C20, in which the Holder
was cleaned after the 20™ heatstick, as described in the IQOS instruction manual. In a
previous study, a lack of cleanliness in the IQOS Holder increased tobacco plug charring

and polymer-film filter melting in the C20 samples [3].
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One cell line from the mouse and seven cell types from humans were tested.
NIH/3T3 cells are a hardy and fast-growing spontaneously transformed line of mouse
embryonic fibroblasts, which were used in the PMI study [4]. In addition, we tested: (1)
A-549 cells isolated by others from an epithelial lung carcinoma; (2) BEAS-2B cells, an
immortalized human bronchial epithelial cell line, often used for toxicity testing; (3) three
primary human bronchial epithelial cell types (NHBE) from a child, an adult nonsmoker,
and an adult smoker; (4) normal human lung fibroblasts (NHLF), which play a critical role
in lung homeostasis, repair and remodeling and in previous studies have been highly
sensitive to toxicant exposure [5,6]; and (5) H9 human embryonic stem cells (H9-hESC)
which were used as an in vitro human embryo model.

Three assays were used to compare the cytotoxicity of IQOS to that of Marlboro
Red (MR) and 3R4F research cigarettes. The assays were: (1) lactate dehydrogenase
(LDH), which assesses cell viability/death through leakage of the plasma membrane; (2)
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), which assesses
metabolic activity via mitochondrial reductase function; and (3) NRU, which assesses dye
uptake by cells and sequestration in lysosomes. Using multiple cytotoxicity assays is

important as treatments may not all affect the same endpoint.
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MATERIALS & METHODS
Product Acquisition and Storage

IQOS Heat-not-burn kits (Phillip Morris Products S.A. (Switzerland) and cartons
of IQOS Marlboro (blue box) heatsticks (Phillip Morris Brands Sarl, (Italy) were
purchased and stored as previous described [3]. Marlboro Red cigarettes (Philip Morris
USA Inc., Richmond, VA) were purchased at Wal-Mart. 3R4F research cigarettes were

purchased from the University of Kentucky.

Aerosol and Smoke Solution Production

IQOS aerosols were generated under two conditions, a per-use cleaning protocol
(C1), in which the Holder was cleaned between each heatstick, and the manufacturer’s
recommended cleaning protocol (C20), in which the device was cleaned after the 20™
heatstick. Smoke solutions were produced using MR and 3R4F reference cigarettes.
Two types of aerosol/smoke solutions were produced, fractionated, which employed a
47 mm Single Stage Filter Assembly (Savillex, Eden Prairie, MN) outfitted with 47 mm
Emfab membrane filter (Pall Life Sciences, Ann Arbor, Ml), and complete medium, which
did not utilize a filter. All aerosol/smoke solutions were made using the following smoking
machine configuration: the mouthpiece filter end of the IQOS heatstick (inserted into the
IQOS Holder) was inserted into one free end of a 3/8-inch T-Type connector (Thermo
Scientific, Rochester, NY). The connector fit tightly and did not allow any air to be pulled
into the smoking machine from outside of the heatstick. One end of the T-connector was
used to block air flow allowing for the activation of the puff, and the other end was either
connected to the filter assembly (fractionated) or connected directly (complete medium)

to two in-line glass absorption impingers, custom modified by Kimball Chase (Rockwood,
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TN). For fractionated method, the first impinger contained 50 mL of ice-cold Dulbecco’s
phosphate-buffered saline (DPBS) solution without Ca®* and Mg?* (Lonza, Walkersville,
MD), while for WA, the impinger contained 50 mL of cell specific culture medium. For
both, the second impinger contained ice-cold deionized water, both impingers were
placed into an ice bath during the course of aerosol/smoke collection. The impingers
were then connected to a Cole-Palmer Masterflex L/S peristatic pump (Vernon Hills, IL)
equipped with a Cole-Palmer Masterflex L/S Easy-Load Il Model 77200-52 high
performance pump head and utilizing Masterflex Tygon E3603 (Tubing Size 36). This
configuration allows for the application of the Health Canada standard (HCI) smoking
protocol [7] which requires a 2 second puff that generates a total puff volume of 55 mL
(27.5mL/sec), with an interpuff interval of 30 seconds.

Fractionated aerosols/smoke were composed of two parts, a gas vapor phase
(GVP), which was immobilized in the DPBS of impinger one, and the total particulate
matter (TPM) which was trapped onto the Emfab membrane filters and desorbed by
solubilization in 50 mL of dimethyl sulfoxide (DMSO) (Fisher Scientific, Fair Lawn, NJ).
Filters were changed after every two heatsticks or cigarettes. For IQOS, a total of 11
Emfab membrane filters were used products (12 puffs per heatstick for a total of 21
heatsticks) and for cigarette products a total of 13 (10 puffs per cigarette for a total of 25
cigarettes). All aerosol/smoke concentrations were expressed as a percent of solution.
All solutions were aliquoted into 450 pL volumes and placed in 0.5 mL locking lid
microcentrifuge tubes (Fisher Scientific, Fair Lawn, NJ) to reduce headspace, and stored
at -80°C until needed. For each aerosol type, a total of 250 puffs were taken. Heatsticks

were designed to have a maximum of 14 puffs but only 12 puffs were taken from each
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heatstick because this device automatically shuts off after 6 minutes of use and must be
recharged.

MR cigarettes were smoked to a butt length of 35 mm, approximately 10
puffs/cigarette. The overall length of the 3R4F reference cigarettes was longer than MR
by 5 mm. The filter portion of the reference cigarette was 8 mm longer than that of the
MR and the tobacco filled portion was 3 mm shorter thus it was decided to mimic puff

number when smoking the reference cigarette as opposed to butt length.

Cell Types and Cell Culture

NIH/3T3 mouse embryonic fibroblasts (NIH/3T3) (ATCC, Manassas, VA), A-549
human lung carcinoma cells (A-549) (ATCC, Manassas, VA), normal human lung
fibroblasts (NHLF) (Lonza, Walkersville, MD), BEAS-2B (ATCC, Manassas, VA), all
normal human bronchial epithelial cells (NHBE) (child, adult non-smoker, and adult
smoker) (MatTek, Ashland, MA), and H9 human embryonic stem cells (H9-hESC)
(WiCell, Madison, WI) were maintained and cultured as described in supplemental text

SP4.1.

Cytotoxicity Assays

For all cytotoxicity assays, lactate dehydrogenase (LDH), 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT), 3-amino-7dimethyl-2-methylphenazine
hydrochloride (Neutral Red dye Uptake, NRU), cells were plated at cell-type specific
densities (Supplemental text SP4.1) and allowed to attach for 24 hrs. Cells were then
treated with 3% TPM, 3 and 30% GVP and 30% WA for 24 hrs (Supplemental text

SP4.1). After treatment, cells were subjected to either the LDH, MTT or NRU assays.
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For LDH, the threshold of cytotoxicity was determined as a 30% increase on the y-axis
between the lowest and highest concentration. For MTT and NRU, the threshold of
cytotoxicity was set at <70% of the control, as determined by ISO 10993-5 [8]. Each
experiment was performed three times. Statistical analyses of concentration-response
data were performed using Minitab 18 software (State College, PA). Effects of treatment
were determined using a two-way ANOVA followed by Fisher’s post-hoc test with a
Bonferroni correction. To rank cell type sensitivity, a one-way ANOVA with Fisher’s post-

hoc test was used.

RESULTS
Overview of Testing

The cytotoxicities of IQOS (C1 and C20) and conventional cigarettes (MR and
3R4F) were evaluated for eight cell types using the MTT, NRU and LDH assays. Three
types of aerosol fluid were compared for each IQOS/cigarette group. These were: (1) 3%
TPM, (2) 3% GVP, and (3) 30% GVP. Five of the eight cell types (NIH/3T3, A549, NHLF,
NHBE-smoker and nonsmoker) were also tested using 30% WA.

Figure 4.1 shows representative concentration-response graphs for WA using
NHBE-nonsmoker cells. In the LDH assay (Figure 4.1A), none of the treatments
produced cytotoxicity, indicating cell plasma membrane integrity was not compromised.
In the MTT assay, the aerosols from conventional cigarettes were more cytotoxic than
those from IQOS at the lower concentrations, but cytotoxicities were equivalent at a
concentration of 10 and 30% (Figure 4.1B). In the NRU assay, cytotoxicities were similar

for all four treatment groups (Figure 4.1C). Concentration-response curves for all aerosol
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treatments and cell types are presented in supplemental data SP4.2-SP4.9 for each
cytotoxicity assay.

Figures 4.2 through 4.4 report amalgamated data from the LDH, MTT and NRU
assays, respectively. Data presented in these figures are the means of the percent of
control for the highest tested concentration for each treatment and cell type. Statistical
comparisons were done between each group and the 3R4F group, and treatments that
were significantly different from the 3RF4 cigarettes are indicated by asterisks. Pale red
boxes indicate that a treatment was cytotoxic (i.e., an IC7 or >30% reduction from the
untreated control was observed), and bright red boxes indicate IQOS values that were
not significantly different from the 3R4F group. Green boxes indicate a lack of
cytotoxicity. Pale blue boxes indicate cell type(s) that had statistical differences between
C1 and C20 for 3% TPM and the bright blue box indicates cell type(s) that had statistical
differences between C1 and C20 for 3% TPM and 30% WA. The next sections

summarize the data for all treatments and cell types.
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Figure 4.1. Representative concentration-response graphs for NHBE-
nonsmoker treated with 30% WA. (A) LDH, (B) MTT, and (C) NRU assays. For
all graphs x-axis = concentration in % solution, y-axis = percent of experimental
control. Blue = C1, green = C20, red = Marlboro Red, purple = 3R4F. Each line
represents the mean * SD of three independent experiments.
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LDH Assay

All but four IQOS treatments and most conventional cigarette treatments were
not cytotoxic with the LDH assay (Figure 4.2). The most noteworthy results were: (1) for
TPM, only two of 16 conventional cigarette treatments were cytotoxic (30% change from
untreated control); (2) for 3% GVP, only one of 16 conventional cigarette treatments
were cytotoxic; (3) for 30% GVP, 13 of 32 treatments were cytotoxic and this included
IQOS treatments for NHLF and BEAS-2B cells; and (4) for WA, cytotoxicities were only
seen in three of 20 treatments (NIH/3T3, A549 and NHLF). Two-way ANOVA results
showed no statistical significance when comparing the effects of aerosol/smoke
treatment and concentration on untreated control values. These data show that most
treatments were not making cell plasma membranes leaky and killing cells. Additional
assays were next used to determine if metabolism (MTT) and dye uptake and lysosomal

integrity (NRU) were affected by treatments.
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LDH Assay

3% TPM | 3% GVP | 30% GVP | 30% WA
C1 13 17 2 12
C20 9 9 5 11
NIH/3T3
MR 2 7 18 46
3R4F 4 10 19 30
C1 17 18 17 13
C20 17 17 19 14
A549
MR 16 16 15 27
3R4F 17 16 16 28
C1 14 21 43 9
C20 16 20 44 10
NHLF
MR 28 36 37 57
3R4F 19 26 32 60
C1 16 16 17 16
NHBE- C20 10 18 21 13
Smoker MR 31 17 31 24
3R4F 27 19 31 19
C1 9 18 16 17
NHBE- C20 11 15 20 16
Nonsmoker MR 23 12 23 18
3R4F 27 19 22 20
C1 8 16 20 n/a
C20 11 12 23 n/a
NHBE-Child
MR 25 14 33 n/a
3R4F 21 15 30 n/a
C1 2 2 35 n/a
C20 2 2 45 n/a
BEAS-2B
MR 8 15 32 n/a
3R4F 6 3 37 n/a
C1 26 23 20 n/a
C20 27 25 23 n/a
H9-hESC
MR 29 26 28 n/a
3R4F 33 24 46 n/a
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Figure 4.2. LDH cytotoxicity data for IQOS and conventional cigarettes. Columns
show the four types of aerosol/smoke solution that were tested. Rows show the
cell types and product source of the aerosol/smoke solutions. Data are the means
of three experiments at the highest concentration tested for each type of
aerosol/smoke solution. TPM = total particulate matter of fractionated
aerosol/smoke; GVP = gas vapor phase of fractionated aerosol/ smoke; WA =
whole aerosol/smoke captured in culture medium. C1 = 1QOS cleaned after each
use; C20 = 1QOS cleaned after MR = Marlboro Red cigarettes; 3R4F = reference
cigarette. Pale red boxes = >30% percent of control; green boxes = <30% percent
of control.
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MTT Assay

Most 3% TPM test samples (33 of 40) were cytotoxic in the MTT assay (Figure
4.3). Both conventional cigarettes were cytotoxic to all eight cell types, and IQOS C1 and
C20 were cytotoxic to NIH/3T3, NHLF, BEAS-2B, and H9-hESC. The 3% TPM results
for A549 (C1), NIH/3T3(C1 and C20) and H9-hESC (C1 and C20) were not significantly
different from 3R4F cigarettes (Figure 4.3 red boxes), indicating that for these
comparisons, IQOS and 3R4F cigarettes were equivalent in cytotoxicity.

The 3% GVP treatments were in general not cytotoxic. For conventional
cigarette treatments, cytotoxicity was only observed for four cell types (NIH/3T3, NHLF,
NHBE-child 3R4F and BEAS-2B MR), and IQOS treatments were not cytotoxic to any
cell type. In contrast, 30% GVP was cytotoxic to almost all cells, the only exceptions
being IQOS C1 and C20 for NIH/3T3 and A549 cells. Results with NHLF, NHBE-child
(C20), and BEAS-2B were not significantly different from those with the 3RF4 group
(Figure 4.3 red boxes).

30% WA, which was tested with five cell types, was generally cytotoxic. WA from
both conventional cigarettes was cytotoxic to all cell types, and IQOS WA was cytotoxic
to three of five cell types (NIH/3T3, NHLF, and NHBE-nonsmoker). The effect of WA C1
and C20 on NHBE-nonsmoker was not statistically different from 3R4F (Figure 4.3 red
boxes).

The MR and 3R4F groups were not statistically different for any cell type or
treatment group except NHLF exposed to 3% GVP for which MR was significantly more
cytotoxic than 3R4F (p < 0.003125). There were no significant differences between C1

and C20 IQOS for any cell type or treatment group
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MTT Assay

3% TPM | 3% GVP | 30% GVP | 30% WA
C1 75 87+ 41*
C20 91* 104* 43*
NIH/3T3
MR 30 66 44 18
3R4F 49 68 35 8
C1 97 88+ 75%
C20 70* 95 93+ 73%
A549
MR 46 87 49 11
3R4F 41 100 46 9
C1 38+ 84+ 62+
C20 47+ 93+ 67+
NHLF
MR 18 23* 5 5
3R4F 19 51 11 5
C1 77* 108 53+ 83+
NHBE- C20 81* 102 41+ 96*
Smoker MR 35 94 11 29
3R4F 33 100
C1 77* 107
NHBE- C20 81* 117
Nonsmoker MR 35 96
3R4F 33 104
C1 90 80
C20 86* 94
NHBE-Child
MR 50 87
3R4F 44 59 12 n/a
C1 40* 89+ n/a
C20 5% 88+ n/a
BEAS-2B
MR 7 24 2 n/a
3R4F 6 70 2 n/a
C1 86 11* n/a
C20 102 13* n/a
H9-hESC
MR 78 3 n/a
3R4F 12 91 3 n/a
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Figure 4.3. MTT cytotoxicity data for IQOS and conventional cigarettes. Columns
show the four types of aerosol/smoke solution that were tested. Rows show the
cell types and product source of the aerosol/smoke solutions. Data are the means
of three experiments at the highest concentration tested for each type of
aerosol/smoke solution. C1, C20, and MR red values were statistically compared
to 3R4F using two-way ANOVA, * = Bonferroni adjusted p < 0.003125. TPM = total
particulate matter of fractionated aerosol/smoke; GVP = gas vapor phase of
fractionated aerosol/ smoke; WA = whole aerosol/smoke captured in culture
medium. C1 = IQOS cleaned after each use; C20 = IQOS cleaned after 20 uses. MR
= Marlboro Red cigarettes; 3R4F = reference cigarette. Pale red boxes = toxicity
values < 70% of control, green boxes = toxicity values 2 70%, bright red boxes =
IQOS and R3R4F means were not significantly different.
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NRU Assay

For 3 % TPM, conventional cigarettes produced a cytotoxic effect for all eight cell
types, while IQOS was cytotoxic to all cell types except NHBE-nonsmoker and NHBE-
child. In some cases, either IQOS C1 (NIH 3T3, A549, NHBE-Smoker) or IQOS C20
(BEAS-2B) were cytotoxic. Among IQOS sensitive cells, A549 (C1) and H9-hESC (C1
and C2) were not statistically different from 3R4F treated cells.

3% GVP from IQOS was not cytotoxic to any cell type, while 3% GVP from
cigarettes was cytotoxic only to NHLF. 30% GVP from conventional cigarettes was
cytotoxic to all eight cell types, and IQOS was toxic to all but A549 cells. Of the seven
cell types affected by IQOS, six were not significantly different from 3R4F. Only NIH 3T3
cells, the cell type tested previously by Schaller et al. [4], were significantly less affected
by IQOS C1 and C20 than by the 3RF4 research cigarettes.

All 30% WA IQOS and conventional cigarette exposures were cytotoxic. For
IQOS, the NBHE-smoker and NBHE-nonsmoker groups were not statistically different
from the 3R4F group.

MR was significantly more cytotoxic than 3RF4 for the NHLF. Significant
differences between the IQOS C1 and IQOS C20 groups were observed for TPM
treatments of A549, NHLF, and NHBE-smoker (pale blue boxes in figure 4.4) and
NIH/3T3 had significant differences for TPM and WA treatments (bright blue box in figure

4.4).
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Neutral Red Assay

3%TPM | 3% GVP | 30% GVP | 30% WA

c1 63* 80 52% 58*
C20 85+ 88+ 59+ 39*
MR 24 83 11 15
3R4F 30 75 13 10
106 89+ 63*
C20 79 105 86* 65*
MR 46 93 43 23
3R4F 60 95 39 2
1 62+ 88+ 42+
C20 47% 91* 46*
MR 17 34% 15 7

3R4F 28 59

c1 68* 81

C20 96+ 80

MR 40 95

3R4F 35 78

c1 109* 95

NHBE- C20 77% 91

Nonsmoker MR 40 88
3R4F 33 77 46 56
c1 83 98 n/a
C20 70 100 n/a

NHBE-Child
MR 47 79 54 n/a
3R4F 47 82 69 n/a
c1 72+ 78 n/a
C20 59+ 83 n/a
BEAS-2B
MR 45 73 19 n/a
3R4F 35 74 13 n/a
c1 96 n/a
C20 109 n/a
HY9-hESC

MR 23 90 12 n/a
3R4F 19 105 2 n/a
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Figure 4.4. NRU cytotoxicity data for IQOS and conventional cigarettes. Columns
show the four types of aerosol/smoke solution that were tested. Rows show the
cell types and product source of the aerosol/smoke solutions. Data shown are the
means of three experiments at the highest concentration tested for each type of
aerosol/smoke solution. C1, C20, and MR red values were statistically compared
to 3R4F using a two-way ANOVA, * = Bonferroni adjusted p < 0.003125. TPM = total
particulate matter of fractionated aerosol/smoke; GVP = gas vapor phase of
fractionated aerosol/ smoke; WA = whole aerosol/smoke captured in culture
medium. C1 = IQOS cleaned after each use; C20 = IQOS cleaned after MR =
Marlboro Red cigarettes; 3R4F = reference cigarette. Pale red boxes = toxicity
values < 70% of control, green boxes = toxicity values 2 70% of the control, bright
red boxes = IQOS and R3R4F means are not significantly different. Dark blue box
= cell type(s) that had statistical differences between C1 and C20 for 3% TPM and
30% WA. Light blue boxes = cell type(s) that had statistical differences between
C1 and C20 for 3% TPM.
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Cell Type Sensitivity Hierarchy

Using one-way ANOVA analysis of 30% GVP data, cell types were ranked for
overall sensitivity to aerosol/smoke exposure. Figure 4.5 presents the means of three
experiments for each cell type in the MTT and LDH assays and their sensitivity to
treatment (grouping) based on the ANOVA analysis. In grouping, cells with the different
letters were significantly different from each other. Cells were ranked in increasing
sensitivity from A through C/D. For MTT data, A549 and NIH/3T3 were the least
sensitive, the three NHBE were in the midrange, and NHLF, BEAS-2B and H9-hESC
were the most sensitive to treatment (figure 4.5A).

For NRU data, A549 and NHBE-child cells were the least affected by exposure,
NHBE-nonsmoker, NHBE-smoker, and NIH/3T3 were mid-range, and NHLF, BEAS-2B
and H9-hESC were the most sensitive (figure 4.5B).

To determine an overall hierarchy of sensitivity, the mean values from MTT and
NRU were averaged showing that A549 and NIH/3T3 were the least sensitive, the three
NHBE were in the midrange, and NHLF, BEAS-2B and H9-hESC were the most

sensitive.
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Cell Type Sensitivity Hierarchy (30% GVP)

C

A MTT B Neutral Red Averaged
Cell Type Mean | Grouping Cell Type Mean Grouping Cell Type  |Average| Grouping
AS549 68.83 A A549 64.17 A A549 64.17 A
NIH/3T3 67.67 A NHBE-Child 63.25 A NIH/3T3 63.25 A B
NHBE-Nonsmoker| 30.42 B NHBE-Nonsmoker| 356.08 | A B NHBE-Child 56.08 B C
NIIBE-Child 31.50 B NHBE-Smoker 44.50 B C NHBE-Nonsmoker | 44.50 C
NHBE-Smoker 28.42 B NIH/3T3 34.00 C NHBE-Smoker 34.00 ©
NHLF 7.33 C H9-hESC 21.17 D H9-hESC 21.17
H9-hESC 7.67 C NHLF 18.50 D NHLF 18.50
BEAS-2B 6.25 C BEAS-2B 16.33 D BEAS-2B 16.33

Figure 4.5. Cell type treatment sensitivity hierarchy. Using one-way ANOVA
with Fisher post-hoc test, cells were ranked based on mean percent of control

values of three experiments vs. cell type. The grouping column shows the
results of the ANOVA. Means that do not share a letter are significantly

different. Tables were arranged from least sensitive to most sensitive. (A) MTT

data; (B) NRU data; (C) the average of MTT and NRU means was used to
determine an overall hierarchy of sensitivity.
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DISCUSSION

The cytotoxicities of conventional cigarette smoke and IQOS aerosols were
compared in a comprehensive screen using eight cell types, three endpoint assays, and
various components of smoke/aerosols. NIH/3T3 cells and the NRU assay were chosen
to allow direct comparison to a prior study on IQOS and 3R4F cigarettes [4]. Additional
cells from respiratory tissue were included as relevant models for inhalation toxicology,
and H9-hESC were studied to determine how embryos and hence prenatal development
may be affected by IQOS. Fractions of smoke/aerosol (TMP and GVP) were compared,
as was done previously [4], and whole aerosol and smoke, which is what IQOS users
actually inhale, was also studied. Our five most significant observations were: (1) IQOS
exposure did not lead to cell death (LDH) in most trials but did adversely affect critical
cellular functions (MTT & NRU); (2) for some cell types (bright red boxes in Figures 4.3
and 4.4), the toxicity of the IQOS aerosol and 3R4F smoke were not significantly
different from each other; (3) cell types varied in their sensitivity to IQOS aerosol and
cigarette smoke with cells from human embryos and the respiratory system usually
being more sensitive than NIH/3T3 and cancer cells (A549); (4) results between 1QOS
C1 and C20 were similar for MTT, but NRU analysis showed differences between the
treatments in A549 (C1 > C20), NHBE-smoker (C1 > C20), and NHLF (C1 < C20) for
TMP and in NIH/3T3 for both TPM (C1 > C20) and WA (C1 < C20); and (5) MR had
equivalent cytotoxicities to 3R4F, with the exception of NHLF at 3% GVP.

LDH analysis showed that cells were generally not killed by IQOS, MR or 3R4F
treatments. Notable exceptions were the NHLF and BEAS-2B cells, which were affected
by all 30% GVP treatments. MTT and NRU data showed that IQOS C1 and C20 did

have adverse effects on cell metabolism and dye uptake. These data agree with another

114



study that investigated the effects of IQOS aerosols using an air-liquid interface (ALI)
system and found that exposure did not lead to cell death but rather adversely affected
metabolic activity [9]. Comparison of MTT and NRU data showed that both the 3% TPM
and 30% GVP were cytotoxic and that the response to GVP was concentration
dependent. For WA, both IQOS and conventional cigarettes were cytotoxic to all five cell
types with which it was tested. IQOS Holder cleanliness did not significantly affect the
outcome for the MTT assay but did sometimes produce a significant effect in the NRU
assay, with C20 usually being more cytotoxic than C1. In general MR and R3F4 smoke
was equivalent in both the MT and NRU assays.

In a prior study on IQOS cytotoxicity using NIH/3T3 cells [4], the equivalent of
IQOS C20 produced very little effect using the NRU, in agreement with our observations
(e.g. 85% for 3% TPM and 88% for 3% GVP), and these effects in both studies were
significantly different from 3RF4 cigarette smoke, suggesting reduced toxicity with IQOS.
However, by expanding evaluations to a broader spectrum of cells that included six
types of respiratory cells and by including higher concentrations of GVP as well as WA, it
was evident that cytotoxicity was frequently observed with IQOS aerosols. One of the
most important observations in our study is the finding that in a number of instances,
there was no significant difference in toxicity between IQOS and 3R4F treatments.

A hierarchy of cell sensitivity was created for the MTT and NRU assays and
averages of these assays based on the 30% GVP data (figure 4.5). The most sensitive
respiratory cells were NHLF, which play a vital role in maintaining proper lung health by
producing the extracellular matrix, which is essential for support and normal lung
function [10]. H9-hESC were also in the most sensitive group suggesting that IQOS may

not be an appropriate product for pregnant women. All three primary, untransformed
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NHBE cell types (smoker, nonsmoker, and child) were in the midrange of sensitivity.
Within the bronchial epithelial group, the NHBE cells from the smoker were always more
sensitive than those from the adult or child. While this hierarchy is based on cells from
only one individual per group, these data suggest that the respiratory epithelium from a
smoker is less able to tolerate IQOS aerosol exposure than similar cells from non-
smokers and children. NIH/3T3 (mouse embryonic fibroblast) and A549 cells (lung
carcinoma) were the least sensitive to IQOS treatment, indicating they may not be the
best cell choice for testing tobacco products that are inhaled. These data reaffirm that
different cell types should be evaluated in cytotoxicity testing and show that cells from
the human respiratory system are more sensitive to IQOS treatment than mouse 3T3
cells, which were used in a prior study [4].

Although 1QOS aerosol did not kill cells, it did have adverse effects in the MTT
and NRU assays. These assays examine different endpoints and provide information on
how IQOS aerosol affects cellular functions. A decline in mitochondrial reductase
activity, as measured by the MTT assay, can lead to metabolic dysfunction, causing
increased ROS production and oxidative damage [11-13]. This dysfunction can
adversely affect redox signaling, which regulates cell death and survival pathways
[12,14]. Decreases in reductase activity also lowers ATP production by oxidative
phosphorylation [14-17], leading to compromised cell health. Dysregulation of succinate
dehydrogenase, a key mitochondrial reductase and tumor suppressor, can lead to
promotion of malignant cancers [18-20].

NRU data demonstrated that IQOS adversely effected dye uptake through the
plasma membrane and/or maintenance of an acidic lysosomal pH. Proper pH gradients

across lysosomal membranes require ATP production [21], thus our results with the
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NRU assay would be consistent with the observed decline in mitochondrial reductase
(MTT assay). While the MTT and NRU assays gave similar results in our study,
cytotoxicity was observed somewhat more frequently with the NRU assay (18 out of 32
trials vs 14 out of 32 trials for MTT), suggesting that NRU may be somewhat more
sensitive than the MTT assay and may be a better choice if only one assay is used.
Lysosomes play a critical role in cellular homeostasis by recycling of macromolecules,
but when damaged, hydrolases leak out leading to lysosomal cell death (LCD) [22].
While we did not observe cell death in most trials (LDH), the NRU data suggest that
death would have occurred had incubations been longer.

The equivalent cytotoxicity observed with IQOS aerosol and 3R4F research
cigarette smoke and the sensitivity of human bronchial epithelial cells and lung
fibroblasts to IQOS aerosols is a concern. While our data cannot be directly extrapolated

to human health, they clearly show a need for additional studies on IQOS products.
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ABSTRACT

Objective: To determine if exposure to IQOS aerosols induces an epithelial-to-
mesenchymal transition (EMT) in primary lung carcinoma cells.

Methods: IQOS aerosols were generated under two cleanliness conditions, C1 and
C20. A-549 human lung epithelial carcinoma vimentin-RFP reporter cells were aerosol
treated for 13 days then evaluated for vimentin and E-cadherin expression. Image
processing and video bioinformatics were used to evaluate cell count, morphology,
attachment, and motility.

Results: IQOS treatment groups, C1 and C20, showed a reduction in cell counts with a
higher enlarged and elongated to cobblestone phenotypic cell ratio than controls.
Treatment groups also had increased expression of vimentin and a decrease in E-
cadherin. Treated cells lacked defined E-cadherin borders demonstrating a lack of cell-
cell attachments. Aerosol-treated cells were more motile than control counterparts with
the C20 group being more motile than the C1 group. Analysis of time-lapse videos
showed that controls were more proliferative and formed small, stationary colonies, while
treated cells did not readily divide. These cells did not form attachments and were much
more motile.

Discussion: IQOS aerosol treatment induced an EMT in primary lung cancer cells. EMT
is the first step leading to metastasis. These data raise concerns about the safety of

IQOS products.
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INTRODUCTION

Heat-not-burn products are electronic nicotine delivery devices that claim harm
reduction because they do not combust tobacco like conventional cigarettes. In 2014,
Phillip Morris International released the IQOS heat-not-burn system to Italian and
Japanese’s test markets, where it was met with a positive response [1]. Although
currently not available in the US, IQOS is being sold in 42 markets worldwide [2,3].
While these devices utilize tobacco as their method of nicotine delivery, studies
conducted by Phillip Morris report that the IQOS is less harmful than conventional
cigarettes because the tobacco is not ignited thus fewer toxic chemicals are produced
[4-12]. Although Phillip Morris has conducted many experiments testing their new
product for toxicity, they did not test for its effects on cancer progression.

Lung cancer is the leading cause of cancer-related deaths throughout the world
[13]. Death can usually be attributed to the metastasis of cancer cells from the lungs to
other organs, making treatment difficult. In order to metastasize, cancer cells must first
undergo an epithelial-to-mesenchymal transition (EMT), a process in which primary
tumor cells lose cell-cell adhesion and polarity allowing them to dissociate, become
motile and invade other tissues [14-17]. This process also increases the resistance of
these cells to apoptosis [18]. EMT is accompanied by a reduction in E-cadherin, a cell
adhesion molecule and a marker of epithelial cells, and an increase in vimentin, an
intermediate filament protein and mesenchymal cell marker [15,17,19,20], making them
excellent biomarkers of this transition.

As many IQOS users may be former conventional cigarette smokers, there is a
possibility that some of these users have undiagnosed primary lung cancer. Lung cancer

is often not detected until later stages, after it has become metastatic [21]. Many
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conventional cigarette smokers may switch to IQOS thinking they are reducing their
chances of developing cancer. For these reasons there is an urgent need to understand
the effects that IQOS have on triggering an EMT, potentially leading to metastatic
cancer. The purpose of this study was to determine if exposure to IQOS aerosol can
induce an EMT. Experiments were done using an in-vitro lung cancer model exposed to

IQOS aerosols generated using two operating conditions.

MATERIALS & METHODS:
Product Acquisition and Storage

As described in Davis et al., 2018 [22], IQOS heat-not-burn kits (Phillip Morris
Products S.A., Switzerland) were purchased online through Ebay.com, and cartons of
IQOS Marlboro (blue box) heatsticks (Phillip Morris Brands Sarl, Italy) were purchased in
Japan and shipped directly to us via a Japanese personal shopper service. All products
arrived in excellent condition, were immediately inventoried, and stored in a dry, dark

area at 22°C.

Aerosol Solution Production

IQOS aerosol solutions were generated using two operating conditions, the first
employing a per-use cleaning protocol (C1) where the Holder was cleaned between
each heatstick and the second, following the manufacturer's recommended cleaning
protocol (C20), where the device was cleaned after the 20" heatstick [22]. Aerosols
were produced using the following smoking machine configuration: the mouthpiece filter

end of the IQOS heatsticks (inserted into the IQOS Holder) was inserted into one free
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end of a 3/8-inch T-Type connector (Thermo Scientific, Rochester, NY). The connector
fit tightly and did not allow any air to be pulled into the smoking machine from outside of
the heatstick. One of the remaining ends of the T-Type connector was used to block air
flow allowing for the activation of the puff, and the other was connected to two in-line
glass absorption impingers, custom modified by Kimball Chase (Rockwood, TN). The
first impinger contained 50 mL of ice-cold F-12K medium (ATCC, Manassas, VA), and
the second contained ice-cold deionized water, both impingers were placed into an ice
bath during the course of aerosol production. The impingers were then connected to a
Cole-Palmer Masterflex L/S peristatic pump (Vernon Hills, IL) equipped with a Cole-
Palmer Masterflex L/S Easy-Load Il Model 77200-52 high performance pump head and
utilized Masterflex Tygon E3603 tubing (Tubing Size 36). This configuration allows for
the application of the Health Canada Standard (HCI) [23] smoking protocol which
requires a 2 second puff that generates a total puff volume of 55 mL (27.5mL/sec), with
an interpuff interval of 30 seconds.

For each aerosol type, a total of 250 puffs was taken. Heatsticks were designed
to have a maximum of 14 puffs but due to manufacturer usage time restraints (the
device automatically shuts off after 6 minutes of use and must be recharged) only 12
puffs were taken from each heatstick. All solutions were aliquoted into 1.8 mL
microcentrifuge tubes (Fisher Scientific, Fair Lawn, NJ) to reduce headspace and stored

at -80°C till needed.
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Cell Culture

A-549 VIM RFP (ATCC® CCL-185EMT ™) human lung epithelial carcinoma,
vimentin-RFP reporter cells (ATCC, Manassas, VA) were cultured on Nunc™ Cell
Culture Treated EasYFlasks™ (T-25 flasks) (Fisher Scientific, Fair Lawn, NJ), at 85%
relative humidity and 5% CO. at 37°C. Cells were maintained in F-12K medium
supplemented with 10% fetal bovine serum (ATCC, Manassas, VA), with medium
changes occurring every other day until cells reached a confluence < 80%. For
subculture and/or experimental preparation, cells were passaged using the protocol
prescribed by ATCC [24]. After detachment, cells were resuspended in fresh culture
medium and redistributed into appropriate culture vessels at desired concentrations. For
subculture, cells were seeded at 2.5 x 10° cells/cm? (6.25 x 10* cells/flask). For all
experiments (figure 5.1), cells were seeded at an initial density of 2.5 x 10* cells/well of a
6-well plate (Falcon, Fisher Scientific, Fair Lawn, NJ) and left to attach for 24 hrs.
Control cells were given fresh medium and experimental cells were treated with 10%
aerosol solution daily (days 1-13). Cells were passaged on day 6 and re-plated at 2.5 x
10* cells/well into a 6-well plate, and passaged again on day 12. These cells were then
distributed at specific densities into experiment appropriate vessels. Experiments were
performed on day 13. On days 0-12, control and treated cells were imaged daily to
monitor changes in cell morphology, vimentin expression, and overall cell density as

determined by well confluence.
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Day 0 Day 1 Day 6 Day 12 Day 13

Immunocytochemistry
¢ E-Cadherin
Daily Treatment of 10% Aerosol Solution * Vimentin
I BioStation Analysis
Cells Treatment Cells Cells passaged/ ¢ Morphology
seeded at begins passaged/ re-seeded at ¢ Cell Division
25k/well re-seeded at experiment ¢ Cell Attachment
25k/well specific densities ¢ Motility

Figure 5.1. Schematic of IQOS experimental timeline. Shows daily breakdown of
experimental events and plating densities.

Immunocytochemistry

Cells were passaged into IBIDI Chamber slides (Madison, WI) on day 12, treated
cells were plated in the presence of 10% aerosol solution at a seeding density of 7,500
cells/well. Cells were treated for 24 hrs then fixed with 4% paraformaldehyde (Fisher
Scientific, Fair Lawn, NJ) for 12 min at room temperature. Cells were blocked in 5%
normal goat serum (Gibco, Fisher Scientific, Fair Lawn, NJ) supplemented with 0.3%
Triton X-100 (Bio-Rad, Hercules, CA) for 1 hr at room temperature then incubated in
anti-E-cadherin antibody (Cell Signaling, Danvers, MA) overnight at 4°C. Secondary
antibody, anti-rabbit IgG Alexa Fluor®488 Conjugate (Cell Signaling), was applied for 1
hr at room temperature, cells were then mounted/nuclear stained with Vectashield
Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA) and imaged using a
Nikon Eclipse Ti-E inverted microscope (Minato, Tokyo, Japan). All solutions were
prepared in Dulbecco’s phosphate-buffered saline without calcium and magnesium

(Lonza, Walkersville, MD), rinse steps were performed between each step, and
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antibodies were diluted to a working concentration of 1:200 in a 1% BSA/ 0.3% Triton X-

100 solution as described in the Cell Signaling protocol [25].

BioStation Time-lapse Video Generation

Day 12 passaged cells were plated at a seeding density of 5 x 10* cells/well in a
6-well plate and left to attach for 24 hrs: treated cells were in the presence of 10%
aerosol solution. Cells were then incubated in Hoechst Nucleic Acid Stain
(ImmunoChemistry Technologies, Bloomington, MN), at a concentration of 0.5% v/v, for
17 min at 37° C, stain was removed, and fresh medium (control cells) or aerosol solution
(treatment cells) was added. Cells were placed in a Nikon BioStation CT (Minato, Tokyo,

Japan) and imaged every 10 mins for 24 hrs.

EMT Morphological Analysis and Cell Counting

Morphology analysis was used to classify control and treated cells as
cobblestone, enlarged, and elongated. First, individual cells were manually outlined
using Adobe PhotoShop software (San Jose, CA). The binary images of the cell
segmentations were then imported into CellProfiler image processing software [26]. The
number of cells in each morphological group was compared using a one-way ANOVA.
Sixty-one morphological features were extracted from each segmented cell. Features
that were most useful at classifying cells were determined, such as area, compactness,
eccentricity, major axis length, minor axis length and solidity. A training library was
developed using 222 cells, which were manually classified into the three morphological
groups. This ground truth was used for 10-fold cross-validation, resulting in a 91%

classification accuracy using a Naive Bayes classifier. Datasets were automatically
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analyzed using the classifier. Box-Cox transformation was applied to data, and results
were statistically compared between the control and treated groups for each morphology

class using a one-way ANOVA.

Vimentin Expression

TRITC images, taken using a Nikon Eclipse Ti-E inverted microscope, were
masked using a custom procedure created with CL-Quant software (Nikon, Minato,
Tokyo, Japan) then manually edited to ensure full cell coverage. Average vimentin
fluorescence intensity and mask area were multiplied to determine the integrated density
of the vimentin signal. Integrated density of an image was divided by cell count to get
average cellular integrated density. Data were analyzed under two conditions, live cell
imaging at 10x magnification on days 0, 3, 6, 9, and 12, and fixed and permeabilized
cells at a magnification of 60x on day 13. For live cell image analysis, five images were
taken per treatment condition at each timepoint, except for day 0 when 3 images were
taken. Treatment conditions at each timepoint were compared against controls using a
two-way ANOVA with Dunnett’s post-hoc test. For day 13 cells, 50 images from across
three experiments were used for comparison. Average cellular integrated density of
treated cells was compared against the control with a one-way ANOVA using Dunnett’s

post-hoc test.

E-cadherin Expression

A line scanning method was used to study the expression pattern of E-cadherin

in control and treated cells. Lines were drawn on the images using the intensity line
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profiler tool of the Nikon Elements Software (Minato, Tokyo, Japan). Pixel intensity data

were collected and plotted over the entire line (2000 pixels).

Motility and Migration Analysis

Time-lapse video images generated from day 13 BioStation analysis were
analyzed by applying a custom algorithm developed in CL-Quant, as previously
described in Zahedi et al, 2018 [27]. Pre-processing procedures were first applied to the
blue fluorescent channel to remove noise and boost signal. Cellular debris was removed
using small object removal and background subtraction procedures. An individual cell
tracking procedure was applied to the final improved signal, resulting in trajectory tracks
for each cell. Excel sheets containing the cell tracking data were then imported into
MATLAB software (MathWorks Natick, MA, USA). A custom algorithm was applied to
display the migratory plots. A threshold of >40um of displacement from a cell’s initial
starting position was used to classify cells as motile. The percent of motile cells in each
treatment was compared using a one-way ANOVA. Populations of motile cells were then
sub-divided based on distance traveled, i.e. cells that moved more than 40, 80, and 120
pMm; these data were further compared using Fisher’s exact test with a Bonferroni

correction.

RESULTS
Reduction in Cell Proliferation and Changes to Cell Morphology
Day 12 micrographs (figures 5.2A-C) show a significant reduction in cell number

between control and treated cells, however there was no difference between the two
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treatments. This finding was confirmed using CellProfiler image processing analysis of
day 9 images (figure 5.2G). Also apparent is the change in morphology between control
and treated cells. Population morphology classification analysis of day 9 cells (figures
5.2D-F) showed a lack of the small cobblestone phenotype in treatment groups. Within
the treatment groups, the primary cell type present was the enlarged cells. Elongated
cell populations were sparse in all groups but higher in number in treatments as
compared to control. Quantitative analysis of the morphology data (figure 5.2H)
confirmed that the treated groups had a significantly lower percentage of cobblestone
cells and a corresponding increase in enlarged cells. Data also showed a significant
increase in elongated cell populations as compared to controls. Between treatment
groups, the C20 group had a slightly higher percentage of enlarged as compared to C1,
which was the inverse of the elongated cells, which were higher in the C1 group,

however these differences were not significant.
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Figure 5.2. Cell count and morphology analysis. (A-C) Day 12 micrographs
showing control and IQOS aerosol treated cells. (D-F) Morphology classification
segmentation images showing the software ascribed classification of cells, cyan
= cobblestone phenotype cells, yellow = enlarged phenotype cells, blue =
elongated phenotype cells. (G) Cell count analysis, cell number is plotted
versus treatment type. (H) Cell morphology breakdown, percent of cells plotted
versus morphology; blue = control, green = C1, red = C20. In G and H, each bar
is the mean of 3 experiments * SEM. * p = < 0.05; *** p =< 0.001; **** p =< 0.0001
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Vimentin Expression and Cell-Cell Attachment

Treated cells had larger and more irregularly shaped nuclei than the controls, as
evidenced by DAPI staining (figure 5A-C). Visual observation of vimentin expression
showed an increase among treated cells and was confirmed by integrated intensity
analysis of vimentin (figure 5D). Analysis showed that vimentin was significantly higher
in treated cells as compared to controls. There is no significant difference in vimentin
expression between treatment types, however C20 cells had a higher initial expression
which then dropped at day 12. Day 13 analysis better illuminates this difference (figure
5D inset). Micrographs also showed a reduction of E-cadherin expression in treated
cells. Although, punctate E-cadherin is visible in treated cells, there was no cell-cell
adhesion, unlike in controls where E-cadherin is clearly forming attachments. Intensity
line profiler analysis of E-cadherin validates the finding that E-cadherin expression was
higher among control cells (figure 5E). Comparisons between treatment groups showed

no difference in E-cadherin expression.
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Figure 5.3. Vimentin and E-cadherin expression analysis. (A-C) Fluorescent
images of day 13 control and IQOS aerosol treated cells, blue = DAPI, red =
vimentin, green = E-cadherin. (D) Vimentin expression over time (live cells, days
0-12), integrated density is plotted versus time in days, red boxes indicate when
cells were passaged/re-plated; inset shows day 13 analysis (fixed cells),
integrated density plotted versus treatment type. (E) E-cadherin expression of
day 13 FITC images, intensity versus x-position in pixels; inset shows an
example of the intensity line profiler tool of the Nikon Elements Software
(yellow arrow). For all graphs blue = control, green = C1, red = C20. For D, each
line, and in the insert, each bar, is the mean of 3 experiments * SEM. ** p =<
0.01; *** p =<0.001; **** p =< 0.0001
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Motility

Migration plot analysis of time-lapse videos (figure 5A-C) revealed that treated
cells were more motile and traveled further distances than control cells. A graph of
overall cell motility (figure 5D) showed that both treated groups had a significantly larger
population of motile cells than the control, with C20 being the more active. A distance
travelled breakdown of cell motility (figure 5E) showed that in all distance categories
(>40, > 80, and >120 um), the treated groups were significantly higher than the
untreated control. The breakdown also showed that the increased activity among the
C20 cells was primarily in the >40 um range group, there was little difference between
treatments in the > 80 and >120 ym ranges.

Evaluation of time-lapse video images generated by the BioStation CT over a 24-
hour period (figure 5F-T) showed that control cells divided and formed small cells, which
aggregated into colonies that were more stationary. In contrast, treated cells were much
more motile than their control counterparts. These did not divide or form cell-cell
attachments. When treated cells came in contact with each other, they quickly moved
apart, at some points completely separating (Fig 5R & T, see Supplemental figures

SP5.1-5.3).
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Figure 5.4. Motility analysis. (A-C) Migration plots of control and IQOS aerosol
treated cells, displacement in pm versus displacement in pm. (D) Overall cell
motility and percent of motile cells versus treatment type. (E) Motility breakdown,
percent of motile cells plotted versus distance traveled in ym. For both E and F
blue = control, green = C1, red = C20. (F-T) Stills from time-lapse videos generated
over a 24-hour period, (F-J) = control, (K-O) = C1, (P-T) = C20; cells are numbered,
divided cells are noted alphanumerically to match the corresponding parent cell
number. In D and E, each bar is the mean of 3 experiments * SEM. * p =< 0.05; ** p
=<0.01; ** p=<0.001; **** p=<0.0001
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DISCUSSION

Harm reduction is enticing to many smokers who are looking for a healthier
alternative to conventional cigarettes. Currently there is very little data on the potential
adverse health effects that heat-not-burn products may cause in users. Although,
according to the manufacturer, IQOS promises a reduction in toxicity, this is little solace
if it can promote metastatic lung cancer. Lung cancer has the worst 5-year survival rate
of all cancers due to its metastatic potential [13,18,19,28,29]. Understanding the role
IQOS products play in effecting a metastatic change in primary lung cancer is
imperative. This study is the first to examine IQOS for its potential to induce an EMT in
primary lung cancer cells.

One hallmark of an EMT is an increased resistance of cells to apoptotic signaling
[15,30,31]. Within treatment groups, only the apoptotic resistant EMT cells remained.
This reduction in cobblestone phenotypic cells indicated that these cells died off during
treatment (figure 5.2). The remaining enlarged cells adopted a large, flat morphology,
unlike the cobblestone cells in the control, which were smaller and raised. These cells
were also less prolific. As shown by others, many mesenchymal-like tumor cells, in
breast and non-small cell lung cancer, become less proliferative during their migratory
phase [32-34], which is reversed when cells revert back to an epithelial state
(mesenchymal-to-epithelial transition, MET) upon reaching their target destinations [35-
38].

In all groups, there were small populations of elongated cells, which tended to
have a classical mesenchymal cell morphology. This change in morphology can be
attributed to an increase in vimentin, another hallmark of EMT (figure 5.3). Vimentin

plays many rolls in EMT, one of which is to bring about changes in cell morphology
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[39,40]. Along with increases in vimentin, another indicator of an EMT is a reduction in
E-cadherin. These two proteins work together to bring about an EMT. E-cadherin is an
epithelial cell marker and functions as a cell adhesion molecule creating the cell-cell
attachments helping in tissue formation and cancer suppression [41-43]. When E-
cadherin is present, and vimentin is low, cells form tight cell-cell adhesions leading to the
formation of stationary colonies after division (figure 5A, 4F-J). Cells lacking E-cadherin,
but with high vimentin, did not divide or form attachments but rather came together
transiently and moved apart (figure 5K-T). When similar changes occur in vivo, cells can
migrate away from the tumor and populate other organs.

Another critical role vimentin plays in EMT is motility [28,39,40,44]. Cells with
higher vimentin expression are more motile. Vimentin stiffens the cells and allows for
better focal adhesion dynamics [44,45]. In the control group, the cobblestone phenotypic
cells make up the predominance of the population, forming small colonies which show
little movement (figure 5A, D, E). In comparison, treated cells were significantly more
motile with the C20 treatment group being more motile than C1 (figure 5B-E), although
this difference was not statistically significant.

Although in this study significant differences in EMT induction were not seen
between the C1 and C20 aerosols, in a previous study [22], we showed that the
cleanliness of the IQOS played a critical role in heat generation, with the C20 method of
cleaning leading to increased tobacco plug charring and polymer-film filter melting.
Unlike the C1 aerosol, which was produced by cleaning the device after every heatstick,
the C20 aerosol was made using the manufacturers’ suggested cleaning instructions,

which is a more real-world representation of how a user would clean their device.
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In summary, IQOS aerosols, C1 and C20, were able to induce an EMT in primary
lung cancer cells. This increase in enlarged, low E-cadherin, high vimentin, motile cells
is a cause for concern, as one of the major factors in the lethality of lung cancer is the
ability of the cells to travel to and establish new tumors in distant organ systems. With
the rapid increase in IQOS popularity and Phillip Morris’ push to bring their product to
new markets, these findings reinforce the critical need for more extensive testing of

IQOS to fully understand its effects on users.
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Proteomic analysis of normal human bronchial epithelial cells after IQOS aerosol

exposure
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ABSTRACT

Objective: To determine the effects of acute IQOS aerosol exposure on the proteome of
normal human bronchial epithelial cells (NHBE) and to compare the proteome when
using different cleaning protocols.

Methods: IQOS aerosol solutions were generated using two cleanliness conditions, C1
(holder cleaned after every heatstick) and C20 (holder cleaned after 20" heatstick).
NHBE (nonsmoker) were treated with IQOS aerosol solutions for 24 hours, proteins
were isolated and identified using multidimensional protein identification technology
analysis. Non-statistically significant data were removed, and the remaining data were
evaluated using Database for Annotation, Visualization and Integrated Discovery 6.8
(DAVID) and Ingenuity Pathway Analysis (IPA) software.

Results: A total of 5237 proteins were detected at a 1% false discovery rate (FDR) for
control, C1 and C20 treated cells. Of these, 439 and 384 were differentially expressed in
C1 versus control (C1vC) and C20 versus control (C20vC), respectively. IPA diseases
and functions annotations found 11 common categories in both groups and one
additional category in C20vC. DAVID analysis showed five annotation clusters exclusive
to C1vC, four to C20vC only, and four clusters common to both groups. IPA analysis
identified five pathways for C1vC and three for C20vC that had a 2 < z-score < -2 with p
< 0.05. The three pathways identified in C20vC were among the five identified in C1vC.
Discussion: IQOS aerosol exposures affected expression of proteins involved in
metabolic functions. Although there was overlap of annotation categories between C1vC
and C20vC, different proteins were modulated, which could lead to different adverse
outcomes. IQOS treatment resulted in the activation pathways involved in inflammation,

demonstrating that IQOS aerosols may pose health risks to users.
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INTRODUCTION

IQOS, a heat-not-burn product, is one of the newest electronic nicotine delivery
devices that claims harm reduction [1]. This product is manufactured by Phillip Morris
International (PMI) and was released in 2014 to Japanese and ltalian test markets where
it was positively received [2]. Currently, IQOS is available in 43 countries [3,4]. IQOS
uses heated tobacco as its method of nicotine delivery, unlike electronic cigarettes that
use a flavored nicotine fluid. IQOS functions by heating a cast-leaf tobacco sheet
impregnated with binders and glycerin, producing a nicotine containing aerosol without
igniting the tobacco [1,5]. Since the tobacco is not burned, as in a conventional cigarette,
fewer toxic chemicals are produced making this product less harmful than conventional
cigarettes [1].

IQOS aerosols are derived from tobacco but currently the similarities/differences
between tobacco cigarette smoke and IQOS aerosols have not been fully elucidated.
One study, by the IQOS manufacturer, compared IQOS aerosol to 3R4F reference
cigarette smoke for the presence/reduction of 54 of the 93 chemicals found on the FDA’s
harmful and potentially harmful constituents (HPHC) list [6]. Moreover, this list is only a
fraction of the 7000+ chemicals identified in cigarette smoke [7].

Tobacco cigarette smoke exposure has been linked to many cellular aberrations such as
mitochondrial hyperfusion [8], increased reactive oxygen species (ROS) production,
oxidative damage, inflammation, altered lipid metabolism, and cellular signaling pathway
perturbations [9]. Over time, these dysfunctions may lead to a myriad of health
problems/diseases, such as chronic obstructive pulmonary disease (COPD), stroke,

coronary heart disease, and/or cancer [9].

146



The only other proteomics studies on IQOS were done by the manufacturer, and
these studies were conducted on rats that had been exposed to mentholated heatsticks
for 90 days [10,11].There is a need for independent investigations on 1Q0OS. We
previously showed that when the IQOS holder was cleaned after every 20 heatsticks, as
recommended by the manufacturer, charring of the tobacco plug was greater than when
cleaning was done after each use [5]. Increased heating could produce additional
chemical by-products that may contribute to toxicity of the aerosol. The purpose of this
study was to determine how exposure to IQOS aerosol affected the proteome of normal
human bronchial epithelial cells (NHBE) from a nonsmoker and to compare the

proteome of cells treated with aerosol produced using two different cleaning methods.

Materials & Methods:
Product Acquisition and Storage

iIQOS Heat-not-burn kits (Phillip Morris Products S.A., Switzerland) were
purchased through Ebay.com, and cartons of IQOS Marlboro (blue box) heatsticks
(Phillip Morris Brands Sarl, Italy) were purchased in Japan via a Japanese personal
shopper service. All products arrived in excellent condition, were immediately

inventoried, and stored in a dry, dark area at 22°C, as detailed in [5].

Aerosol Solution Production
iQOS aerosols were produced using two operating conditions: (1) C1 in which
the Holder was cleaned between each heatstick, and (2) C20 in which the device was

not cleaned until after the 20" heatstick, as recommended in IQOS instruction manual.
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Aerosol solutions were produced using the following smoking machine configuration:

the mouthpiece filter end of the IQOS heatstick (inside of the IQOS Holder) was inserted
into one free end of a 3/8-inch T-Type connector (Thermo Scientific, Rochester, NY).
The connector fit tightly and did not allow any air to be pulled into the smoking machine
from outside of the heatstick. One end of the T-Type was used to block air flow allowing
for the activation of the puff and the other end was connected to two in-line glass
impingers, custom modified by Kimball Chase (Rockwood, TN). The first impinger
contained 50 mL of ice-cold complete cell culture medium and the second impinger
contained ice-cold deionized water; both impingers were placed into an ice bath during
the course of aerosol production. The impingers were connected to a Cole-Palmer
Masterflex L/S peristatic pump (Vernon Hills, IL) outfitted with a Cole-Palmer Masterflex
L/S Easy-Load Il Model 77200-52 high performance pump head utilizing Masterflex
Tygon E3603 (Tubing Size 36) to allow for the application of the Health Canada
standard (HCI) [12] smoking protocol. The HCI requires a 2 second puff that generates a
total puff volume of 55 mL (27.5mL/sec) with an interpuff interval of 30 seconds. Aerosol
solutions were aliquoted into 450 pL volumes and placed into 0.5 mL locking lid
microcentrifuge tubes (Fisher Scientific, Fair Lawn, NJ) to reduce headspace, and stored
at -80°C. For each aerosol type (C1 and C20), a total of 250 puffs were taken.
Heatsticks were designed to have a maximum of 14 puffs. However, because the
device automatically shuts off after 6 minutes of use and must be recharged, only 12

puffs could be taken from each heatstick.

148



Cell Culture and Exposure

NHBE (MatTek, Ashland, MA) from a 50-year-old, Caucasian, male nonsmoker
were maintained and subcultured as prescribed in the MatTEK NHBE protocol. Cells
were cultured in Nunc™ Cell Culture Treated EasYFlasks™ (T-25 flasks) and were
maintained with NHBE-GM, growth medium (NHBE-BM, basal medium, supplemented
with NHBE-GS, growth serum, and NHBE-HCS, hydrocortisone) with medium changes
occurring every other day until cells reached a confluence <80%. For subculture, cells
were seeded at 3.3x10° cells/cm? (8.25x10* cells/flask). For sub-culturing and
experiments, cell counts were performed using a hemocytometer (Hausser Scientific,
Horsham, PA), and Nikon Eclipse TS100 Inverted Microscope (Tokyo, Japan). For
exposure, cells were seeded at 6.6x10° cells/cm? (1.65x10° cells/flask) and left to attach
for 24 hrs. Cells were then treated with 3% aerosol solution (C1 or C20) for 24 hours. All

cultures were maintained at 37°C with 5% CO2, and 95% relative humidity.

Protein Isolation

After 24 hr of IQOS aerosol solution exposure, NHBE cells were rinsed and lysed
using radioimmunoprecipitation assay (RIPA) buffer (Santa Cruz Biotechnologies,
Dallas, TX) and vortexed at 4°C for 1 min at 15 min intervals for a total of 45 mins.
Lysates were collected, and protein concentration was determined using a Pierce BCA
protein assay kit (Thermo Fisher Scientific, Rochester, NY). After quantification, SDS-
polyacrylamide gel electrophoresis (PAGE) was performed using 20 pg of protein. The
gel was subsequently stained using Coomassie Blue staining (Bio Rad, Hercules,

California) to visualize proteins and to ensure equal loading.
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Protein Precipitation and MudPIT Analysis

Lysates containing 100 pg of protein were precipitated with cold acetone to a
final concentration of 80% overnight at -20 °C. Samples were centrifuged for 30 mins at
14,000 rpm, forming a pellet. Protein pellets were treated with 1 ug of trypsin overnight
at 37 °C in 100 pL trypsin buffer (50 mM ammonium bicarbonate, pH 8.0) supplemented
with 10% acetonitrile. The samples were placed on a vortex mixer for continuous
agitation, keeping pellets in suspension. After trypsin digestion, samples were
centrifuged, and supernatants were collected and dried down as pellets with a
SpeedVac vacuum concentrator and re-dissolved in 20 L 0.1% formic acid. Products
were then subjected to LC/MS analysis.

A multidimensional protein identification technology (MudPIT) approach was
employed to analyze the trypsin-treated samples. A two-dimensional nanoAcquity UPLC
(Waters, Milford, MA) and an Orbitrap Fusion MS (Thermo Fisher Scientific, San Jose,
CA) were configured to perform online 2D-nanoLC/MS/MS analysis. 2D-nanoLC was
operated with a 2D-dilution method that is configured with nanoAcquity UPLC. The two
mobile phases for the first dimension LC fractionation were 20 mM ammonium formate
(pH 10) and acetonitrile, respectively. Online fractionation was achieved by 5-minute
elution off a NanoEase trap column (PN# 186003682, Waters) using a stepwise-
increased concentration of acetonitrile. A total of five fractions were generated with 11%,
16%, 20%, 25%, and 50% of acetonitrile, respectively. A final flushing step used 80%
acetonitrile to clean up the trap column. Each fraction was then analyzed online using a
second dimension LC gradient. The second dimension nano-UPLC method was

described previously [13].
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The Orbitrap Fusion MS method was based on a data-dependent acquisition
(DDA) survey. The acquisition time was set from 1-70 min. A Nano ESI source was used
with the spray voltage at 2600V, sweep gas at 0, and ion transfer tube temperature at
275°C. An Orbitrap mass analyzer was used for the MS1 scan with resolution set at
60,000. MS mass range was 350-1800 m/z. The AGC target for each scan was set at
500,000 with maximal ion injection time set at 100 ms.

For the MS2 scan, the Orbitrap mass analyzer was used in an auto/normal mode
with resolution set at 30,000. Only precursor ions with intensities of 50,000 or higher
were selected for the MS2 scan. The sequence of individual MS2 scanning was from
most-intense to least-intense precursor ions using a top-speed mode under time control
of 4 sec. Higher energy CID (HCD) was used for fragmentation activation with 30%
normalized activation energy. Quadrupole was used for precursor isolation with a
2 m/z isolation window. The MS2 mass range was set to auto/normal with the first mass
set at 100 m/z. Maximal injection time was 100 ms with the AGC target set at 20,000.
lons were injected for all available parallelizable time. A 20-sec exclusion window was
applied to all abundant ions to avoid repetitive MS2 scanning on the same precursor
ions using 10 ppm error tolerance. Only charge states from 2 to 6 were allowed for MS2
scan, and undetermined charge states were not included. All MS2 spectra were
recorded in the centroid mode.

Raw MS files were processed and analyzed using the Proteome
Discoverer version 2.2 (ThermoFisher Scientific, San Jose, CA). The Sequest HT search
engine was used to match all MS data to the human UniProt proteome database
supplemented with common contaminant proteins such as keratins. The search

parameters were the following: trypsin with two missed cleavage, minimal peptide length
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for six amino acids, MS1 mass tolerance 10 ppm, MS2 mass tolerance 0.02 Da,
GIn—pyro-Glu (N-term Q), oxidation (M), N-terminal acetylation, N-terminal formylation,
and XK-acetylation as variable modifications. Only proteins with a 1% false discovery

rate (FDR) cut-off were considered in the final result.

Bioinformatics Analysis

Significant abundance ratio adjusted p-value Proteome Discoverer version 2.2
outputs (p<0.05) for C1 versus control and C20 versus control (from this point forward
will be referred to as C1vC and C20vC, respectively) were considered. The resulting
protein lists were uploaded into the Database for Annotation, Visualization and

Integrated Discovery 6.8 (DAVID, https://david.ncifcrf.gov/) for enrichment, yielding

annotation clusters of effected cellular processes [14].

Logo(Fold Change) values for significant proteins in C1vC and C20vC were then
uploaded into Ingenuity Pathway Analysis (IPA) software (Qiagen, Venlo, Netherlands)
to evaluate differentially expressed proteins. Diseases and functions annotations were
generated from the IPA database of existing literature. Activation of significant canonical

pathways most associated with our proteins were identified using the Ingenuity library.

RESULTS
Protein Identification and Differential Protein Expression

Values in Figure 6.1A represent the number of proteins detected with a FDR
controlled at 1%. A total of 5237 proteins were detected among all samples. For

individual groups, 106 proteins were detected in control, 73 were exclusive to C1, and 52
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were found in only in C20. For the control and C1, 4860 proteins were expressed in
common, while a similar number (4814) were expressed in the control and C20. The two
IQOS treatments (C1 and C20) had 4806 mutual proteins, and 4737 proteins were
shared among all three groups. Fold change evaluations showed that for C1vC, 237
proteins were significantly down-regulated and 202 were upregulated. For C20vC, 210
proteins were down-regulated, while 174 were upregulated (Figure 6.1B). These data

show that protein expression was affected by both C1 and C20 aerosol treatment.
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Figure 6.1. Protein identification and differential protein expression in NHBE
cells treated with IQOS aerosol. (A) Venn diagram showing proteins identified
by Proteome Discoverer version 2.2 as having high FDR. Yellow diamond =
controls (CN), blue diamond = C1, and red diamond = C20. Proteins shared
between CN and C1 = green triangle, proteins between control and C20 =
orange triangle, and between C1 and C20 = purple triangle. Numbers in each
color block represent total number of proteins found in each group. (B) Volcano
plots of C1 versus control and C20 versus control from Proteome

Discoverer version 2.2 data. Plots show differential expression of proteins. x-
axis = Log: fold change values, y-axis = -logio(p-value). Grey dots = proteins
found to have a fold value of < -log1o (1.3), blue = proteins that were down
regulated with a >-log1o (1.3) and -Log: fold change value, red = proteins that
were upregulated with a >-log1e (1.3) and +Log: fold change value.
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Annotation and Cluster Analysis

Proteomic data with a p-value < 0.05 were analyzed using proteomic analysis
software to predict effected biological processes (Figure 6.2). For IPA analysis, software
culls data to remove any proteins with a fold-change value from -1 to 1, the remaining
data were then grouped by disease and functional categories for both C1vC (Figure
6.2A) and C20vC (Figure 6.2B). Percentages shown are the number of times a particular
category was repeated/represented, not the number of enriched proteins within each
group. Eleven categories were shared between treatment groups. These were: gene
expression, protein synthesis and trafficking; morphology; signaling; inflammation;
function and maintenance; movement; death and survival; growth and proliferation;
respiratory disease; metabolism; and cancer. In C20vC, one additional category,
molecular transport, was affected. The top three most repeated functions were those
that involved growth and proliferation (14% for C1vC and 11% for C20vC), metabolism
(21% for C1vC and 17% for C20vC), and proteins associated with cancers (29% for C1
and 42% for C20). For both treatment types, inflammation was represented equally at
4%, but of most interest was respiratory diseases, which was more heavily represented
in C20vC (6%) than in C1vC (<1%). ldentification of enriched proteins effected in the
respiratory disease category (Supplemental Table 6.1) found seven individual proteins in
C1vC, four of which (TUBB4A, FTL, HTATIP2 and RHOC) together are known effectors
in Stage I-1l non-small cell lung cancer (NSCLC); and IL1B, IL1RN and GGPS1, which
are linked to cystic fibrosis. For C20vC, only three proteins were enriched, IL1B,
effecting inflammation of lung cells and TUBBA4A and POLE4, which together appear
32 times, with 24 of the 32 annotations relating to effects on NSCLC. The remaining

eight appearances are linked to nasopharyngeal carcinomas. IL1B (grey highlights in
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Supplemental table 6.1) and TUBB4A (blue highlights in Supplemental table 6.1) were
the only proteins to appear in both C1vC and C20vC.

DAVID functional annotation clustering of C1vC and C20vC data (figure 6.2C)
was evaluated to show the distribution of GO terms, based on co-association of genes,
categorized by their biological processes and/or molecular functions. The interaction
diagram shows groupings that were distinct and shared between the two treatment
types. C1vC showed five distinct groups (RNA/mRNA binding, gene expression/mRNA
splicing, chromatin remodeling/DNA binding, actin, microtubules), while C20 had four
groups (regulation of apoptotic processes, DNA biosynthesis, ubiquitination, and cellular
protein metabolic processes). Four groups, calcium binding, mitochondrial transport,

oxidation-reduction, and lipid metabolism were affected in both IQOS treatments.
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Figure 6.2. Diseases and function annotations. (A) Pie chart of IPA function and
disease annotations. Proteomic data with a p-value <0.05 and values that fell
outside of 1 < fold-change < -1 were grouped into cell function or disease
categories. The percentage of occurrence of each category type for C1vCN and
C20vCN are indicated on the respective pie charts. (B) Interaction diagram of
DAVID annotation clustering of proteomic data with a p-value <0.05. Red ovals =
clusters found in C1vCN, blue ovals = clusters found in C20vCN, purple ovals =
clusters found in both groups.
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Canonical Pathway Activation

Top enriched canonical pathways were identified for data limited to those that fell
outside of 2 < z-score < -2 with a -log(p-value) higher than 1.3 (p < 0.05) (figure 6.3A).
Pathways are listed in highest to lowest order of z-score (the number of standard
deviations from the mean). All identified pathways had positive z-scores, indicating they
were upregulated by treatment. Nuclear factor erythroid 2-related factor 2 (NRF2)
mediates an oxidative stress response and had the highest z-score for both C1vC
(3.317) and C20vC (2.646). In C1vC, significantly enriched networks were associated
with 14 proteins, while C20vC had only 9. The adrenomedullin signaling pathway had
the second highest z-score for both treatments, 2.646 for C1vC (with seven identified
proteins) and 2.236 for C20vC (5 proteins). Gaq Signaling and Rho Family GTPase
Signaling, both with a z-score of 2.449 and six identified proteins, were found exclusively
in C1vC. Nuclear factor kappa B (NF-«B) signaling had identical z-scores, 2.236, and
number of identified proteins, five, for both groups.

For the three pathways shared between IQOS treatment groups, a list of
differentially expressed proteins was formulated. Figure 6.3A lists the number of
differentially expressed proteins, while figure 6.3B specifically identifies the proteins
expressed in both groups (green highlights) and among each individual group (blue
highlights are proteins in C1vC only and yellow are for those in C20vC only). The
UniProt/Swiss-Prot accession fold change values, cellular location, and protein type
were also listed. A total of 14 proteins were identified in the NRF2-mediated oxidative
stress response pathway for C1vC, nine of these were also found in C20vC. Among the
14 proteins listed, four had a fold-change >2, three were shared between both groups,

while one was only in C1vC. For the adrenomedullin signaling pathway, a total of seven
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were found in C1vC with five also being activated in C20vC. All five of the shared
proteins had fold-change values >2. NF-kB signaling listed seven proteins, three were
shared between both groups and two proteins unique to each group. All three shared
proteins had fold-change values >2. Among the unique proteins, C1vC only showed a >2

fold-change for one of the two proteins, while both were >2 for C20vC.
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A C1 vs Control C20 vs Control
Number of Number of
Canonical Pathway Name Proteins p-value z-score | Proteins p-value z-score
Found Found
NRF2-mediated Oxidative Stress Response 14 9.36E-09 3.317 9 4.42E-05 2.646
Adrenomedullin Signaling Pathway 7 3.27E-03 2.646 5 2.50E-02 2.236
Gagq Signaling 6 5.01E-03 2.449 = - -
Signaling by Rho Family GTPases 6 3.80E-02 2.449 - — -
NF-xB Signaling 5 3.58E-02 2.236 S 2.00E-02 2.236

B

Canonical UniProt/Swiss- Fold

Pathway Symbol Entrez Gene Name Prot Accession _Change Location Type
ACTB actin beta C9JUM1 100 Cytoplasm Other
FTL ferritin light chain P02792 1.561 Cytoplasm Enzyme
GCLC glutamate-cysteine ligase catalytic subunit P48506 1.714 Cytoplasm Enzyme
GCLM glutamate-cysteine ligase modifier subunit P48507 1.826 Cytoplasm Enzyme
GSR glutathione-disulfide reductase P00390 1.576 Cytoplasm Enzyme
NRF2-mediated JUNB JunB proto-oncogene, AP-1 transcription factor subunit P17275 1.645 Nucleus Transcription Regulator
Oxidative Stress PIK3R1 phosphoinositide-3-kinase regulatory subunit 1 P27986 100 Cytoplasm Kinase
Response SQSTM1 sequestosome 1 Q13501 1.675 Cytoplasm Transcription Regulator
TXNRD1 thioredoxin reductase 1 Q16881 2214 Cytoplasm Enzyme
CBR1 carbonyl reductase 1 P16152 1.373 Cytoplasm Enzyme
DNAJB2 DnaJ heat shock protein family (Hsp40) member B2 P25686 2.754 Nucleus Other
FTH1 ferritin heavy chain 1 P02794 1.62 Cytoplasm Enzyme
HMOX1 heme oxygenase 1 P09601 1.538 Cytoplasm Enzyme
TXN thioredoxin P10599 1.572 Cytoplasm Enzyme
CALM1 (includes others) calmodulin 1 E7ETZ0 100 Cytoplasm Other
IL1B interleukin 1 beta P01584 4.704 Extracellular Space Cytokine
Adrenomedullin  KCNN4 potassium calcium-activated channel subfamily N member 4 015554 100 Plasma Membrane lon Channel
Signaling  PIK3R1 phosphoinositide-3-kinase regulatory subunit 1 P27986 100 Cytoplasm Kinase
Pathway PLCD4 phospholipase C delta 4 CYJEAT 2.887 Cytoplasm Enzyme
IL1RN interleukin 1 receptor antagonist P18510 1.438 Extracellular Space Cytokine
PTK2B protein txrosine kinase 2 beta Q14289 1.419 Cﬁoqlasm Kinase
IL1B. interleukin 1 beta PO1584 4.3! xtracellular Space ytokine
PIK3R1 phosphoinositide-3-kinase regulatory subunit 1 P27986 100 Cytoplasm Kinase
TAB2 TGF-beta activated kinase 1/MAP3K?7 binding protein 2 QONYJ8 100 Cytoplasm Other
NF-kB CARD10 caspase recruitment domain family member 10 QOBWT7 100 Cytoplasm Other
IL1RN interleukin 1 receptor antagonist P18510 1.438 Extracellular Space Cytokine
IKBKB inhibitor of nuclear factor kappa B kinase subunit beta 014920 100 Cytoplasm Kinase
MALT1 MALT1 paracaspase Q_QUDYB 100 Cytop\as_rn Peptidlse

Figure 6.3. IPA canonical pathway activation. (A) List of canonical pathways that
fell outside of 2 < z-score < -2 with a >-log1 (1.3) value. Pathway name, number
of enriched proteins, p-value, and z-score for both C1vCN and C20vCN are
shown. (B) List of canonical pathways shared between C1vC and C20vC
identifying enriched proteins. Gene symbol, Entrez gene name, UniProt/Swiss-
Prot accession, fold change values, cellular location and protein type are
indicated. Green highlights = proteins found in both C1 versus control and C20
versus control, blue highlights = proteins found in C1 versus control only, and
yellow highlight = proteins found in C20 versus control only.
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DISCUSSION

IQOS aerosols were produced using two cleanliness conditions and tested on
NHBE cells from an adult nonsmoker. IQOS exposure caused significant changes in the
proteome of treated cells vs untreated controls and produced differences in the
proteome of the C1 vs C20 groups. A total of 5237 proteins were identified, and of these
9% were differentially expressed in C1vC and 8% in C20vC (figure 6.1). Between the
two treatment exposure groups (C1vC and C20vC), there was very little difference in the
number of differentially expressed proteins. However, evaluations of diseases and
functions annotations, annotation clustering, and canonical pathway analysis showed
that the profiles of proteins tended to vary between treatment groups.

The treatment affected proteins that play roles in critical cellular functions.
Functional annotation outputs of differential expression data (figure 6.2) showed
considerable overlap between frequently represented functions/diseases categories for
C1vC and C20vC, with growth and proliferation, metabolism, and cancer being the most
common. One notable difference between the treatments was the difference in
frequency of annotations regarding respiratory disease. For C20vC, respiratory disease
was the fourth most often repeated annotation, at 6%, whereas for C1vC, it represented
<1%. However, these percentages are not an indicator of protein distribution, as C1vC
had seven enriched proteins as opposed to C20vC that had only three. Two of these
three, TUBB4A (tubulin beta 4A), a member of the beta tubulin family and is one of two
core proteins that heterodimerize form microtubules [15] and POLE4 (DNA polymerase
epsilon 4, accessory subunit), a histone-fold protein that interacts with other histone-fold
proteins to bind DNA forming larger complexes that function in DNA transcription,

replication, and packaging [16], always appeared together. Although there were fewer
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proteins affected by C20 treatment, TUBB4A and POLE4 were noted in 34 separate
annotations, of which 24 were related to functions associated with NSCLC, indicating
that these proteins must play a more integral role in disease function as they appear with
more frequency. TUBB4A was also found in C1vC in a complex with three additional
proteins that were also annotated in NSCLC, indicating that TUBB4A may play a critical
role in lung cancer. IL1B (interleukin 1 beta), a protein in the cytokine family, is an
important mediator of inflammatory response; it is also involved in a variety of cellular
activities, such as cell growth and proliferation, differentiation, and apoptosis [17]. IL1B
was common to both IQOS treatment groups; however, in slightly different fashions. In
C1vC, IL1B was found in association with two additional proteins and annotated as
having effects in cystic fibrosis. In C20vC, it was found alone, and annotated in lung
inflammation. The inflammation category was the seventh (C1vC) and sixth (C20vC)
highest represented category (4% for both groups), but this does not exclude
inflammation as a risk factor from IQOS use. Acute exposure testing showed a high
frequency of annotations in the cellular metabolism category (21% for C1vC and 17% for
C20vC). Maintaining proper mitochondrial function is critical and aberrations contribute
to inflammation [18-21], i.e. metabolic dysfunction is a precursor to inflammation.

When comparing DAVID outputs between C1vC and C20vC, there were more
differences between GO term annotation clustering data than was found within IPA
annotation categories. However, the four shared clusters identified by DAVID
(mitochondrial transport, oxidation-reduction, lipid metabolism and calcium binding) play
a role in inflammation, and chronic inflammation can lead to cancer [22,23]. These

results correspond with IPA data, which showed that cancer was the most frequency
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represented category for both C1vC (29%) and C20vC (42%), followed by metabolism
(21% for C1vC and 17 for C20vC).

When evaluating IPA and DAVID annotation data as a whole, dysregulation of
metabolic activities induced by IQOS exposure is the common theme between both
treatments. Together, mitochondrial transport, oxidation-reduction, lipid metabolism and
calcium binding, all play vital roles in cellular metabolism and maintaining the
homeostatic balance of cells by working to regulate inflammatory responses [24-26].
Mitochondria are vital in energy production (ATP synthesis) and metabolism (oxidation-
reduction, redox) [27-29]. To maintain proper function, mitochondria rely on
mitochondrial transport channels/proteins, such as transferases and ATP binding
cassette proteins (Supplemental DAVID data), to allow proteins, metabolites and ATP to
cross the inner mitochondrial membrane [29,30]. These channels/proteins also function
as sensors and regulators of redox signaling and in balancing reactive oxygen species
(ROS) production by releasing excess ROS into the cytosol [31]. Adverse effects on
redox reactions, via damage to reductases and/or dehydrogenases (Supplemental
DAVID data), leads to increases in ROS production, oxidative damage [18-20], and
inflammation, which may eventually lead to cancer [21].

Along with mitochondrial metabolism, lipid metabolism plays vital roles in cell
structure maintenance, and the regulation of many cellular processes, such as energy
production, cell signaling (functioning as second messengers and as hormones), growth
and proliferation, differentiation, death and survival, inflammation, and motility [32,33].
Lipid signaling also plays a role in the regulation of inflammation [34]. Lipid metabolism
modulation to mediate inflammation is now being sought as a treatment for inflammatory

disease [35] and cancer [36]. Alterations to proteins involved in lipid metabolism, such as
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lipid and hormone synthases (Supplemental DAVID data), can lead to altered membrane
composition/permeability which can lead to the development of diseases including
cancer [32,33].

Calcium is a ubiquitous global second messenger that plays roles in
mitochondrial [37] and lipid metabolism [38]. EF-hand calcium binding motif proteins,
which are upregulated by treatment (Supplemental DAVID data), a regulated various of
cellular functions. They are essential to signaling, cell growth and proliferation, cell
cycle, differentiation, and apoptosis (death and survival) [39,40]. EF hand calcium
binding proteins, such as calmodulin, calcitonin, S100 family of proteins (Supplemental
DAVID data), also play a role in inflammation and tumor cell proliferation and invasion of
cancer. S100 family proteins have a higher expression in lung cancer cells making them
a good biomarker for the occurrence and prognosis of lung cancer [41,42].

The outcome of these proteomic data are in agreement with cytotoxicity data
(previously described in chapter 4) for NHBE (adult nonsmoker cells). Cytotoxicity
analysis of lactate dehydrogenase (LDH) data showed IQOS C1 and C20 treatments
were not killing cells. However, neutral red uptake (NRU) and 3-(4,5-dimethylthiazol-2-
yh)-2,5-diphenyltetrazolium bromide (MTT) assays showed treatments were adversely
affecting cellular metabolic functions, such as mitochondrial reductases.

IQOS aerosols activated canonical pathways involved in inflammation (figure
6.3). Three pathways were identified in both C1vC and C20vC, adrenomedullin
signaling, NF-xB signaling, and NRF2-mediated oxidative stress, and have all been
associated with the inflammation related cancer formation, proliferation, and invasion

(metastasis).
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Adrenomedullin, a small peptide, has structural similarities to calcitonin gene-related
peptide and is expressed in every major organ of the body including the lung; it is also
present in specialized cells such as fibroblasts. Adrenomedullin and adrenomedullin
signaling play roles in cell growth and proliferation, immune response, apoptosis,
angiogenesis, cell adhesion, migration and invasion [43-45]. Adrenomedullin has also
been shown to activate NF-«xB signaling [46].

The NF-kB family of transcription factors are found in most cell types, and NF-xB
signaling plays roles in cell growth and proliferation, differentiation, death and survival,
but is most commonly associated with immune and inflammatory response and
oncogenesis [47-50]. Stressors, such as tobacco cigarette smoke [51-54], oxidative
stress/ROS, and lipids/lipid metabolites increase inflammation and activation of NF-xB
signaling leading to the promotion and proliferation of many cancers [55,56]. NF-«B also
interacts with the NRF2- mediated oxidative stress pathway, where it negatively
regulates NRF2 signaling, thereby promoting inflammation [57].

NRF2, a transcription factor, and the NRF2- mediated oxidative stress pathway
activates in response to various intrinsic and extrinsic cell stressors, such as tobacco
cigarette smoke, oxidative stress, and inflammation [58-60]. Although the NRF2-
mediated oxidative stress pathway is classically known for its role in cytoprotection of
normal cells, this same quality has been conferred to cancer cells safeguarding them
from chemotherapeutic agents. Many studies have shown that prolonged or
overactivation of NRF2 can lead to tumorigenesis and metastasis [61-63], and tobacco
cigarette smoke has been implicated in the constitutive activation of NRF2 [64].

The interplay between these pathways and the proteins that mediate and modulate them

play critical roles in the proper maintenance of cellular functions, helping to prevent
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disease. Aberrations to the expression of these proteins can lead to adverse outcomes,
like inflammation. Overall, this study demonstrated that acute IQOS aerosol exposure
significantly affected the levels of many proteins necessary for proper homeostatic
balance of the cell, primarily those involved in metabolic maintenance, as well as those
that participate in respiratory disease, such as NSCLC. This is of concern as previous
studies evaluating the effects of tobacco cigarette smoke have also shown adverse
effects on cellular metabolism in turn leading to increases in ROS, which promoted
oxidative damage and inflammation. These same studies found that inflammation is a
promoter of cancer [22,23].

Although there was an overlap between identified annotation categories for both
C1 and C20 treatment groups, an in-depth look at protein profiles showed that
annotations fell into similar categories, but specific outcomes were affected by different
protein groups, demonstrating that the cleanliness of IQOS holders can potentially lead
to different adverse effects.

These results suggest that IQOS may not be harm-free and emphasize the need
for more extensive testing. Future work could be conducted using a 3D in vitro model
with exposure at the air-liquid interface, as well as in vivo testing. However, data from
this investigation will be useful to regulatory agencies, especially those that are currently
evaluating the sale of IQOS products in the US and other counties where 1QOS is

currently unavailable, as well as to physicians and IQOS users.
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CONCLUSION

Chapter 1

Nicotine concentration labeling on EC refill fluid products was often inaccurate
with a majority of fluids containing nicotine in excess of the manufacturer’s concentration
labeling. Evaluation of products lacking any labeling of nicotine content proved to be
either nicotine free or have concentrations of nicotine in excess of 100 mg/mL and may
have been intended for DIY use. Generally, products labeled as zero nicotine contained
no detectable nicotine. Comparison of duplicate refills fluids showed a lack of fidelity in
manufacturing. Duplicate products varied greatly in their nicotine concentrations as well
as coloration. However, one of the five bands tested showed significant improvement in
labeling accuracy over time. These data demonstrate the need for regulations governing
the accurate labeling of nicotine concentrations on refill fluids, as well as the need for

manufacturing guidelines to improve product integrity.

Chapter 2

DIY flavoring products from a single company contained substantial amounts of
nicotine. These products are additives to EC refill fluids and are presumed to be free of
nicotine. Among the 30 flavoring products tested, two were found to contain nicotine at
concentrations of 14.2 and 95.4 mg/mL with the total nicotine content of a 5 mL volume
bottle being 71 and 477 mg, respectively. These are concentrations that, if ingested,
could be fatal to children and possibly adults. These data reinforce the need for stringent
manufacturing guidelines for EC products and for nicotine handling and accurate

labeling.
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Chapter 3

This study has shown that the iQOS system may not be as harm-free as claimed.
IQOS is a well manufactured product with performance data being consistent between
heatsticks. However, product usage limitations, the device shuts off after 6 mins and
must be recharged before it can be used again, affected the application of standard 1ISO
and HCI smoking protocols. These limitations can also affect user topography, forcing
them to smoke at a rapid pace in order to fully maximize heatsticks. Decreasing the
interpuff interval could lead to an increase in intake of nicotine and carbonyl compounds.
This study also showed that the iQOS tobacco plugs appeared charred without ignition
and charring increased when cleaning was not performed after each use. This study also
showed that the polymer-film filter, a thin plastic sheet, melts during iQOS use and
releases formaldehyde cyanohydrin. Results emphasize the urgent need for further

safety testing as the popularity and user base of this product is growing rapidly.

Chapter 4

Cytotoxicity evaluations of IQOS aerosols showed that exposures did not lead to
cell death but did adversely affect cellular function, specifically mitochondrial reductase
function and lysosomal integrity. IQOS aerosol and 3R4F smoke were not significantly
different from each other in many cell types and cell types varied in their sensitivity to
IQOS aerosol and cigarette smoke with NHLF, BEAS-2B, and H9-hESC being the most
sensitive. NIH/3T3 and A549 were the least sensitive with A549, a cancer cell line, being
the most impervious to treatment. NRU indicated differences in C1 and C20 aerosols for
NIH/3T3, A549, NHLF, and NHBE (smoker), showing that cleanliness can affect toxicity

results but are cell type specific. While these data cannot be directly correlated to
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specific adverse human health conditions, they reinforce that IQOS is not a harm free

and clearly demonstrate the need for additional studies.

Chapter 5

IQOS aerosol treatment successfully induced an EMT in primary lung cancer
cells. Exposure increased the number of in enlarged phenotypic, low E-cadherin, high
vimentin, motile cells. EMT is the first step leading to cancer metastasis. The biggest
factor in the deadliness of lung cancer is the ability of the cells to travel to new location
and establish tumors in multiple organ systems. These data raise concerns about the
safety of IQOS products, and as IQOS popularity and worldwide distribution increases,
these findings reinforce the critical need for more extensive testing of IQOS to fully

understand the potential adverse health effects it may have on users.

Chapter 6

IQOS aerosol exposure was able to effect changes in protein expression.
Classifying protein expression differences into categories, it was demonstrated that
IQOS exposure greatly effects proteins involved in metabolic functions. There was
overlap of annotation categories between both aerosol types. However, protein
expression changes caused by C1 and C20 exposures had different protein expression
profiles. These data show that the cleanliness of IQOS holders affects aerosol quality
and modulates different proteins, which can potentially lead to different adverse effects.
These results suggest that IQOS poses health risks to users and emphasize the need

for more extensive testing. As PMI pushes to increase sales of their product through

173



introduction into new markets, the data from this investigation will be extremely useful to

regulatory agencies, as well as to physicians and IQOS users.
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health effects. This study compares the cytotoxicity of EC refill fluids using embryonic and adult cells
and examines the chemical characteristics of refill fluids using HPLC. Refill solutions were tested on
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analysis was performed when products of the same flavor had different MTT outcomes. hESC and mNSC
were generally more sensitive to refill solutions than hPF. All products from one company were cytotoxic
to hESC and mNSC, but non-cytotoxic to hPF. Cytotoxicity was not due to nicotine, but was correlated
with the number and concentration of chemicals used to flavor fluids. Additional studies are needed to
fully assess the prenatal effect of refill fluids.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Electronic cigarettes (EC) are nicotine delivery devices that
are rapidly gaining acceptance as an alternative to conventional
cigarettes with little knowledge regarding their effects on prenatal
development or adult health [1-3]. EC have a mouthpiece con-
taining a fluid-filled cartridge, an atomizer used to vaporize the
cartridge fluid, and a battery that powers the atomizer [3]. The car-
tridge fluid usually contains nicotine, flavorings, and a humectant
that when heated by the atomizer creates an inhalable aerosol. In
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HPLC, high pressure liquid chromatography; ICso, concentration that produces a 50%
inhibition when compared to a control; mNSC, mouse neural stem cells; MTT, 3-
(45-dimethylthiazol-2-y1)-25-diphenyltetrazolium bromide; NOAEL, no observed
adverse effect level; PG, propylene glycol; VG, vegetable glycerin.
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some EC, the cartridge and atomizer are combined into a single
unit called a “cartomizer” [3,4]. Refill fluid, also known as E-juice
or E-liquid, contains flavoring, nicotine, and a humectant(s), such
as propylene glycol (PG) and/or vegetable glycerin (VG). Used EC
cartridges or cartomizers can be refilled with drops of refill fluid,
which is readily available often from third party vendors on the
Internet or in shopping malls.

While the detrimental effects of conventional cigarette smoke
on both adult and prenatal health are well documented [5-9], little
direct work has been done on the health effects of EC products, in
spite of arecognized need for such information [10]. It has been pro-
posed that EC are less harmful than conventional tobacco products
due to their lower total number of chemicals and lower concentra-
tion of carcinogens [11,12]. EC refill fluids are often sold by vendors
other than the EC manufacturers, and they have received even less
evaluation than EC devices themselves. As a step toward better
understanding the health effects of EC, we evaluated the cytotox-
icity of 40 samples of EC refill fluid using cells that model both
embryonic and adult stages of the life cycle. With the introduction
of human embryonic stem cells (hESC) [13], it is now possible to
examine effects of consumer products and environmental chem-
icals on cells that model an early stage of prenatal development
[14]. Recent studies have shown that hESC when cultured in vitro
have the characteristics of the epiblast cells present in young
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Table 1
NOAELSs, and ICsgs for refill fluid products in the screen.
Inv. no Refill fluid Company Nicotine (mg/ml) hESC mNSC hPF
1Cs0 NOAEL ICso NOAEL 1Cs0 NOAEL
32 Propylene glycol FS-USA? >1 0.3 >1 0.3 >1 >1
33 Vegetable glycerin FS-USA >1 >1 >1 >1 >1 >1
18 Bubblegum FS-USA 24 >1 03 >1 0.3 >1 >1
30 Butterscotch FS-USA 0 >1 03 >1 0.1 >1 0.001
29 Butterscotch FS-USA 6 >1 0.1 >1 0.1 >1 >1
26 Caramel FS-USA 0 >1 03 >1 0.1 >1 >1
27 Caramel FS-USA 6 >1 03 >1 03 >1 0.1
28 Caramel FS-USA 6 >1 03 >1 0.3 >1 0.3
40 Caramel Global Smoke 18 0.75 0.1 >1 0.3 0.41 0.01
19 Butterfinger FS-USA 24 0.51 0.1 >1 0.3 >1 >1
23 Menthol Arctic FS-USA 0 0.45 0.3 >1 >1 0.45 0.3
7 Wisconsin frost Red Oak 18 0.37 0.1 0.61 0.3 >1 >1
1 Domestic Red Oak 18 0.37 0.1 0.31 0.1 >1 >1
13 JCoriginal Johnson Creek 18 0.38 0.03 0.45 0.3 >1 >1
12 French vanilla Johnson Creek 18 0.34 0.1 0.37 0.1 0.97 0.3
25 Vanilla Tahity FS-USA 0 0.36 0.1 0.35 0.1 0.19 0.03
17 Tennessee cured Johnson Creek 18 0.26 0.01 0.32 0.1 >1 0.3
5 Tennessee cured Red Oak 18 0.32 0.1 0.09 >1 >1 0.03
2 Island Red Oak 18 0.24 0.01 0.30 0.1 >1 >1
24 Pure nicotine FS-USA 100 0.23 0.01 031 0.1 035 0.001
6 Valencia Red Oak 18 0.22 0.03 031 0.1 >1 0.03
14 Mint chocolate Johnson Creek 18 0.12 0.01 0.28 0.1 >1 0.1
4 Swiss Dark Red Oak 18 0.11 0.03 0.16 0.03 0.30 0.1
21 Caramel FS-USA 0 0.1 0.03 0.14 0.03 0.22 0.01
11 Espresso Johnson Creek 18 0.08 0.01 0.30 0.1 >1 0.3
3 Mercado Red Oak 18 0.08 0.01 0.09 0.03 0.82 0.3
15 Simply strawberry Johnson Creek 18 0.06 0.01 0.43 0.3 >1 0.1
8 Arctic Menthol Johnson Creek 18 0.05 0.01 0.19 0.1 >1 0.3
20 Butterscotch FS-USA 0 0.06 0.03 0.22 0.03 0.26 0.03
16 Summer peach Johnson Creek 18 0.04 0.01 045 0.1 >1 0.3
9 Black cherry Johnson Creek 18 0.05 0.01 0.16 0.1 >1 0.3
34 JC original Johnson Creek 11 0.04 0.01 0.46 0.1 >1 >1
10 Chocolate truffle Johnson Creek 18 0.03 0.01 0.26 0.03 >1 >1
31 Tennessee cured Johnson Creek 11 0.03 0.01 0.30 0.1 >1 0.001
22 Cinnamon Ceylon FS-USA 0 0.01 0.01 0.04 0.01 0.07 0.03
41 Butterscotch® Freedom Smoke 0 - 0.58 0.3 0.26 0.03
FlavourArt

2 FS-USA, Freedom Smoke USA.
b This was not a part of the original screen.

implantation embryos [15,16]. Although some toxicological work
has been done previously using hESC [17,18], adaptation of these
cells to standard toxicological studies has been slow because they
grow in colonies that are difficult to count and plate accurately. We
recently developed a method that is amenable to studying hESC in
96-well plate assays, such as the MTT assay. In the current study,
we have taken advantage of this method to perform dose-response
cytotoxicity experiments using: (1) hESC, which model the epiblast
stage of development [15,16], (2) mouse neural stem cells (mNSC)
isolated from the brain of a newborn, and (3) human pulmonary
fibroblasts (hPF), which represent an adult cell from one of the ini-
tial points of contact for inhaled EC aerosol. The purpose of our
study was to compare the sensitivity of embryonic and adult cells to
arange of EC refill products and to test the hypothesis that embry-
onic cells are more sensitive to EC product exposure than adult lung
cells. The study included two humectants, 29 different flavors of
refill fluid, products from four vendors, five concentrations of nico-
tine, and six samples that may have caused adverse health effects in
users. HPLC spectral analysis was also done to determine if chem-
icals varied between products with the same flavor or between
bottles of the same product.

2. Materials and methods
2.1. Sources of refill fluids
A convenience sampling procedure was adopted to select products for analysis.

Products were manufactured by Freedom Smoke USA (Tucson, AZ), Global Smoke
(Los Angeles, CA), Johnson Creek (Johnson Creek, WI), and Red Oak (a subsidiary

of Johnson Creek). These manufacturers were chosen as they represent popular
domestic companies whose products are readily available to e-cigarette users on the
Internet. Thirty-six bottles of refill fluid containing various flavorings and nicotine
concentrations were evaluated (Table 1). Thirty-four refill bottles were purchased
from the manufacturers via the Internet, the Global Smoke product was purchased
at a local mall (Riverside, CA), and one bottle was sent to us by a user who thought
the refill sample had made her ill. The bottle from the user had been opened when
we received it, and we cannot eliminate the possibility that the contents were mod-
ified. The bottles that we purchased were chosen to give a range of manufacturers,
humectants, nicotine concentrations, and flavors. All bottles were given an inventory
number.

2.2. Culturing hESC, mNSC, and hPF

H9-Oct4-GFP hESC, obtained from the Stem Cell Core at the University of Cali-
fornia, Riverside, and H9 hESC obtained from WiCell (Madison, WI) were cultured
in a 5% CO, incubator at 37°C and 95% relative humidity using methods previ-
ously described in detail [19]. hESC were maintained on Matrigel (Fisher Scientific,
Bedford, MA) coated 6-well plates (Falcon, Fisher Scientific, Chino, CA) contain-
ing complete mTeSR®1 Medium (Stem Cell Technologies, Vancouver, BC, Canada)
and were used for experimentation when wells were 60-80% confluent. Each
day, cultures were observed for normal morphology, and medium was changed.
To subculture or prepare hESC for experiments, wells were washed with Dul-
becco’s phosphate buffered saline (DPBS) (GIBCO, Invitrogen, Carlsbad, CA), colonies
were enzymatically detached using Accutase (eBioscience, San Diego, CA), and
large cell clumps were mechanically dispersed using sterile glass beads. For MTT
experiments, cell concentration was adjusted spectrophotometrically to produce
20,000 cells/well using a BioMate 3S Spectrophotometer (Thermo Fisher Scientific,
Chino, CA).

mNSC were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Lonza,
Walkersville, MD) containing 10% fetal bovine serum, 5% horse serum, 1% sodium
pyruvate (Lonza, Walkersville, MD) and 1% penicillin-streptomycin (GIBCO, Invitro-
gen, Carlsbad, CA). The cells were cultured in Nunc T-25 tissue culture flasks (Fisher
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Fig. 1. Dose-response curves showing representative examples of data obtained in the MTT cytotoxicity assay. Absorbance (percentage of the control) from the MTT assay
is plotted as a function of the refill fluid dose. (A) Vegetable glycerin (non-cytotoxic), (B) Bubblegum (non-cytotoxic), (c) Swiss Dark (moderately cytotoxic), (D) Domestic
(moderately cytotoxic to the stem cells), (E) Menthol Arctic (moderately cytotoxic the hPF), (F) Cinnamon Ceylon (highly cytotoxic).

Scientific, Tustin, CA), medium was replaced on alternate days, and when conflu-
ency reached about 80%, cells were used in an experiment. To detach cells for testing,
wells were washed with DPBS then treated with 0.05% trypsin EDTA/DPBS (GIBCO,
Invitrogen, Carlsbad, CA) for 1 min at 37 °C. For the MTT assay, cells were plated at
2500 cells/well in 96-well plates.

Human pulmonary fibroblasts (hPF) (ScienCell, Carlsbad, CA) were cultured
using the suppliers protocol in complete fibroblast medium containing 2% fetal
bovine serum, 1% fibroblast growth serum, and 1% penicillin/streptomycin. hPF were
grown on poly-L-lysine (15 /10 ml) coated T-25 flasks, which were prepared and
incubated overnight prior to use. hPF were examined microscopically daily, and
medium was changed every other day. hPF were cultured in 5% CO; at 37°C and
95% relative humidity until 85% confluent, at which time they were used for MTT
testing. For sub-culturing and experimental set up, cells were washed with DPBS
and detached with 0.01% trypsin diluted in DPBS for 1 min at 37°C.

2.3. Testing refill solutions for cytotoxicity using hESC, mNSC and hPF in the MTT
assay

Thirty-five refill products were evaluated for cytotoxicity in 96-well plates using
the MTT assay with hESC, mNSC and hPF. The 96-well plates were laid out to have
negative controls in columns 1 and 2, followed by various doses of refill solution
(0.001%, 0.01%, 0.03%, 0.1%, 0.3%, and 1%) in ascending order from left to right, fol-
lowed by two additional negative controls in columns 10 and 11. The latter two
controls were used to determine if any of the 1% doses produced vapor that impaired
cell survival in adjacent wells lacking refill solution.
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To set up an experiment with hESC, wells were coated with Matrigel, and then
50 wl of either mTeSR or mTeSR with varying doses of refill solution were added
to each well. 50 pl of cell suspension in mTeSR (20,000 cells/well) were added to
each well. Experiments with mNSC and hPF were set up in a similar manner except
that mNSC were plated directly onto non-coated plates at 2500 cells/well and hPF
were plated on poly-L-lysine coated plates (20 1/10 ml) at 20,000 cells/well. After
incubation at 37°C, 5% CO, and 95% relative humidity for 48 h, the MTT assay was
performed.

The MTT assay measures conversion of a yellow tetrazole (MTT) to a purple
formazan that can be quantified spectrophotometrically at 570 nm [20]. Conversion
to the colored formazan occurs in healthy cells with active mitochondria. After plates
incubated 48 h, MTT (Sigma-Aldrich, St. Louis, MO) (5 mg/ml in DPBS with calcium
and magnesium) (Fisher Scientific, Chino, CA) was added to each well, and the plates
were rocked at least 5min to disperse MTT, then incubated for 2h at 37°C, 95%
relative humidity, and 5% CO,. Plates were then drained of solution, and 100 .l of
dimethyl sulfoxide (DMSO) (Fisher, Chino, CA) were added and mixed evenly with
a pipette to form a uniformly colored solution. Absorbance was read at 570 nm
using a Victor2 (PerkinElmer, Waltham, MA, USA) or Epoch (Biotek, Winooski, VT)
microplate reader.

2.4. HPLC analysis of Butterscotch and Caramel flavored refill solution

Three Butterscotch (#20, #29, #30) and five Caramel (#21,#26, #28, #40, #27)
flavored refill products (Table 1) were analyzed by HPLC. After performing the
MTT assays, one additional Butterscotch flavored sample (#41) was received from
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Fig. 2. Relationship between cytotoxicity and nicotine. The ICsqs (dose in percent) are plotted for each cell type for each product in a category. Points plotted at 1.2 were
non-cytotoxic in the MTT assay. (A) ICsos for cells treated with refill fluid containing 0 mg of nicotine. (B) ICsqs for cells treated with refill fluid containing 24 mg of nicotine/ml.

There was no correlation between nicotine concentration and cytotoxicity.

Freedom Smoke USA, analyzed using HPLC, and tested for cytotoxicity using mNSC
and hPF. Phosphoric acid (85%) and HPLC grade chemicals (triethylamine, water,
and acetonitrile) were purchased from Fischer Scientific (Fair Lawn, NJ). Sodium
hydroxide was purchased from EM Scientific (Gibbstown, NJ). Samples were ana-
lyzed using a Hewlett Packard Series 1100 HPLC, consisting of a quaternary pump,
degasser, column thermostat and manual injector. A 200 mm x 4.6 mm Thermo Sci-
entific Hypersil ODS C18 column with a particle size of 5 wm was used at 35°C with
a flow rate of 0.8 mL/min. The diode array detector signal was set to 260 nm with a
bandwidth of 40 nm and a reference signal of 380 nm and bandwidth of 10 nm. The
injection volume was 5 pL. An isocratic method was used with a buffered mobile
phase consisting of 76.9% water, 23% acetonitrile, and 0.1% triethylamine. The pH
of the mobile phase was adjusted daily to 7.6 using phosphoric acid and sodium
hydroxide. A 5% stock solution of refill fluid in non-buffered mobile phase, consist-
ing of 77% water and 23% acetonitrile was produced for each sample. The working
concentration of refill fluids was 0.5%. Three-dimensional spectra were analyzed for
each sample to determine the number of peaks and their elution time and relative
height.

2.5. Data analysis

MTT absorbance data were normalized by setting the negative control group
(column 2) in each row to 100%. All other wells in each row were expressed as
a percentage of the negative control. ICsos were computed with Prism software
(GraphPad, San Diego, CA) using the log inhibitor vs. normalized response-variable
slope with the top and bottom constraints set to 100% and 0%, respectively. When
a sigmoidal curve could not be fit to the data using GraphPad, ICsos were deter-
mined by eye to obtain a best fit. No observed adverse effect levels (NOAEL) were
determined by reading directly off the dose-response curves.

3. Results
3.1. Dose-response of 35 refill products using the MTT assay

Refill solutions had various effects on cell survival in the MTT
assay ranging from no evidence of cytotoxicity to high levels of
toxicity (representative graphs are shown in Fig. 1; additional data
are shown in Table 1 and Supplement Figs. 1-3). Products listed in
Table 1 are grouped in a hierarchy of potency based on their ICsos
for hESC, which, in general, were more sensitive to refill solutions
than the other two cell types. Table 1 also gives information on the
NOAELs for each cell type and refill solution tested.

Refill products were grouped in three major categories: low
cytotoxicity (ICso>1%) (Fig. 1A and B and Supplement Fig. 1),
moderate cytotoxicity (ICso between 0.1 and 1%) (Fig. 1C-E and
Supplement Fig. 2), and high cytotoxicity (ICso <0.1%) (Fig. 1F and
Supplement Fig. 3). The two humectants most often used in refill
solutions, vegetable glycerin (VG) (Fig. 1A) and propylene glycol
(PG) (Supplement Fig. 1A; Table 1), were non-cytotoxic for all cell
types. An example of a non-cytotoxic refill fluid (Bubblegum #18) is
shown in Fig. 1B. Five additional samples, which were Butterscotch
or Caramel flavored, were also non-cytotoxic at the highest dose
tested (Supplement Fig. 1).

Fifteen refill samples were moderately cytotoxic to hESC, and in
general, mNSC responded similarly to these samples (Fig. 1C-E;
Table 1, and Supplement Fig. 2). For most refill samples in this
group, hESC and mNSC were killed by the 1% dose. In contrast, most
(10 of 15) refill samples in this group had little or no effect on hPF
(Supplement Fig. 2B-E, G-I, K-L). However, Freedom Smoke Men-
thol Arctic (Fig. 1E) and Global Smoke Caramel (Supplement Fig.
2 A) produced stronger cytotoxic effects on hPF than on the other
two cells.

Twelve refill samples were highly cytotoxic to hESC (Fig. 1F,
Table 1, Supplement Fig. 3), and all samples in this group affected
mNSC. In contrast, the effect was not as strong for hPF, and 7 of
12 samples in this group did not affect hPF at the highest dose
(Supplement Fig. 3B-E, G, H, ], K). Cinnamon Ceylon was the most
potent sample tested and the only sample that produced strong
cytotoxic effects on all three cell types (Fig. 1F).

3.2. Relationship between nicotine concentration and potency

In the samples studied, nicotine concentration ranged from 0 to
24 mg/ml. The ICsqs for samples within each nicotine concentration
were compared for the three cell types to determine if nicotine
concentration correlated with potency (Fig. 2). Points plotted at 1.2
on the Y-axis in Fig. 2 had ICsgs greater than 1% and were considered
non-cytotoxic.
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Fig. 3. Relationship between brand and cytotoxicity: The ICsos (dose in percent) are plotted for each cell type for each product in a category. Points plotted at 1.2 were
non-cytotoxic in the MTT assay. (A) ICses for cells treated with Freedom Smoke products. (B) ICsgs for cells treated with Johnson Creek products. (C) ICses for cells treated

with Red Oak products. (D) ICses for the Global Smoke product.

Nine refill samples, including PG and VG, contained no nicotine
and fell into all three categories of potency (low, moderate, and high
cytotoxicity) (Fig. 2A), indicating cells did not survive better in sam-
ples lacking nicotine. Two samples contained 24 mg nicotine/ml,
and were either non-cytotoxic or moderately cytotoxic (Fig. 2B),
indicating high levels of nicotine were not correlated with high
cytotoxicity.

3.3. Relationship between company of origin and potency
Graphs comparing potency among refill products from four

companies and comparing sensitivity of each cell type to each prod-
uct are shown in Fig. 3. Most samples (N=15) came from Freedom
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Smoke USA, and potency ranged from non-cytotoxic to highly cyto-
toxic (Fig. 3A). Cinnamon Ceylon was the only sample that was
highly cytotoxic to all cell types.

The cytotoxic response was very different for the Johnson Creek
samples (N=12), most of which were highly or moderately cyto-
toxic to hESC and mNSC, with mNSC being slightly less sensitive
than the hESC. In contrast, all but one sample was non-cytotoxic
to hPF (Fig. 3B). A similar pattern was seen for Red Oak products
(Fig. 3C), which were moderately or highly cytotoxic to hESC and
mNSC, while most were non-cytotoxic to hPF.

The ICsps for the sample obtained from Global Smoke ranged
from non-cytotoxic (mNSC) to moderately cytotoxic (hESC and hPF)
(Fig. 3D).
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Fig. 4. Relationship between flavors and cytotoxicity: (A) ICses for cells treated with Butterscotch flavored refill fluid. (B) ICsos for cells treated with Caramel flavored refill
fluid. For A and B, the ICsps (dose in percent) are plotted for each cell type for each product in a category. Points plotted at 1.2 were non-cytotoxic in the MTT assay. (C, E, G, I)
Three-dimensional HPLC spectra for four samples of Butterscotch flavored refill fluid. (D, F, H, ]) Three-dimensional HPLC spectra for four samples of Caramel flavored refill
fluid. X axis = time (minutes), Y axis = absorbance (mAu), Z axis = wavelength in nm. First peaks are humectants, peak between 10 and 11 min in some spectra is nicotine, and
peaks between the humectants and nicotine are flavoring peaks. (For interpretation of the references to color in this figure legend, the reader is referred to the web version
of the article.)
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3.4. Relationship between flavors and potency

The ICsgs for the three Butterscotch and five Caramel samples
included in the study ranged from non-cytotoxic to highly cytotoxic
(Fig. 4A and B). To determine if chemical differences in these sam-
ples could account for the cytotoxic differences, three-dimensional
HPLC spectra of the Butterscotch and Caramel samples were ana-
lyzed.

HPLC spectra for the three Butterscotch samples from Freedom
Smoke USA differed from each other (Fig. 4C, E, G). The first peaks to
elute were the humectants, the peak eluting between 10 and 11 min
is nicotine, and the peaks between the humectant and nicotine are
flavorings. The two Butterscotch samples that were non-cytotoxic
(Fig. 4C and D) had few flavoring peaks with low heights. In con-
trast, Butterscotch (FlavourArt #20) (Fig. 4G), which was cytotoxic
to all cell types (Fig. 4A), had a complex spectrum with more fla-
vor peaks that were higher than in the non-cytotoxic samples. The
highly cytotoxic sample (bottle #20) was received from a user and
therefore could have been altered after manufacture. A bottle (#41)
which had an identical label to that in Fig. 4G (bottle #20) was
received directly from the vendor after the 35-sample study was
completed and was tested in the MTT assay and by HPLC (Fig. 41).
The original sample (Fig. 4G, bottle #20) had two minor peaks
(arrows) that were not present in the new sample (Fig. 4, bottle
#41). Moreover, the two major peaks in the new sample (Fig. 41)
were 4-5 times higher than the corresponding peaks in the orig-
inal sample (Fig. 4G), indicating a much higher concentration of
these chemicals in bottle #41. The refill solution in both bottles was
moderately to highly cytotoxic (Fig. 4A and Supplement Fig. 4).

Spectra for four Caramel samples (Fig. 4D, F, H, ]) were different
from each other (#27 is not shown). Global Smoke #40 contained
mainly humectant (PG) and nicotine with virtually no flavoring
peaks (Fig. 4D). Freedom Smoke USA #27 contained humectant
(VG), nicotine, and a small flavoring peak (Fig. 4F). Freedom Smoke
USA #26 had humectant (VG) and two flavoring peaks of small
height (Fig. 4H). Freedom Smoke USA FlavourArt #21 contained
three flavoring peaks that were 5-6 times higher than peaks in the
other three samples (Fig. 4]). The Caramel product that had the
largest number of peaks and the highest peaks (Freedom Smoke,
#21) (Fig. 4]) was also the most cytotoxic (Fig. 4B).

4. Discussion

Understanding the health effects of EC refill fluid is important as
these products have become widely distributed without much prior
testing. Refill fluid is handled by users, manufacturers, and poten-
tially by children living in homes where EC are used. As a step to
understanding how EC products affect human health, we compared
the cytotoxicity of 35 refill fluid samples using embryonic and adult
cells. Refill products varied significantly in their potency over the
dose range tested. In general, stem cells from embryos (hESC) and
newborns (mNSC) were more sensitive to refill solutions than dif-
ferentiated adult lung fibroblasts, as shown clearly in the Johnson
Creek/Red Oak data. Of 35 products tested, only Caramel #40 and
Menthol Arctic #23 had stronger effects on hPF than on the stem
cells. These data support our hypothesis that cells from embryos
and newborns are more sensitive to EC products than adult cells and
are consistent with the concept that embryos are usually more sen-
sitive to environmental chemicals than adults [21]. Our data further
demonstrate the importance of using multiple cell types, including
embryonic cells, when evaluating EC products. The cytotoxic effects
that some refill fluids produced on stem cells could translate into
embryonic loss or developmental defects during pregnancy. While
it is not yet known what dose of refill fluid reaches an embryo or
fetus when a pregnant woman receives dermal, oral, or pulmonary
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exposure, our data indicate that further work should be done on
the effects of these products during pregnancy.

Itis possible that our data underestimate the cytotoxicity of refill
fluids to lung cells. In a preliminary trial, vapors from 10% doses
of some refill fluids killed control cells in adjacent wells. To avoid
vapor effects, assays were performed at a maximum concentra-
tion of 1%. This would be 100 times less than a user would receive
on their skin or inhale into their mouth/lungs. The NOAELs and
ICsps should therefore be interpreted with this dose range in mind.
Exposure of lung cells to full strength aerosol, which is heated, may
have stronger effects than reported in our study, and even sam-
ples we found to have low cytotoxicity with lung fibroblasts may
be cytotoxic in vivo at full strength.

The potency of refill products varied greatly, demonstrating the
importance of evaluating multiple products. Some products had no
effect at the doses tested, while others killed all cells at doses lower
than a user may receive. Cinnamon Ceylon (#22) was the most
potent of the refill fluids tested and strongly inhibited survival of all
cell types. Refill fluid users have expressed caution about cinnamon
flavored products on Internet blogs and have mentioned mouth,
throat, and lung problems when using cinnamon flavored refill
fluid (http://www.e-cigarette-forum.com/forum/health-safety-e-
smoking/212870-do-you-vape-cinnamon-flavors-read.html).

Cytotoxicity studies on EC products are rare. When various Euro-
pean refill fluid aerosols were tested in the MTT assay using mouse
3T3 fibroblasts, only 1 out of 15 products showed cytotoxicity at
the highest doses tested [22,23]. We found more cytotoxic samples
in our set of 35 refill products; however, the European study is not
directly comparable to ours due to differences in products, sample
preparation, experimental design, and method of analysis.

Several major conclusions can be drawn from our study. First,
hESC were generally more sensitive to refill fluids than the other
two cell types, and mNSC were generally more sensitive than hPF.
Secondly, no company emerged as having all non-cytotoxic or
all cytotoxic refill products. However, an interesting pattern was
observed for samples from Johnson Creek and Red Oak, which
were generally cytotoxic to stem cells and non-cytotoxic to lung
fibroblasts. Third, there was no correlation between cytotoxicity
and nicotine concentration for the dose range used. Fourth, each
refill product needs individual evaluation to determine cytotox-
icity, preferably using multiple cell types. Fifth, the refill fluid
provided to us by a user who thought the sample had made her
ill was moderately to highly cytotoxic, as was a duplicate bottle
purchased directly from the vendor. Sixth, within a particular fla-
vor, cytotoxicity was highly variable, even when the flavor came
from a single manufacturer, as was seen with the Butterscotch
and Caramel samples from Freedom Smoke. For example, one But-
terscotch sample (#41) received directly from the company was
highly toxic, while two other Butterscotch flavors (#29 and #30)
from the same company had low toxicity. HPLC analysis showed
that increased cytotoxicity within a flavor was correlated with an
increase in the number and height of the flavoring peaks (Fig. 4C,
E, G, I). In addition, two different bottles from the same manufac-
turer with identical Butterscotch labels (#20 and 41) had slightly
different chemical composition and significantly different amounts
of the two major flavoring chemicals (Fig. 4G and I). Since one
of these bottles was supplied to us by a user, we cannot elim-
inate the possibility that the two additional peaks were added
after manufacture. However, the bottle we purchased from the
company had much higher concentrations of the two major fla-
voring peaks. Since it is unlikely the user could have removed
flavoring from the bottle, the difference in amount of flavoring
between bottles #20 and #41 probably represents a true dif-
ference in the contents of a single product from this company.
Similar differences in the amount of added flavorings were seen
in caramel flavored refill fluid from Freedom Smoke (e.g., bottles
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#26 and #21) These data show that users cannot assume that the
chemicals or the concentration of the chemicals used to create a
particular flavor will be identical in all products having the same
flavor. We are currently identifying the chemicals in those prod-
ucts that were cytotoxic, so that in the future refill products can be
improved by using only non-cytotoxic flavorings at relatively low
concentration.

Our data may help refill fluid users identify and avoid prod-
ucts that could pose health risks to themselves and their offspring.
For example, Cinnamon Ceylon (#22) was highly potent for the
three cell types and would likely present more risk than flavors
such as Bubblegum (#18) which had low cytotoxicity for all cells.
However, even products we found to be non-cytotoxic may pro-
duce different, possibly stronger, effects when used repeatedly
at full strength doses. As related examples, PG, which is “gen-
erally regarded as safe” and was non-cytotoxic for all cell types
in the MTT assay, increased respiratory, throat and nasal symp-
toms, and cause vocal cord inflammation with prolonged inhalation
by theater workers [24], and chronic exposure to PG in indoor
air may induce or exacerbate allergic symptoms, asthma, and
rhinitis [25].

Lung fibroblasts were relatively robust and often not affected by
doses of refill fluid that were cytotoxic to the two stem cell groups.
However, lungs contain progenitor cells and stem cells that are crit-
ical to lung tissue regeneration and repair [26,27]. Further studies
are needed to determine how lung stem cells and other lung cell
types respond to refill fluid and if chronic exposure to inhaled refill
fluid affects lung health. A recent human study showed that 5 min of
EC inhalation significantly altered several measures of lung physi-
ology [28]. The MTT assay used in our study measured cytotoxicity,
while the latter study by Vardavas et al. measured physiological
responses that do not include cell death, but could be important to
the overall lung health.

5. Conclusions

Embryonic and neonatal stem cells were generally more sensi-
tive to refill products than adult lung fibroblasts. Refill fluid users
should be aware that: (1) the low doses and one time exposure
used in our study may underestimate cytotoxicity, and (2) within a
flavor, such as Butterscotch or Caramel, chemical composition and
cytotoxicity were variable. The latter point demonstrates that it
cannot be assumed that a specific flavor, such as Butterscotch, will
always be non-cytotoxic. The results of this study, while prelimi-
nary, may be helpful to individuals who are considering using EC,
to EC users who are trying to identify refill brands that have low
cytotoxicity, to refill fluid suppliers concerned with user safety, to
health care workers and physicians who advise EC users, and to pol-
icy makers involved in health and environmental issues relating to
EC regulation.
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In a prior study on electronic cigarette (EC) refill fluids, Cinnamon Ceylon was the most cytotoxic of 36
products tested. The purpose of the current study was to determine if high cytotoxicity is a general fea-
ture of cinnamon-flavored EC refill fluids and to identify the toxicant(s) in Cinnamon Ceylon. Eight cin-
namon-flavored refill fluids, which were screened using the MTT assay, varied in their cytotoxicity
with most being cytotoxic. Human embryonic stem cells were generally more sensitive than human adult
pulmonary fibroblasts. Most products were highly volatile and produced vapors that impaired survival of
cells in adjacent wells. Cinnamaldehyde (CAD), 2-methoxycinnamaldehyde (2MOCA), dipropylene glycol,
and vanillin were identified in the cinnamon-flavored refill fluids using gas chromatography-mass spec-
trometry and high-pressure liquid chromatography (HPLC). When authentic standards of each chemical
were tested using the MTT assay, only CAD and 2MOCA were highly cytotoxic. The amount of each chem-
ical in the refill fluids was quantified using HPLC, and cytotoxicity correlated with the amount of CAD/
product. Duplicate bottles of the same product were similar, but varied in their concentrations of 2MOCA.
These data show that the cinnamon flavorings in refill fluids are linked to cytotoxicity, which could
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adversely affect EC users.

© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

Electronic cigarettes (EC), which deliver nicotine to users with-
out burning tobacco, are rapidly gaining popularity worldwide
(Ayers et al., 2011; Etter et al., 2011; McQueen et al., 2011). The
original EC consisted of a cartridge with nicotine-containing fluid
and an atomizer which aerosolized the cartridge fluid when heated
by a battery (Trtchounian et al., 2010). In many newer models, the
cartridge and atomizer are combined into a single unit, termed a
“cartomizer” (Williams and Talbot, 2011). Cartridge/cartomizer
fluid contains nicotine, flavorings, and a humectant, such as pro-
pylene glycol (Bahl et al., 2012; Laugesen, 2008). Nicotine concen-
trations usually range from O to 24 mg/ml. Used cartomizers can be
replaced or refilled with fresh fluid, referred to as refill fluid (Bahl
et al., 2012). Although the basic design of EC is similar across
brands, significant variation in performance exists between and
within brands (Trtchounian et al., 2010; Williams and Talbot,
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2011). EC and their associated products are sold in shops, malls,
and online where age verification is not always needed, making
these products relatively accessible.

Several recent online surveys and interviews found that EC may
help users limit or stop smoking conventional cigarettes (Etter,
2010; Etter and Bullen, 2011; Goniewicz et al., 2013; McQueen
etal., 2011). Nevertheless, some users are concerned about the tox-
icity of EC (Etter, 2010; Etter and Bullen, 2011), while others
acknowledge that EC are addictive and may not be completely safe,
but consider them less harmful than conventional cigarettes (Gon-
iewicz et al., 2013).

EC aerosol contains relatively few chemicals (Goniewicz et al.,
2012; Laugesen, 2008; Westenberger, 2009), suggesting they are
safer to use than conventional cigarettes. However, significant
amounts of tin were present in the fluid of one brand of EC, and
the corresponding aerosol contained metals, including metal nano-
particles (Williams et al., 2013). In a clinical case report, a woman
was diagnosed with exogenous lipoid pneumonia seven months
after she started using EC (McCauley et al., 2012), and her condi-
tion improved when she stopped EC use. Lipoid pneumonia was
thought to be caused by inhaling aerosolized EC oil-based humec-
tants, which lead to dyspnea, productive cough, and subjective fe-
vers. A second recent study examined the effect of EC use on
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respiratory mechanics and the fraction of exhaled nitric oxide in
healthy smokers. Individuals ad-lib puffed for 5 min, during which
time EC use caused an increase in impedance, peripheral airway
flow resistance, and oxidative stress (Vardavas et al., 2012). In a re-
cent infodemiological study, numerous symptoms attributed to EC
were self-reported in Internet forums by EC users (Hua et al.,
2013). These studies show that the safety of EC cannot be assumed
and that EC may cause their own set of health problems, which are
not necessarily found with conventional cigarette use.

Recent in vitro studies of cytotoxicity suggest that EC products
differ in their potential to adversely affect health. In our prior
in vitro screen, EC refill fluids varied widely in their cytotoxicity
when tested with human embryonic stem cells (hESC), mouse neu-
ral stem cells (mNSC), and human pulmonary fibroblasts (hPF)
(Bahl et al.,, 2012). The stem cells were generally more sensitive
to refill fluids than differentiated adult lung cells. The same study
also showed that the flavoring chemicals and their concentrations
varied among refill fluids of the same flavor both within and be-
tween manufacturers. In addition, the cytotoxicity of EC refill fluids
correlated with the number and concentration of chemicals used
for flavoring.

In our prior refill fluid screen, Cinnamon Ceylon was the most
cytotoxic of 36 products that were tested (Bahl et al., 2012). The
purpose of the current study was to determine if cinnamon-fla-
vored EC refill fluids are generally cytotoxic and to identify the tox-
icant(s) in Cinnamon Ceylon. Eight additional cinnamon-flavored
refill fluids were screened for cytotoxicity. The chemicals in Cinna-
mon Ceylon were determined using GC-MS, and authentic stan-
dards of the identified chemicals were tested to establish the
potency of each. The amount of each chemical in the cinnamon-fla-
vored refill products was quantified with HPLC, and correlations
were made between the concentrations of the chemicals and the
cytotoxicity of each product tested.

Two cell types were used to evaluate cytotoxicity. hESC, which
resemble post-implantation epiblast cells (Nichols and Smith,
2009), were chosen as a model for an early stage of prenatal devel-
opment and could therefore be useful in identifying products that
may be embryotoxic. hPF were used to model effects that could oc-
cur in lungs following inhalation of EC refill fluid vapors. It is well
established that conventional cigarette products can effect lung
fibroblasts and lead to disease development (Hallgren et al.,
2010; Selman and Pardo, 2002; Kitamura et al., 2011; Togo et al.,
2008). These cell types were also used in our prior study (Bahl
et al,, 2012) and therefore allow comparison to prior our work
and to planned future work involving aerosols.

2. Materials and methods
2.1. Sources of refill fluids and chemicals

Ten cinnamon-flavored EC refill products (inventory num-
bers = #22, #42, #53, #54, #58, #60, #61, #62, #65, #69) were
purchased from online vendors. Refill fluid #53 and #69, Sinful
Cinnamon, are duplicate purchases from Tasty Puff (Albuquerque,
NM). Refill fluid #60, Cinnamon, and #61, Cinnabun, were both
purchased from e-cigexpress (Orlando, FL). Refill fluids #22, Cinna-
mon Ceylon FlavourArt, #42 Cinnamon, and #54, Cinnamon Fla-
vourArt, were purchased from Freedom Smoke USA (Tucson, AZ),
#58, Cinna-Bomb x2, was purchased from Vaporbomb.com (Bar-
berton, OH), #62, Cinnamon, was purchased from Vapormaxx
(Richmond, VA), and #65, Cinnamon e-liquid, was purchased from
DIY Flavor Shack (Las Vegas, NV). Bottles contained various con-
centrations of nicotine, cinnamon flavoring, and percentages of
propylene glycol and/or vegetable glycerin. Trans-cinnamaldehyde
(referred to as CAD) was purchased from TCI (Tokyo, Japan),
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2-methoxycinnamaldehyde (2MOCA), and dipropylene glycol were
purchased from Sigma Aldrich (St. Louis, MO), and vanillin was
purchased from Fisher Scientific (Fair Lawn, NJ).

2.2. Culturing hESC and hPF

hESC (H9) were obtained from WiCell (Madison, WI) and cul-
tured in a 5% CO, incubator at 37 °C and 95% relative humidity
using methods previously described in detail (Lin and Talbot,
2011). hESC were seeded on Matrigel (Fisher Scientific, Bedford,
MA) coated 6-well plates (Falcon, Fisher Scientific, Chino, CA) in
mTeSR®1 medium (Stem Cell Technologies, Vancouver, BC, Can-
ada). Each day, cultures were observed using a phase contrast
microscope and medium was changed. To prepare cells for exper-
imentation, wells at 60-80% confluency were washed with Dul-
becco’s phosphate buffered saline (DPBS) (GIBCO, Invitrogen,
Carlsbad, CA) to remove excess medium, and then cells were enzy-
matically detached using Accutase (eBioscience, San Diego, CA).
Large cell clumps were mechanically dispersed with sterile glass
beads to form small colonies of 2-10 cells. For MTT experiments,
cell concentration was adjusted using a BioMate 3S Spectropho-
tometer (Thermo Fisher Scientific, Chino, CA) to produce 40,000
cells/well in a 96-well plate, as previously described in detail (Be-
har et al,, 2012a,b).

Human pulmonary fibroblasts (hPF), purchased from ScienCell
(Carlsbad, CA), were cultured using the manufacturer’s protocol
in complete fibroblast medium containing 2% fetal bovine serum,
1% fibroblast growth serum, and 1% penicillin/streptomycin. hPF
were grown on poly-L-lysine (15 pl/10 ml) (ScienCell, Carlsbad,
CA) coated T-25 flasks that were prepared then incubated over-
night prior to use. hPF cells were examined daily using an inverted
phase contrast microscope, and medium was changed every other
day. hPF were cultured in 5% CO, at 37 °C and 95% relative humid-
ity and prepared for experimentation once reaching 80-90% con-
fluency. Stock 0.25% trypsin (Gibco by Life Technologies, Grand
Island, NY) was diluted in calcium/magnesium free DPBS to form
a working concentration of 0.01%, which was then used to remove
cells from the poly-L-lysine coated surfaces. hPF were dispersed
into single cells and plated at 5000 cell/well in 96-well plates.

2.3. Testing for a vapor effect using Cinnamon Ceylon

2.3.1. Spectrophotometric quantification of transfer of Cinnamon
Ceylon between adjacent wells in 96-well plates

1% and 0.3% doses of Cinnamon Ceylon refill fluid were prepared
using autoclaved water. The absorbance of these dilutions was re-
corded at 295 nm using a BioMate 3S spectrophotometer with
water as the blank. 1% and 0.3% were chosen as the concentrations
to study the vapor effect of this product in a 96-well plate. 1% Cin-
namon Ceylon solution was prepared in water and 200 pl was
added to one of the central wells in a 96-well plate; no other wells
contained Cinnamon Ceylon. Wells above, below, to the left and to
the right of the central well were filled with 200 pl/well of water
forming a cross pattern. The plate was incubated at 37 °C with
5% CO» and 95% relative humidity for 48 h. At the end of 48 h,
the absorbance of the Cinnamon Ceylon containing well and of
the wells containing only water were recorded at 295 nm. These
absorbance values were compared to the absorbance values at
the beginning of the experiment to determine if Cinnamon Ceylon
transferred between adjacent wells.

2.3.2. Demonstrating cytotoxicity of vapors transferred between wells

To determine if the Cinnamon Ceylon that transferred between
adjacent wells caused cytotoxicity, 40,000 hESC or 5000 hPF/well
were plated in a 96-well plate using a cross pattern in which the
central well contained a known dose of Cinnamon Ceylon and
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the neighboring wells contained only hESC or hPF culture medium.
After 48 h of incubation, an MTT assay was run to determine if the
neighboring wells were adversely affected by the central well,
which contained Cinnamon Ceylon. The MTT assay was performed
as described in detail previously (Behar et al., 2012b). Vapor effects
were considered to have occurred if absorbances in the wells
immediately adjacent to the central well had lower absorbances
than wells further from the central well. If the highest dose initially
tested (1%) created a vapor effect, then 0.3% was tested and so on
until a high dose was found that did not produce a vapor effect.

2.4. Screening refill fluid and authentic standards for cytotoxicity using
hESC and hPF in the MTT assay

Nine refill products and four authentic standards were screened
in 96-well plates in dose response experiments using the MTT as-
say to observe cytotoxic effects on hESC and hPF. The doses of refill
fluid were 0.001%, 0.01%, 0.03%, 0.1%, 0.3%, and 1.0%. An initial
screening to determine dose range showed that doses higher than
1% often created a vapor effect in 96-well plates causing neighbor-
ing wells to become adversely effected. When refill fluids and
authentic standards were tested, the 96-well plates were laid out
to have negative controls to the right (C1) and left (C2) of the dose
range. The C1 control was always adjacent to the lowest dose.
Comparison of the C1 and C2 controls were used to determine if
any of the high doses produced vapor that impaired cell survival
in adjacent wells. To set up an experiment with hESC, all wells
were first coated with Matrigel, and then either mTeSR or mTeSR
with varying doses of refill fluid or chemical(s) was added to each
well to give 50 ul of medium/well. 50 pl of cells in mTeSR
(40,000 cells/well) were added to each well, and the plate was
incubated at 37 °C, 95% relative humidity, and 5% CO, for 48 h.
To ensure that equal numbers of hESC were added to each well, a
method that gives uniform plating was used (Behar et al,
2012a,b). Micrographs were taken at 48 h with a Nikon Eclipse
TE200 inverted microscope equipped with Hoffman modulation

1% Cinnamon Ceylon + Water

optics and a Diagnostic Instruments Inc. (Model #3.2.0). Experi-
ments with hPF were set up in a similar manner with hPF plated
at 5000 cells/well on poly-L-lysine coated plates (20 pl/10 ml).
After incubation at 37 °C, 95% relative humidity, and 5% CO, for
48 h, the MTT assay was performed. Cinnamon Ceylon and the
authentic standards were tested in three independent experiments
and means and standard deviations were used to produce dose re-
sponse curves for each cell type. The eight cinnamon flavored refill
fluids were evaluated in an iterative dose response screen that was
performed at successively decreasing high doses until a vapor ef-
fect was not observed. We have previously shown that a similar
dose response screen enables reliable comparison of relative cyto-
toxic among EC products (Bahl et al., 2012).

2.5. Gas chromatography-mass spectrometry

A Waters GCT Gas Chromatography Mass Spectrometer, located
at the UCR Analytical Chemistry Instrumentation Facility, was used
to identify individual chemicals found in Freedom Smoke USA Cin-
namon Ceylon FlavourArt EC refill fluid. The analysis was per-
formed using a 30 m, 0.25 um DB-5 column, and the sample was
diluted in methanol at the ratio of 1:80. For analysis, 1 pl of the di-
luted Cinnamon Ceylon EC refill fluid was injected into the instru-
ment at an initial temperature of 50 °C. The temperature was then
increased to 100 °C over a period of 4 min, 300 °C over 8 min, and
finally 350 °C over 15 min. The time required to complete analysis
for one sample was approximately 30 min. Masslynx software was
used to process GC-MS data, and comparison to a spectral library
enabled identification of three peaks.

2.6. HPLC analysis
HPLC Grade methanol and water were purchased from Fischer
Scientific (Fair Lawn, NJ). Samples were analyzed using a Hewlett

Packard Series 1100 HPLC, consisting of a quaternary pump, degas-
ser, column thermostat and manual injector. A 200 mm x 4.6 mm

0.3% Cinnamon Ceylon + Water

0.121 0.04
0.351 0.141

[0.104] 0.311 [1.423*[ 0.316 [ 0.117] [0.043]0.1420.558*] 0.138] 0.041]
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A 0.116 B 0.04

1% Cinnamon Ceylon + hESC

0.3% Cinnamon Ceylon + hESC
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Fig. 1. The detection and elimination of Cinnamon Ceylon vapor effect. Transfer of Cinnamon Ceylon vapor from a central well containing (A) 1% or (B) 0.3% Cinnamon Ceylon
in a 96-well plate to adjacent wells in a cross pattern containing only water was demonstrated by reading the absorbance of Cinnamon Ceylon after 48 h. In a 96-well plate,
hESC (C-D) and hPF (E-F) were plated in a cross pattern, and a single dose of Cinnamon Ceylon was added to the center well of the cross, and cell viability was accessed with
the MTT assay after 48 h. Absorbances are given for each well. 1%, but not 0.3%, solutions of Cinnamon Ceylon refill fluid produced a vapor effect that killed cells in adjacent
wells. The central well of the cross pattern that contains either a 1% dose or a 0.3% dose of Cinnamon Ceylon is indicated by the bold text with an *. Yellow wells indicate a
vapor effect occurred. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Thermo Scientific Hypersil ODS C18 column with a particle size of
5 um was used at 35 °C with a flow rate of 0.8 ml/min. The diode
array detector sample signals were set to 232 nm with a band-
width of 10 nm for vanillin, 290 nm with a bandwidth of 4 nm
for CAD, and 288 nm with a bandwidth of 4 nm for 2MOCA. The
reference signal for all three compounds was set to 380 nm with
a bandwidth of 100 nm. The injection volume was 5 pl. An isocratic
method was used with a mobile phase consisting of 70% methanol
and 30% water. A 5% stock solution of refill fluid in 100% methanol
was produced for each sample. The injection concentration of refill
fluids was 0.5%. Vanillin, CAD, and 2MOCA were identified in refill
samples and quantified from standard curves using their elution
time and relative peak height. Three-dimensional chromatograms
were also analyzed for each sample.

2.7. Data analysis

MTT absorbance data were normalized by setting the negative
control group (C1), furthest from the highest dose, in each row to
100%. All other wells in each row were expressed as a percentage
of the negative control. The control closest to the highest dose
was defined as the vapor effect control (C2). If the mean of the va-
por effect control was less than 85% of the negative control (C1), a
vapor effect was interpreted to have occurred and the test sample
was rescreened at a lower high dose. For the Cinnamon Ceylon and
authentic standard dose response experiments, ICso values were
computed with Prism software (GraphPad, San Diego, CA) using
the log inhibitor vs normalized response-variable slope with the
top and bottom constraints set to 100% and 0%, respectively. For
the iterative screen data, ICso values were determined by eye.
The no observed adverse effect levels (NOAEL) were determined
by reading directly off of the graphs. Statistical analysis on three
replicate experiments of the dose response curves for Cinnamon
Ceylon and for the chemicals identified in cinnamon-flavored refill
fluids were done using Graph Pad Prism. Statistical significance
was determined using an analysis of variance (ANOVA). When sig-
nificance was found, treated groups were compared to C1 controls
using Dunnett’s post hoc test, and means were considered signifi-
cantly different for p < 0.05.

3. Results
3.1. Cinnamon Ceylon produced a vapor effect

EC refill fluids contain volatile organic chemicals that can trans-
fer to adjacent wells and effect cell viability (Behar et al., 2012a),
thus causing an erroneous leftward shift in dose response curves.
In the initial MTT screen with Cinnamon Ceylon, a vapor effect
was observed (not shown). To quantify how much Cinnamon Cey-
lon was transferred to adjacent wells, wells containing 1% or 0.3%
Cinnamon Ceylon solution and wells containing only water in a
cross pattern in a 96-well plate were read at 295 nm in a spectro-
photometer at the start of an experiment and again after 48 h of
incubation at 37 °C (Fig. 1A and B). At time 0, the absorbance of
1% and 0.3% Cinnamon Ceylon was 3.65 and 2.57, respectively.
After 48 h of incubation, the absorbance of 1% Cinnamon Ceylon
was 1.42, and the adjacent wells containing water ranged from
0.35 to 0.10. A similar vapor effect was shown for the 0.3% dose
of Cinnamon Ceylon, where after 48 h of incubation the absorbance
of the well containing 0.3% Cinnamon Ceylon was 0.56, and the
adjacent wells containing only water ranged from 0.14 to 0.04.
These data demonstrate that significant amounts of Cinnamon
Ceylon transferred to adjacent wells during the incubation period.

To determine the highest dose of Cinnamon Ceylon that could
be used and not cause a vapor effect in the MTT assay using hESC
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and hPF, cross patterns of cells were plated, and Cinnamon Ceylon
was added to the central well only (Fig. 1C-F). When 1% Cinnamon
Ceylon was present in the central well, a vapor effect was observed
in adjacent wells with both hESC and hPF (Fig. 1C and E). When the
dose was reduced to 0.3% Cinnamon Ceylon, the vapor effect was
eliminated (Fig. 1D and F). Therefore 0.3% defined the high end of
the dose range that was subsequently tested.

3.2. Cytotoxicity of Cinnamon Ceylon when tested with hESC and hPF

Dose response curves for Cinnamon Ceylon are shown respec-
tively for hESC and hPF in Fig. 2A and B. ICsps were similar for
the two cell types (0.044% for hESC and 0.039% for hPF) and esti-
mated NOAELs were found to be 0.03% for hESC and 0.01% for
hPF. The inserts in Fig. 2A and B show the negative control (C1
set at 100%) and the vapor effect control (C2) which is the well
adjacent to highest dose. Inspection of these figures demonstrates
that a vapor effect did not occur in these experiments since both
cell types have C2 means greater than 85% (C2 for
hESC = 88.3% + 0.0207 and for hPF = 92.22% + 16.33).
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Fig. 2. Dose response curves for hESC and hPF exposed to Cinnamon Ceylon then
evaluated using the MTT assay. Data are plotted as means and standard deviations
for three experiments for both hESC (A) and hPF (B). NOAEL values are indicated by
the open arrows. The insert graph for both (A) and (B) displays values for C1
(negative control) and C2, which is the vapor effect control, located next to the high
dose of Cinnamon Ceylon. Asterisks indicate the lowest doses that are significantly
different from the C1 control. *** =p < 0.001.
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3.3. Dose response screen of eight cinnamon-flavored EC refill fluids

To determine if other cinnamon-flavored refill products were
also cytotoxic, eight additional brands were purchased and sub-
jected to an iterative screen. Each product was tested at succes-
sively decreasing high doses until no vapor effect was observed.
The data in Fig. 3 are the dose response curves that were obtained
for each product at a high dose that did not produce a vapor effect.
In the initial screen, 1% was used as the highest dose, and all eight
brands were tested with both cell types (Fig. 3A and B). Of these
eight refill fluids, only #61 did not cause a vapor effect when tested
with hESC at a high dose of 1%, and a useful dose response curve
was obtained (Fig. 3A). For hPF, refill fluids #54, #61 and #65 did
not cause a vapor effect at the 1% high dose (Fig. 3B). Sample
#61 gave a partial dose response curve indicating low cytotoxicity,
while #54 and #65 gave complete curves.

The remaining refill fluids were then rescreened at high dose of
0.1%. The products shown in Fig. 3C and D did not cause a vapor ef-
fect and varied in their cytotoxicity. Product #42 was not cytotoxic
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to either hESC or hPF at a high dose of 0.1%. Product #62 was the
most cytotoxic in this group with the hESC being more sensitive
than the hPF.

In the third screen, which was done at a high dose of 0.01%,
products #53 and #58 did not cause a vapor effect for either hESC
or hPF (Fig. 3E and F). Both products produced dose response
curves with the hESC being more sensitive than the hPF. These data
show that cinnamon-flavored EC refill fluids vary significantly in
their cytotoxicity and that, in general, hESC were more sensitive
to treatment than hPF.

3.4. Identification of cytotoxic chemicals in cinnamon-flavored refill
fluids

Propylene glycol and vegetable glycerin, which are ingredi-
ents of EC fluids, were evaluated in our prior screen and were
not cytotoxic (Bahl et al., 2012). GC-MS and HPLC analysis iden-
tified four additives in the sample of Cinnamon Ceylon and other
cinnamon refill fluids. These were CAD, 2MOCA, dipropylene gly-
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Fig. 3. Cytotoxicity screen of eight cinnamon-flavored refill fluids. Each product was screened iteratively until no vapor effect was observed. (A) hESC and (B) hPF treated with
1% as the highest dose. (C) hESC and (D) hPF treated with 0.1% as the highest dose. (E) hESC and (F) hPF treated with 0.01% as the highest dose. Each product was screened one
time at successively decreasing high doses until a vapor effect was not observed, and the resulting curve was used to estimate relative toxicity of the different products.
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col, and vanillin. Authentic standards of each chemical were pur-
chased and tested for cytotoxicity with hESC and hPF using the
MTT assay (Fig. 4). CAD and 2MOCA were the most cytotoxic
of the four chemicals tested (Fig. 4A and B). Both chemicals pro-
duced similar ICsos for both hESC and hPF. Dipropylene glycol
and vanillin were the least cytotoxic of the four chemicals
tested, and their ICsos were higher than a user would likely
experience (Fig. 4C and D). To confirm that cells were not surviv-
ing CAD treatment, micrographs of hESC (Fig. 4E-G) and hPF
(Fig. 4H-]) are shown for the control, ICso and the high dose
of CAD. At the ICso dose, most fields had fewer live cells and
more dead cells than the controls (Fig. 4F and I). At the highest
dose, most cells were dead in agreement with the MTT assay
(Fig. 4G and ]). The hierarchy of potency based on ICsps for the
hESC was CAD >2MOCA >>> vanillin > dipropylene glycol and
the hierarchy for the hPF was 2MOCA > CAD >>> vanil-
lin > dipropylene glycol. For CAD, 2MOCA and vanillin NOAEL
values varied between the two cell types. For dipropylene glycol
the estimated NOAEL was 7.45 x 103 M for hESC (for hPF, a reli-
able NOAEL could not be determined for dipropylene glycol).
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3.5. HPLC analysis of cinnamon-flavored products

HPLC analysis was performed on 10 cinnamon-flavored refill
fluids from various manufacturers (8 refill fluids from the iterative
screen, Cinnamon Ceylon and a duplicate Tasty Puff Sinful Cinna-
mon) (Fig. 5). The duplicate bottles of Tasty Puff Sinful Cinnamon
(#53 and 69) were identically labeled. 3D chromatograms were
visually analyzed and arranged in order of increasing potency
(Fig. 5). Each chemical was identified based on its elution time
and peak shape. Average elution times for identified compounds
are as follows: 2.7 min for methanol (this peak is present due to
the pure methanol that was used to make solutions), 3.1 min for
vanillin and/or an unidentified vanillin derivative, 4.4 min for
CAD, 4.9 min for 2MOCA, and 7.0 min for nicotine (nicotine con-
centration was not quantified using this method).

The 3D chromatograms for all products were relatively simple
and contained very few chemicals in comparison to combustible
tobacco, which contains thousands of chemicals (EPA, 1992). The
main chemicals in the refill fluids were nicotine plus the flavorings
CAD, 2MOCA, and vanillin. Sample #61, which was the least cyto-
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Fig. 4. Cytotoxic evaluation of four chemicals identified in cinnamon-flavored refill fluids. Dose response curves of hESC and hPF treated with (A) CAD, (B) 2MOCA, (C)
dipropylene glycol, and (D) vanillin. Data are plotted as means and standard deviations of three experiments. ICso = inhibitory concentration at 50%. NOAEL levels are
indicated by solid (hESC) or open arrows (hPF). C2 = vapor effect control located next to the highest dose of chemical. Asterisks indicate the lowest doses that are significantly
different from the C1 control. **p <0.01, ***p < 0.001. (E-G) Micrographs showing hESC from the control, ICso and high dose of CAD. Colonies are well formed in the control,
reduced in size in the ICs dose, and absent from the high dose which has mainly dead cells. (H-]) Micrographs of hPF from the control, ICso, and high dose of CAD. Many cells
treated in the ICso dose are dead and of the cells that have survived, they appear to be stressed. In the high dose, the hPF are mainly dead.
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toxic of the products tested (Fig. 3A and B), contained a CAD deriv-
ative (Fig. 5A), which had lower cytotoxicity than CAD or 2MOCA.
None of the 3D chromatograms for cinnamon-flavored refill fluids
had the same signatures, including the two duplicate bottles (#69
and 53) (Fig. 51 and ]), which had identical amounts of CAD, but dif-
ferent amounts of 2MOCA and nicotine. For most products, CAD
was the dominant peak, completely obscuring the 2MOCA peak
and minimizing other flavoring peaks such as vanillin. To better
visualize the smaller peaks, the 3D chromatograms of two samples
were edited by rotating the image and truncating the Y-axis
(absorbance), thereby revealing 2MOCA (Fig. 6A vs B) and vanillin
(Fig. 6C vs D).

3.6. Concentrations of chemicals in cinnamon-flavored refill products

The concentrations of CAD, 2MOCA, and vanillin were quanti-
fied in each refill fluid product, and data were organized by
increasing CAD concentration (Fig. 7A). The two bottles of Tasty
Puff Sinful Cinnamon-flavored refill fluids (#69 and #53) contained
identical amounts of CAD and were therefore arranged by 2MOCA
concentration. One product (#65) contained all three chemicals,
one (#58) contained only CAD, and the rest contained only two
of the three compounds of interest at levels that could be quanti-
fied. The concentrations of each chemical varied by approximately

192



RZ. Behar et al./Toxicology in Vitro 28 (2014) 198-208 205

Nicotine
Cinnamaldehyde

Iy
osoy S

)

| Vapormaxx
\Cinnamon

ol
v s

«‘«\“’\ Vanillin

&Cinnamaldehyde

Methanol

Cinnamaldehyde
2MOCA

Vanillin

Fig. 6. 3D HPLC data with perspectives and the Y-axis (absorbance) adjusted to visualize vanillin and 2MOCA. (A): The original chromatogram of Freedom Smoke USA,
Cinnamon Ceylon FlavourArt (#22). (B): Same 3D chromatogram of Freedom Smoke USA, Cinnamon Ceylon FlavourArt (#22) with the Y-axis shortened and the image rotated
to visualize the 2MOCA peak. (C): The original chromatogram of Vapormaxx, Cinnamon (#62). (D): The same 3D chromatogram for Vapormaxx, Cinnamon (#62) with the Y-

axis shortened and the image rotated to visualize the vanillin peak.

10-100 fold among products, e.g. CAD was about 100 times higher
in #58, 69, and 53 than in #42.

For most samples and for each cell type, ICso values were esti-
mated using data from Fig. 3. ICso values for both cells types were
then compared to CAD concentrations in each product. As CAD
concentration in the refill fluids increased, ICso values decreased
for both hESC and hPF (Fig. 7B and C).

Nicotine concentrations for 6 of the 8 refill fluids were reported
on bottles by the manufacturer as: #61 (12 mg/ml), #60 (11 mg/
ml), #65 (0 mg/ml), #22 (0 mg/ml), and #58 (0 mg/ml). There
was no correlation between nicotine concentration and
cytotoxicity.

4. Discussion

The rapid growth in worldwide sales of EC and their associated
products make it important to understand their effects on human
health (Etter et al., 2011; Hua et al., 2013; Williams et al., 2013).
This study evaluated the volatility and cytotoxicity of 10 cinna-
mon-flavored EC refill fluids, compared their cytotoxicity using
prenatal (hESC) and adult (hPF) models, and identified chemicals
in these fluids that are causing cytotoxicity. Nicotine concentration
did not correlate with cytotoxicity, in agreement with our prior
study (Bahl et al., 2012). In general, the cinnamon-flavored refill
fluids were cytotoxic with ICso concentrations below 1% for hESC
and hPF. It is possible that there were other cytotoxic chemicals
in these fluids that our study did not identify.

Cinnamon-flavored refill fluids are highly volatile, and most
produced vapor effects when tested in the MTT assay. Similar ef-
fects have been reported with other highly volatile chemicals in
96-well plate assays (Behar et al., 2012b; Blein et al,, 1991). The
highly volatile nature of the cinnamon-flavored refill fluids could
result in inhalation exposure of users and bystanders during refill-
ing or from fluid that has leaked onto the surface of the refill bottle.
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The vapor effect caused by cinnamon-flavored refill fluids shifts
the dose response curve to the left, thereby increasing the apparent
cytotoxicity of the refill fluid. Iterative screening using decreasing
high doses eliminated the vapor effect and allowed the relative po-
tency of products to be compared. However, the ICsos established
in this study may underestimate toxicity due to the continual loss
of volatile test chemical from the culture medium during exposure
of cells.

In our original screen of EC refill fluids (Bahl et al., 2012), Cinna-
mon Ceylon was the most cytotoxic of the 36 products that were
tested, and it was the only product that was cinnamon-flavored.
In the current study, which focused on only cinnamon-flavored
products, refill fluids varied significantly in their cytotoxicity, with
Cinnamon Ceylon having an ICsq that was approximately midway
in the overall range. In the prior study (Bahl et al., 2012) and cur-
rent screen, a total of 45 EC refill fluids were tested. A comparison
of ICsos from both studies showed that for hPF, 5 of the 45 refill flu-
ids fell into the highly cytotoxic category (ICso < 0.1%), and all 5 of
these were cinnamon-flavored. For hESC, 18 of the 45 refill fluids
were highly cytotoxic. Of these, 8 were cinnamon-flavored, and 4
of the 8 were the most cytotoxic of all products tested.

Our findings of cytotoxicity in cinnamon-flavored refill fluids
are consistent with reports made by EC users in online forums. Cin-
namon-flavored products have caused throat, mouth, and lung irri-
tations and for some, the irritation ceased after switching to a
different flavor (http://www.e-cigarette-forum.com/forum/
health-safety-e-smoking/212870-do-you-vape-cinnamon-flavors-
read.html, 2/19/13). Reports in online forums have advised against
using cinnamon-flavored products (http://www.e-cigarette-for-
um.com/forum/new-members-forum/324775-greetings-toxicol-
ogy.html, 2/19/13, http://www.e-cigarette-forum.com/forum/
health-safety-e-smoking/212870-do-you-vape-cinnamon-flavors-
read.html, 3/25/13), and one manufacturer, vaporbomb.com, re-
duced the amount of cinnamon flavoring in its product due to
requests from users (http://www.vaporbomb.com/Cinna-Bomb-e-
liquid-VBcinnabomb.htm?categoryld=-1, 3/25/13). Names of the
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Fig. 7. Concentrations of chemicals that were identified in refill fluids. (A)
Concentrations of CAD, 2MOCA, and vanillin in refill fluids as determined by HPLC.
(B and C) Comparison of CAD concentration to ICsg values for hESC (B) and hPF (C).
As CAD and 2MOCA concentrations increase, the ICso values decrease.

products that were tested in this study are provided so that EC
users are aware of those that produced the highest levels of
cytotoxicity.

The sensitivity of hESC and hPF to cinnamon-flavored EC refill
fluids was compared. hPF were chosen to model a differentiated
adult cell from the lung, one of the first organs contacted by in-
haled refill fluid vapor or EC aerosol. hESC model an early stage
of post-implantation development (Nichols and Smith, 2009; Tal-
bot and Lin, 2011) and can be used to gauge the effects that EC
use by pregnant women could have on developing embryos. Gen-
erally, hESC were more sensitive to the cinnamon-flavored refill
fluids than the hPF. These data correlate well with our previous
study on EC refill fluids in which embryonic (hESC) and early post-
natal (mNSC) cells were generally more sensitive to EC products

than adult cells (hPF) (Bahl et al., 2012) and demonstrate the
importance of testing more than one cell type when evaluating
EC cytotoxicity. These observations are also consistent with the
general finding that embryonic cells are more sensitive to environ-
mental chemicals than adult cells (Grandjean et al., 2007). While
further animal and clinical work is needed to determine what ef-
fects EC products have on developing embryos/fetuses, these data
suggest that women should exercise caution when deciding
whether to use EC products during pregnancy.

The chemicals in Cinnamon Ceylon were identified by GC-MS
and HPLC, and authentic standards were tested for cytotoxicity.
While dipropylene glycol and vanillin were cytotoxic only at high
doses, CAD and 2MOCA were cytotoxic at doses found in the refill
fluids. In other studies, dipropylene glycol and vanillin have been
reported to have relatively low toxicity (Cosmetic Ingredient Re-
view, 1985; Ho et al., 2011), as was observed in our study. It is pos-
sible that other potentially cytotoxic chemicals, such as metals,
were present but not identified in this study. CAD is derived from
the essential oil of cinnamon bark and is a highly bioactive com-
pound serving many purposes (Jayaprakasha and Rao, 2011). It
has been used as an anticancer agent (Nagle et al., 2012), an insec-
ticide (Cheng et al., 2009), a fungicide (Bang et al., 2000; Shreaz
et al, 2011), and a bactericide (Nostro et al., 2012). It is also used
commercially as an additive in many foods and in fragrances (Coc-
chiara et al., 2005). The dental literature has reports of adverse
reactions to CAD, and one case report links heavy use of cinna-
mon-flavored gum to the development of squamous cell carcinoma
on the tongue (Westra et al., 1998). At ICsp values similar to those
found in our study, CAD and 2MOCA are inhibitors of NF-«B, a tran-
scription factor involved in immunity as well as inflammatory re-
sponses and developmental processes (Reddy et al., 2004). In
addition, 2MOCA and CAD up-regulate apoptosis in cancerous cell
lines, and CAD has strong toxic effects in other mammalian cell
types (Mereto et al., 1994; Stammati et al., 1999; Unlu et al.,
2010; Zhang et al., 2010). In the current study, hESC were sensitive
to low concentrations of CAD and 2MOCA, suggesting that preg-
nant women should be cautious using these products.

Evaluation of HPLC 3D chromatograms showed that each refill
fluid possesses a unique chromatographic signature, including
the duplicate bottles of Tasty Puff Sinful Cinnamon (#69 and
#53). Although the duplicates were labeled identically and con-
tained the same amount of CAD, they varied in their 2MOCA
and nicotine content. Qualitative evaluation of the chromato-
gram (Fig. 51 and ]) shows that #69 has higher nicotine content
than #53. Also noteworthy, refill fluids #22 (Cinnamon Ceylon)
and #58 Vaporbomb.com Cinna-Bomb 2x) were labeled zero
nicotine, but nicotine was indeed identified by HPLC as a compo-
nent in these products. These data demonstrate inaccuracies in
labeling with respect to nicotine concentrations, as has been pre-
viously reported (Trehy et al., 2011; Goniewicz et al., 2012) and
observed in our unpublished data. These labeling inaccuracies
also extend to EC components other than nicotine. For example,
cartridge fluid from one EC product that was advertised to con-
tain tadalafil, the active ingredient in Cialis, instead contained an
inactive isoform of the drug (Hadwiger et al., 2010).

The HPLC analysis further shows that cinnamon-flavored refill
fluids vary significantly with respect to the chemicals that are used
to create cinnamon flavor. In most products, CAD was the domi-
nant flavorant with 2MOCA and vanillin sometimes being present
in lesser amounts. All of the products had different amounts of
these chemicals demonstrating that users cannot assume to know
their content even when purchasing duplicate bottles. Products
having the highest concentrations of CAD were identified as the
most cytotoxic. 2MOCA would not be a useful substitute for creat-
ing cinnamon flavor as it was also highly cytotoxic when tested
individually as an authentic standard. If manufacturers wish to
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add CAD as the primary flavorant in cinnamon-flavored refill fluids,
it would be advisable to use a non-cytotoxic dose. However, the
NOAEL dose for CAD may vary among different cell types. More-
over, the MTT assay is based on mitochondrial activity and further
evaluations will be required to fully understand other cell pro-
cesses/components that could be adversely affected by CAD.

The results of this study could lead to improvements in EC man-
ufacturing and flavor choice for users. CAD was highly cytotoxic in
EC products that are currently marketed on the Internet. This flavor
may need additional regulation to ensure cytotoxic chemicals such
as CAD are either not used in EC products or are maintained at
doses that are non-cytotoxic or otherwise damaging to cells. An
alternative would be to substitute other flavorants that produce a
cinnamon-like flavor, but have low cytotoxicity. Correlating a par-
ticular flavoring with high cytotoxicity will be an integral part of
improving EC safety for users and will help inform companies
and regulatory agencies about chemicals and flavors that are
hazardous.

Conflict of Interest

The authors have no conflict of interest to declare.

Acknowledgments

This work was supported by the Tobacco-Related Disease Re-
search Program of California (TRDRP XT-0118), and the California
Institute of Regenerative Medicine (NE-AO005A-1E). Rachel Behar
and Barbara Davis were supported by Cornelius Hopper Fellow-
ships from the Tobacco-Related Disease Research Program of Cali-
fornia and Dean’s Fellowships. Dr. Sabrina Lin was supported by a
Tobacco-Related Disease Research Program of California postdoc-
toral Fellowship. We thank Michael Dang and Jisoo Kim for assist-
ing with the HPLC analysis, and Monique Williams for her
comments on the manuscript. We would also like to thank the Uni-
versity of California, Riverside Analytical Chemical Instrumenta-
tion Facility and the Stem Cell Core for their assistance.

References

Ayers, J.W., Ribisl, K.M., Brownstein, J.S., 2011. Tracking the rise in popularity of
electronic nicotine delivery systems (electronic cigarettes) using search query
surveillance. Am. J. Prev. Med. 40, 448-453.

Bahl, V., Lin, S., Xu, N., Davis, B.,, Wang, Y.H., Talbot, P., 2012. Comparison of
electronic cigarette refill fluid cytotoxicity using embryonic and adult models.
Reprod. Toxicol. 34, 529-537.

Bang, K.H., Lee, D.W., Park, H.M., Rhee, Y.H., 2000. Inhibition of fungal cell wall
synthesizing enzymes by trans-cinnamaldehyde. Biosci. Biotech. Bioch. 64,
1061-1063.

Behar, R.Z, Bahl, V., Wang, Y., Lin, S., Xu, N, Davis, B., Talbot, P., 2012a. A method for
rapid dose-response screening of environmental chemicals using human
embryonic stem cells. . Pharmacol. Toxicol. Methods 66, 238-245.

Behar, RZ, Bahl, V., Wang, Y., Weng, ].-H., Lin, S., Talbot, P., 2012b. Adapting the
MTT cytotoxicity assay for use with mouse neuronal stem cells and human
Embryonic stem cells. In: Current Protocols in Stem Cell Biology, Unit 1C 13.
John Wiley & Sons, Inc., Hoboken, NJ, 23:1C.13.1-1C.13.21.

Blein, O., Ronot, X., Adolphe, M., 1991. Cross contamination associated with the use
of multiwell culture plates for cytotoxicity assessment of volatile chemicals.
Cytotechnology 6, 79-82.

Cheng, S.S., Liu, J.Y., Huang, C.G., Hsui, Y.R., Chen, W]., Chang, S.T., 2009. Insecticidal
activities of leaf essential oils from Cinnamomum osmophloeum against three
mosquito species. Bioresour. Technol. 100, 457-464.

Cocchiara, J., Letizia, C.S., Lalko, ]., Lapczynski, A., Api, A.M., 2005. Fragrance material
review on cinnamaldehyde. Food. Chem. Toxicol. 43, 867-923.

Cosmetic Ingredient Review, 1985. Final report on the safety assessment of
butylene glycol, hexylene glycol, ethoxydiglycol, and dipropylene glycol. Int. J.
Toxicol. 4, 223-248.

EPA,1992. EPA Report/600/6-90/006F: Respiratory health effects of passive
smoking: lung cancer and other disorders, Washington, DC.

Etter, 2010. Electronic cigarettes: a survey of users. BMC. Public. Health 10, 231.

Etter, ].F., Bullen, C., 2011. Electronic cigarette: users profile, utilization, satisfaction
and perceived efficacy. Addiction 106, 2017-2028.

195

Etter, ].-F.,, Bullen, C., Flouris, A.D., Laugesen, M., Eissenberg, T., 2011. Electronic
nicotine delivery systems: a research agenda. Tob. Control 20, 243-248.

Goniewicz, M.L.,, Kuma, T., Gawron, M., Knysak, J., Kosmider, L., 2012. Nicotine levels
in electronic cigarettes. Nicotine. Tob. Res. 15, 158-166.

Goniewicz, M.L,, Lingas, E.O., Hajek, P., 2013. Patterns of electronic cigarette use and
user beliefs about their safety and benefits: An Internet survey. Drug. Alcohol.
Rev. 32, 133-140.

Grandjean, P., Bellinger, D., Bergman, A. Cordier, S., et al, 2007. The faroes
statement: human health effects of developmental exposure to chemicals in our
environment. Basic Clin. Pharmacol. 102, 73-75.

Hadwiger, M.E., Trehy, M.L., Ye, W., Moore, T., Allgire, ]., Westenberger, B., 2010.
Identification of amino-tadalafil and rimonabant in electronic cigarette
products using high pressure liquid chromatography with diode array and
tandem mass spectrometric detection. J. Chromatogr. A 1217, 7547-7555.

Hallgren, O., Nihlberg, K., Dahlback, M., Bjermer, L., Eriksson, L.T., Erjefalt, J.S.,
Lofdahl, C.G., Westergren-Thorsson, G., 2010. Altered fibroblast proteoglycan
production in COPD. Respir. Res. 11, 55.

Ho, K., Yazan, L.S., Ismail, N., Ismail, M., 2011. Toxicology study of vanillin on rats via
oral and intra-peritoneal administration. Food. Chem. Toxicol. 49, 25-30.

Hua, M., Alfi, M., Talbot, P., 2013. Health-related effects reported by electronic
cigarette users in online forums. J. Med. Internet. Res. 15, e59.

Jayaprakasha, G.K., Rao, LJ., 2011. Chemistry, biogenesis, and biological activities of
Cinnamomum zeylanicum. Crc. Cr. Rev. Food Sci. 51, 547-562.

Kitamura, H. Cambier, S., Somanath, S., Barker, T., Minagawa, S., Markovics,
J., Goodsell, A., Publicover, ]., Reichardt, L., Jablons, D., et al, 2011.
Mouse and human lung fibroblasts regulate dendritic cell trafficking,
airway inflammation, and fibrosis through integrin v8-mediated activation
of TGF-. ]. Clin. Invest. 121, 2863-2875.

Laugesen, M., 2008. Safety report on the Ruyan e-cigarette cartridge and inhaled
aerosol. Christchurch, New Zealand: Health New Zealand. <http://
www.healthnz.co.nz/RuyanCartridgeReport30-Oct-08.pdf>.

Lin, S., Talbot, P., 2011. Methods for culturing mouse and human embryonic stem
cells. Methods. Mol. Biol. 690, 31-56.

McCauley, L., Markin, C., Hosmer, D., 2012. An unexpected consequence of
electronic cigarette use. Chest 141, 1110-1113.

McQueen, A., Tower, S., Sumner, W., 2011. interviews with “vapers”: implications
for future research with electronic cigarettes. Nicotine. Tob. Res. 13, 860-867.

Mereto, E., Brambilla-Campart, G., Ghia, M., Martelli, A., Brambilla, G., 1994.
Cinnamaldehyde-induced micronuclei in rodent liver. Mutat. Res. 322, 1-8.

Nagle, AA, Gan, FF, Jones, G., So, C.L, Wells, G., Chew, E.H., 2012. Induction of
tumor cell death through targeting tubulin and evoking dysregulation of cell
cycle regulatory proteins by multifunctional cinnamaldehydes. PLoS ONE 7,
e50125.

Nichols, J., Smith, A., 2009. Naive and primed pluripotent states. Cell Stem Cell 4,
487-492.

Nostro, A., Scaffaro, R., D'Arrigo, M., Botta, L., Filocamo, A., Marino, A., Bisignano, G.,
2012. Study on carvacrol and cinnamaldehyde polymeric films: mechanical
properties, release kinetics and antibacterial and antibiofilm activities. Appl.
Microbiol. Biot. 96, 1029-1038.

Reddy, A.M.,, Seo, J.H., Ryu, S.Y.,, Kim, Y.S., Kim, Y.S., Min, K.R,, Kim, Y., 2004.
Cinnamaldehyde and 2-methoxycinnamaldehyde as NF-kappaB inhibitors from
Cinnamomum cassia. Planta. Med. 70, 823-827.

Selman, M., Pardo, A., 2002. Idiopathic pulmonary fibrosis: an epithelial/fibroblastic
cross-talk disorder. Respir. Res. 3, 3.

Shreaz, S., Sheikh, R.A,, Bhatia, R., Neelofar, K., Imran, S., Hashmi, A.A., Manzoor, N.,
Basir, S.F., Khan, LA, 2011. Antifungal activity of alpha-methyl trans
cinnamaldehyde, its ligand and metal complexes: promising growth and
ergosterol inhibitors. Biometals 24, 923-933.

Stammati, A., Bonsi, P., Zucco, F., Moezelaar, R., Alakomi, H.L., von Wright, A., 1999.
Toxicity of selected plant volatiles in microbial and mammalian short-term
assays. Food. Chem. Toxicol. 37, 813-823.

Talbot, P., Lin, S., 2011. Mouse and human embryonic stem cells: can they improve
human health by preventing disease? Curr. Top. Med. Chem. 11, 1638-1652.

Togo, S., Holz, 0., Liu, X., Sugiura, H., Kamio, K., Wang, X., Kawasaki, S., Ahn, Y.,
Fredriksson, K., Skold, C.M., et al., 2008. Lung fibroblast repair functions in
patients with chronic obstructive pulmonary disease are altered by multiple
mechanisms. Am. J. Respir. Crit. Care. Med. 178, 248-260.

Trehy, M.L, Ye, W., Hadwiger, M.E., Moore, T.W., Allgire, ].F., Woodruff, ].T.,
Ahadi, S.S., Black, J.C., Westenberger, BJ., 2011. Analysis of electronic
cigarette cartridges, refill solutions, and smoke for nicotine and nicotine
related impurities. ]. Lig. Chromatogr. R. T. 34, 1442-1458.

Trtchounian, A., Willams, M., Talbot, P., 2010. Conventional and electronic cigarettes
(e-cigarettes) have different smoking properties. Nicotine. Tob. Res. 12, 905-

Unlu, M., Ergene, E., Unlu, G.V.,, Zeytinoglu, H.S., Vural, N., 2010. Composition,
antimicrobial activity and in vitro cytotoxicity of essential oil from
Cinnamomum zeylanicum blume (Lauraceae). Food. Chem. Toxicol. 48, 3274
3280.

Vardavas, C.I., Anagnostopoulos, N., Kougias, M., Evangelopoulou, V., Connolly, G.N.,
Behrakis, P.K., 2012. Short-term pulmonary effects of using an electronic
cigarette: impact on respiratory flow resistance, impedance, and exhaled nitric
oxide. Chest 141, 1400-1406.

Westenberger, B.J., 2009. Evaluation of e-cigarettes. St. Louis, MO: Food and Drug
Administration. Center for Drug Evalation and Research. <http://www.fda.gov/
downloads/Drugs/ScienceResearch/UCM173250.pdf>.



208 R.Z. Behar et al./ Toxicology in Vitro 28 (2014) 198-208

Westra, W.H., McMurray, J.S., Califano, J., Flint, P.W., Corio, R.L., 1998. Squamous cell
carcinoma of the tongue associated with cinnamon gum use: a case report.
Head. Neck. 20, 430-433.

Williams, M., Talbot, P., 2011. Variability among electronic cigarettes in the
pressure drop, airflow rate, and aerosol production. Nicotine. Tob. Res. 13,
1276-1283.

Williams, M., Villarreal, A., Bozhilov, K., Lin, S., Talbot, P., 2013. Metal and silicate
particles including nanoparticles are present in electronic cigarette cartomizer
fluid and aerosol. PLoS ONE 8, e57987.

Zhang, J.H., Liu, L.Q., He, Y.L., Kong, W.J., Huang, S.A., 2010. Cytotoxic effect of trans-
cinnamaldehyde on human leukemia K562 cells. Acta. Pharm. Sinic. 31, 861-
866.

196



APPENDIX C

Comparison of the Performance of Cartomizer Style Electronic Cigarettes

from Major Tobacco and Independent Manufacturers.

Monique Williams, Amanda Villarreal, Barbara Davis, Prue Talbot

PLoS ONE 2016;11:e0149251. doi:10.1371/journal.pone.0149251

197



@ PLOS | one

CrossMark

click for updates

G OPEN ACCESS

Citation: Williams M, Villarreal A, Davis B, Talbot P
(2016) Comparison of the Performance of Cartomizer
Style Electronic Cigarettes from Major Tobacco and
Independent Manufacturers. PLoS ONE 11(2):
€0149251. doi:10.1371/journal.pone.0149251

Editor: Yunchao Su, Georgia Regents University,
UNITED STATES

Received: November 17, 2015
Accepted: January 28, 2016
Published: February 18,2016

Copyright: © 2016 Williams et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information files.

Funding: Support was provided by the National
Institutes of Health Grant #R01DA036493. The
funder had no role in study design, data collection
and analysis, decision to publish, or preparation of
the manuscript.

Competing Interests: The authors have declared
that no competing interests exist.

RESEARCH ARTICLE

Comparison of the Performance of
Cartomizer Style Electronic Cigarettes from
Major Tobacco and Independent
Manufacturers

Monique Williams, Amanda Villarreal, Barbara Davis, Prue Talbot*

Department of Cell Biology and Neuroscience, University of California Riverside, Riverside, California, United
States of America

* talbot@ucr.edu

Abstract

Objective

This study compared the performance of 12 brands of cartomizer style electronic cigarettes
(EC) using different puffing protocols and measured the concentrations of nicotine in each
product.

Methods

Air flow rate, pressure drop, and aerosol absorbance were measured using two different
protocaols, first 10 puffs and a modified smoke-out protocol.

Results

First 10 puff protocol: The air flow rate required to produce aerosol ranged between brands
from 4-21 mL/s. Pressure drop was relatively stable within a brand but ranged between
brands from 14—71 mmH,0 and was much lower than the earlier classic 3-piece models.
Absorbance, a measure of aerosol density, was relatively consistent between puffs, but var-
ied between brands. With the modified smoke-out protocol, most brands were puffed until
300 puffs. The pressure drop was relatively stable for all brands except three. Absorbance
of the aerosol decreased as the number of puffs increased. Although there was some unifor-
mity in performance within some brands, there was large variation between brands. The
labeled and measured nicotine concentrations were within 10% of each other in only 1 out
of 10 brands.

Conclusions

Over 10 puffs, the cartomizers all perform similarly within a brand but varied between
brands. In smoke-out trials, most brands lasted at least 300 puffs, and performed similarly
within brands with respect to pressure drop and absorbance. For five brands, products pur-
chased at different times performed differently. These data show some improvement in
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performance during evolution of these products, but nevertheless indicate problems with
quality control in manufacture.

Introduction

The original electronic cigarettes (EC) were three piece models, which had a separate battery,
atomizing unit, and a cartridge for holding a fluid that usually contained propylene glycol and/
or glycerol, flavoring chemicals, and nicotine [1-3]. In 2009, manufacturers combined the
atomizer and cartridge into a single replaceable unit called a cartomizer. Cartomizer style ECs,
which are currently the dominant marketed model in the USA, are readily available in super-
markets, drug stores, convenience stores, gas stations, and on the Internet. Cartomizers come
in different flavors (e.g., tobacco, menthol, and coffee) and nicotine concentrations ranging
from 0-36 mg/mL [4]. Major tobacco companies entered the EC market with cartomizers style
EC in 2013. Many users refill them when the fluid runs low, and there are 1000s of refill fluids
present on the market [4-7]. Since EC do not burn tobacco and contain fewer chemicals than
conventional cigarettes, they are sometimes considered safer by advocates and consumers
[8,9]. However, there are relatively few studies evaluating the health effects caused by EC use
[10-12], and there is concern that some components in EC aerosol may be harmful [6,13-15].

In an earlier study, we compared the performance of the classic and cartomizer style EC
[16]. The two cartomizer brands, Smoking Everywhere Platinum and Crown 7 Imperial,
behaved similarly within brands, but varied between brands [16]. Crown 7 Imperial cartomi-
zers were able to produce aerosol for 400 + 10 puffs, in contrast to Smoking Everywhere Plati-
num which lasted 160 + 66 puffs [16]. As was seen in the classic models, as the cartomizer EC
were puffed, there was an increase in pressure drop and a decrease in absorbance [2,16]. This
variability within and between non-disposable EC brands has been seen in the concentration of
nicotine delivered to the consumer [17].

The purpose of the current study was to compare the performance of a broad range of carto-
mizer style EC from major tobacco and independent manufactures. Both short and long term
puffing protocols were used to examine performance. The concentrations of nicotine in carto-
mizer style EC was also determined and compared to label values.

Materials and Methods
Electronic Cigarette Selection

All EC were second generation cartomizer style models that were selected based on consumer
reviews (Table 1). Brands selected for this study were: Smoking Everywhere Platinum (Smok-
ing Everywhere, Sunrise, FL), Crown 7 Imperial Hydro (Crown Seven Shop, Scottsdale, AZ),
NJOY NPRO 2NI1 (Sottera Inc., Scottsdale, AZ), Safe Cig (The Safe Cig LLC, Los Angeles, CA),
Liberty Stix Eagle (Liberty Stix, LLC, Cleveland, OH), Smoke 51 (Vapor Corp, Miami, FL),
South Beach Smoke (South Beach Java LP, Wood Dale, IL), V2 Cigs (VMR Products LLC.),
BluCig (Lorillard Inc., Greensboro, NC), Green Smoke (Green Smoke LLC, Richmond, VA),
Mark Ten (Nu Mark LLC, Miami, FL) and Vuse (R] Reynolds Vapor, Winston-Salem, NC)
(Fig 1, Table 1).

Greensmoke, BluCig, SafeCig, and South Beach Smoke were among the leading brands cho-
sen by consumers (Table 1). V2 Cig was selected because the composition of the EC fluid was
provided, and it was highly rated by consumers. Smoke 51 was a brand that was not highly
rated. NJOY NPRO and Liberty Stix Eagle were chosen because we had evaluated the classic
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C71 NJOY

=G
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nﬁnn“

b

GS M10 Vuse

Fig 1. Cartomizer style EC used in this study. From Left to right: Smoking Everywhere Platinum (SEP), Crown 7 Imperial (C71), NJOY NPRO (NJOY),
SafeCig (SC), Liberty Stix Eagle (LSE), Smoke 51 (S51), South Beach Smoke (SBS), V2 Cigs (VC), BluCig (BC), Greensmoke (GS), Mark Ten (M10) and

Vuse.

doi:10.1371/journal.pone.0149251.g001

three piece counterparts in our prior studies [2]. Mark Ten and Vuse were chosen because they
are produced by major tobacco companies. Upon receipt, all EC were inventoried and stored at
room temperature until tested.

Cartomizer Dissection and Fluid Separation

Fresh unused cartomizers were dissected to separate the fibers from the atomizing unit, as
described previously [13]. The white plug in the end of the mouthpiece was removed to reveal
the fibers surrounding the atomizing unit. The inner and outer fibers were centrifuged in
MinElute Spin columns (Qiagen, Valencia, CA) at 14,000 revolutions/minute for 4-6 minutes
to separate the fluid from the fibers [13].

HPLC Analysis of Cartomizer Fluids

Samples of EC fluid were evaluated using a Hewlett Packard Series 1100 HPLC equipped with
2200 x 4.6 mm Thermo Scientific Hypersil ODS C18 column with a particle size of 5 um. The
5% stock solutions of cartomizer fluid were made by dilution in a non-buffered mobile phase
consisting of 77% water/ 23% acetonitrile (Fisher Scientific, Fair Lawn, NJ). Stock solutions
were then diluted further in non-buffered mobile phase to the working concentration of 0.5%.
The diode array detector signal was set to 260 nm with a bandwidth of 40 nm with a reference
signal of 380 nm and bandwidth of 10 nm at a temperature of 35°C and a 0.8 ml/min flow rate.
The mobile phase consisted of HPLC-grade chemicals (Fisher Scientific, Fair Lawn, NJ) in the
following make up: 76.9% water, 23% acetonitrile, and 0.1% triethylamine; the pH of the
mobile phase was adjusted daily to 7.6 using phosphoric acid (Fisher Scientific, Fair Lawn, NJ)
and sodium hydroxide (EM Scientific, Gibbstown, NJ). The injection volume for all samples
was 5 pl. The nicotine limit of quantification for this method was 10 pg/ml with a limit of
detection of 50 ng/ml. The values reported are the means and standard deviations of the five
runs. Full method details, including method validation, were published previously [5,7].

PLOS ONE | DOI:10.1371/journal.pone.0149251  February 18,2016 4/14
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Smoking Machine Set-Up

Experiments were done using a smoking machine that was connected through Tygon tubing to
a water manometer, which is in turn was connected through Tygon tubing to a peristaltic
pump [2,16,18-20]. EC puffs lasted 4.3 seconds and were taken every minute [21]. All ciga-
rettes were smoked at the lowest airflow rate that produced a robust puff of aerosol. During
each puff, pressure drop was measured using a water manometer. The aerosol was captured in
a test tube every 10 puffs, and absorbance was measured in a spectrophotometer at a 420-nano-
meter reading [2,16]. Additionally, the airflow rate was calculated using the pump speed and a
conversion factor provided by the pump manufacturer (Barnant Company, Barrington, IL).

Performance Characteristics Experiments

First 10 Puff Protocol. Each EC was puffed 10 times with puffs spaced 1 minute apart.
Pressure drop and air flow rate were recorded for each puff. Aerosol density was recorded for
every other puff. Experiments were performed three times using a different EC cartomizers
each time as described previously [2,16].

Smoke-out Protocol. To determine how air flow rate, pressure drop, and aerosol absor-
bance change during prolonged use, EC were puffed once every minute until cartridges were
exhausted (pump speed reached its maximum and/or three consecutive puffs had aerosol den-
sities below 0.05 absorbance units) or until 300 puffs were reached. Pressure drop and air flow
rate were recorded for every puff, and aerosol absorbance was recorded every tenth puff. Air
flow rate was increased by increasing pump speed by one interval on the pump dial whenever
aerosol density dropped below 0.05 absorbance units or until pump speed reached its maxi-
mum air flow rate (24 mL/s) [2,16]. Three experiments were performed with each brand of EC.
Each experiment used a different cartomizer. All cartomizers were fresh and had not been used
previously by us. The lowest pump speed that produced robust aerosol was used for each
brand. The pump was activated manually every minute, and pump speed was turned to zero
between pulffs to further resemble an active smoker. Pump speed was only increased if EC
stopped producing aerosol.

Results
Appearance of EC

Cartomizer style EC come in different shapes, colors, and sizes. The 12 brands of cartomizer
style EC that were used in this study are shown in Fig 1. Many manufacturers try to make
their product resemble an actual cigarette (cig-a-like), although they are generally longer and
heavier than conventional cigarettes. Most brands used in this study resembled conventional
cigarettes.

Performance Testing of Cartomizer Style EC

First 10 puffs protocol. EC performance was compared among 12 brands for the first 10
puffs (Fig 2, Table 1). Pressure drop, which measures the leakiness of the EC to air during a
puff, remained stable within a brand over the first 10 puffs, but varied between EC brands (Fig
2A). In contrast to the classic models of EC [2,16], most brands had pressure drops that were
within the range of conventional cigarettes (~30-70 mm H,0), except for BluCig, Mark Ten,
and Crown 7 Imperial, which were below this range (Fig 2A).

During the first 10 puffs, all EC required a single airflow rate to produce aerosol, and this
rate, which ranged from 4-21 mL/s, did not change for any brand during puffing (Fig 2A,
Table 1). In Trtchounian et al 2010, all conventional cigarettes required an air flow rate of 7

PLOS ONE | DOI:10.1371/journal.pone.0149251 February 18,2016 5/14
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Fig 2. Pressure drop, airflow rate, and absorbance for the first 10 puffs. (A) Average pressure drop vs puff number for each brand. Air flow rates for each
brand are listed in the legend on the right of the graph. The grey shaded box represents the pressure drop range for conventional cigarettes.[2,16] (B)
Average absorbance vs puff number for EC over the first 9 puffs was similar within brands, but varied between brands. In A and B, each point is the

mean + standard deviation of three experiments. (C-J) Images of aerosol produced by two different cartomizers from Liberty Stix Eagle (C, D), Greensmoke

(E, F). Mark Ten (G, H) and Vuse (1, J).

doi:10.1371/journal.pone.0149251.g002
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mL/s to produce smoke. Unlike conventional cigarettes, all EC brands, except three (Mark Ten,
Smoke 51 and BluCig), required higher air flow rates than conventional cigarettes (Fig 2A,
Table 1).

Aerosol absorbance, which is related to density, was measured spectrophotometrically over
the first 10 puffs (Fig 2). The aerosol density was relatively stable for the first 10 puffs within a
brand, but varied among brands (Fig 2B). Vuse and Mark Ten had the highest average absor-
bances (0.95+ 0.24 and 0.97 + 0.05, respectively) and Greensmoke had the lowest (0.12 + 0.09)
(Fig 2B, Table 1). For some products, aerosol density varied between cartomizers within a
brand as shown in Fig 2C-2]. Two Liberty Stix Eagle (Fig 2C and 2D), two Greensmoke (Fig
2E and 2F), two Mark Ten (Fig 2G and 2H) and two Vuse (Fig 2I and 2J) cartomizers produced
aerosol with very different densities within each brand. This variation in aerosol density within
brands could contribute to the high standard deviations in absorbance readings observed for
some brands (Fig 2B).

Modified Smoke-out Protocol. EC pressure drop, air flow rate required for aerosol pro-
duction, aerosol absorbance, and puff number were evaluated by puffing cartomizers until
either aerosol was no longer produced or 300 puffs were taken (Fig 3, S1 Fig, and Table 1).

Pressure drop data for six brands of EC are shown in (Fig 3A, 3C, 3E, 3G, 3I and 3K), and
data for four additional brands are in (S1A, S1C, S1E, and S1G Fig). For each brand, three dif-
ferent fresh cartomizers were compared. Within brands, three distinct patterns of data were
observed: (1) all three cartomizers performed similarly or the same, (2) two cartomizers were
similar, while the third performed differently, and (3) all three cartomizers performed differ-
ently. The first performance pattern (all similar) was observed for BluCig, Vuse, Safe Cig,
Smoke 51, South Beach Smoke, and V2 Cigs (Figs 3A, 3C, S1A, S1C, S1E and S1G). While
occasionally a few puffs varied within a trial, most puffs were similar for a given cartomizer
throughout the entire smoke out (Fig 3A and 3C and S1A, S1C, S1E and S1G Fig, Table 1). The
second pattern (two similar and one different cartomizer) was seen in NJOY NPRO and Green-
smoke (Fig 3E and 3G). The pressure drop for NJOY trials 1 and 3 (red and blue lines) were
very similar, while trial 2 (green line) differed (Fig 3E). In trial 2, the pressure drop decreased,
then peaked at puff 30 (300 mmH,0), decreased again, then peaked at puff 90 (300 mmH,0),
then steadily decreased until puff 300 (Fig 3E). The Greensmoke cartomizers for trials 2 and 3
(green and blue lines in Fig 3G) performed similarly, while trial 1 (red line in Fig 3G) was
clearly different. In Greensmoke trial 1 (red line in Fig 3G), the EC required repeated increases
in air flow rate to produce aerosol, and this was accompanied by a corresponding increase in
pressure drop. The pressure drop from trial 1 had steady increases starting at ~ puff 50 (Fig
3G). The third pattern was observed for Liberty Stix Eagle and Mark Ten in which the data
from three trials were different from each other (Fig 31 and 3K). Each Liberty Stix Eagle carto-
mizer required increases in air flow rate in order to maintain aerosol production, and these
increases were accompanied by corresponding increases in pressure drop (Fig 3I). In contrast
for Mark Ten remained fairly constant through the smoke-out, but the three cartomizers had
different pressure drops (Fig 3K)

The air flow rate was measured for every puff during the smoke out protocol and the initial
airflow rates and any increases are indicated by arrows (Fig 3, S1 Fig). Smoke 51 and V2 Cigs
used the same air flow rate (arrows) for all three trials (4 mL/s and 13 mL/s) for all 300 puffs (S1C
and S1G Fig). For South Beach Smoke, two of the three cartomizers used a single air flow rate
throughout the entire trial (15 mL/s), while the third cartomizer required an increase in the air
flow rate to continue aerosol production (S1E Fig). For BluCig and Vuse and Mark Ten, all three
cartomizers required a single air flow rate (arrows) throughout their trials, although the airflow
rates varied within a brand (Fig 3A, 3C and 3K). For NJOY NPRO, each cartomizer used a differ-
ent initial air flow rate (arrows), and each required increases throughout the 300 puffs (Fig 3E).
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For Greensmoke, the cartomizers in trials 2 and 3 required a single air flow rate (arrows) through-
out the entire trial (10 mL/s), whereas the cartomizer in trial 1 required frequent increases in air
flow rate to continue aerosol production (Fig 3G). The three cartomizers from Liberty Stix Eagle
all required frequent increases in air flow rate to sustain aerosol production (Fig 31I).

The aerosol absorbance varied from puff to puff within brands as well as between brands
(Fig 3, S1 Fig and Table 1). For South Beach Smoke, two trials were very similar, while the third
trial had the same absorbance pattern, but produced less aerosol. The average yield for the
three absorbance smoke-out trials was 0.75 + 0.23 (S1F Fig, Table 1). Within the BluCig,
Smoke 51, and V2 Cig groups, absorbance was similar for each trial with average absorbances
of 0.54 +0.15, 0.36 + 0.09, and 0.87 + 0.12, respectively (Figs 3A, S1D and S1H, Table 1). For
Greensmoke and SafeCig, absorbance decreased throughout the smoke-out (Fig 3G, S1B Fig).
All three trials for NJOY NPRO produced significant amounts of aerosol, but the trials were
not very similar (Fig 3F). All trials for Liberty Stix Eagle and one trial for Greensmoke did not
produce a lot of aerosol, and thus required more frequent increases in air flow rate (Fig 3H and
3]). For SafeCig, the three trials all produced different amounts of aerosol in the beginning but
towards the end of the smoke-out, the results were similar (S1B Fig). For both Mark Ten and
Vuse, two cartomizers within groups produced similar aerosol, while the third was in each
group was variable (Fig 3D and 3L).

All products except Vuse, Liberty Stix Eagle, and 2 of 3 Mark Ten cartomizers could be
smoked up to 300 puffs (Fig 3D, 3] and 3L, Table 1). Greensmoke trial 1 (red line) stopped pro-
ducing aerosol at puff 100, while the other two cartomizers produced 300 puffs (Fig 3H). The
three trials for Liberty Stix Eagle did not last longer than 200 puffs (Fig 3], Table 1).

The first 10 puffs from Fig 2 were compared to the first 10 puffs from the smoke-out (Fig 3
and S1 Fig) to determine how much variability there would be between two experiments done
at different times with products purchased at different times (Table 1). Five of the brands
(NJOY, Liberty Stix Eagle, Smoke 51, BluCig, and Greensmoke) produced quite different per-
formance characteristics when comparing the data from the first 10 puff experiment to the first
10 puffs in the smoke-out experiment. As an example, comparisons for these two experiments
for NJOY are: air flow rate: 16 and 8 ml/sec; pressure drop 71 and 101 mm H,O; and 0.67 and
0.41 absorbance units.

Nicotine Concentrations in Cartomizer Style Brands. Nicotine concentrations were
determined in the cartomizer fluid from each sample evaluated in the performance trials
(Table 1). Of 10 brands analyzed, only BluCig had a measured nicotine concentration within
10% of the value given on the manufacturer’s label. Most brands had less nicotine than the
label indicated, and one brand (Smoke 51) had 60% more nicotine than indicated on the label.

Discussion

The performance characteristics of 12 brands of cartomizer style EC were compared using
short and long puffing protocols, and nicotine concentrations on labels vs measured concentra-
tions were compared for each product that contained nicotine. Although cartomizer style EC
are designed similarly, performance characteristics, such as air flow rate, pressure drop, and
aerosol density varied among brands, which is consistent with our previous data [2,16]. Some
of the cartomizer products performed similarly within brands (e.g. BluCig, Smoke 51, and V2
Cigs), while others did not (e.g. NJOY NPRO, Greensmoke, and Liberty Stix Eagle). In addi-
tion, some products performed differently when purchased at different times.

Fig 4 summarizes and compares performance properties across four styles of EC, and S1
Table summarizes data for individual brands collected in this and our earlier studies. As men-
tioned earlier, pressure drop relates to the leakiness of the EC to air during a puff, and the
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lower the pressure drop the easier it is to draw air into the EC and produce aerosol. For most
cartomizers in the current study, pressure drop was relatively stable during prolonged use,
unlike the first generation classic cartridge models which had variable pressure drops (Fig 4A)
[2,16]. Pressure drop for cartomizer EC ranged from 30 mm H,O to 100 mm H,O (Fig 4A).
Cartomizers (Vuse and Mark Ten) from two major tobacco companies as well as the two dis-
posable styles (button activated and air flow activated) had relatively low and uniform pressure
drops both between and within brands [20]. The button activated models were interesting in
that they had lower pressure drops than any of the other styles. As these devices have evolved,
it appears pressure drop has become more uniform within a style and pressure drop values
have become similar to those of conventional cigarettes [2].

The various styles of EC required different air flow rates for aerosol production (Fig 4B).
Cartridge models were highly variable in the air flow rate required for activation and also
required frequent increases in air flow rate during the smoke-out protocol for continued aero-
sol production [2,16]. Cartomizer style EC were activated by a broad range of air flow rates,
with most brands producing aerosol between 4-21 mL/s (Fig 4B) [2,16]. Air flow rate require-
ments for activation were very similar in the major tobacco group. Button-activated disposable
models all used the same air flow rate for activation. All air flow activated models required
between 14-17 mL/s, except for BluCigs which were activated by 7 mL/s [20]. The evolution of
EC products towards lower air flow rates for activation may be a benefit for users.

In our previous performance studies, aerosol absorbance, which is a measure of aerosol den-
sity, was quite uniform within each group of EC [2,16,20]. In contrast, the aerosol absorbance
for the cartomizer models in this study (excluding major tobacco) was variable and ranged
from 0.13 to 0.87 average absorbance units/smoke-out (Table 1, Fig 4C). This range was greater
than for any of the other groups (Fig 4). Within the cartomizer group, absorbance for each
brand differed with some brands producing fairly uniform aerosol between cartomizers, while
others did not. The cartomizers from the major tobacco companies and the air flow activated
models produced aerosol with the highest densities. The variability in aerosol absorbance in
the in some brands in the cartomizer group indicates a need for better quality control in the
manufacturing of these devices.

While puff number in the major tobacco and button activated models were very uniform
within groups, puff number varied in the other three categories (Fig 4D). Puff number was high-
est in the air activated style EC and lowest in the button activated. Cartridge style EC lasted for a
wide range of puffs, as few as 25 to as many as 300 puffs. Except for Smoking Everywhere Plati-
num, Liberty Stix Eagle, Greensmoke, Vuse, and Mark Ten, cartomizer style EC lasted for 300
puffs or more, which is longer than the often advertised puff number (one cartomizer = about 1
package of conventional cigarettes or 200 puffs according to most/some/all advertisements) (Fig
4D). Vuse advertises that their brand will last about 200 puffs, and all units we tested lasted at
least this long. Button-activated EC never lasted longer than 200 puffs. While the air-flow acti-
vated models varied in the number of puffs, most models lasted less than 300 puffs. None of the
disposable brands lasted their advertised number of puffs, which could be attributed to the bat-
tery. In most cases, disposable units stopped producing aerosol because the battery, which is not
rechargeable, died. It is not known how long the disposable units sit in warehouses and in shops
before use, but most have probably lost some of their charge before purchase [20].

There were also discrepancies in the labeling of nicotine concentrations on EC packages, as
reported previously for other EC products [7,22,23]. Only one brand, BluCig, met the Ameri-
can E-Liquid Manufacturing Standards Association (AEMSA) standard for nicotine labeling
which requires that the measured and labeled concentration deviate by less than 10%. Most
cartomizer brands contained less nicotine than the label on the cartons indicated, although one
brand (Smoke 51) had 60% more than the labeled concentration. These labeling discrepancies
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are in agreement with a recent study that measured the amount of nicotine in refill fluids and
found that 35 out of 54 products had nicotine concentrations that deviated from the labeled
concentration by more than 10% [7]. Two brands (Liberty Stix Eagle and Crown 7 Imperial)
did not give a nicotine concentration, but ranked nicotine as low, medium, and high, or bold.
Proper nicotine labeling is a public health concern. Some EC refill bottles without any label
contained over 100 mg/ml of nicotine [7], and some do-it-yourself flavor products that are pre-
sumed to be nicotine free contained nicotine [24]. The variations in performance parameters
and discrepancies in nicotine concentrations may help understand the variability in consumer
puffing patterns and why EC users take more puffs, longer puffs, and more frequent puffs
[21,25,26].

In summary, performance parameters were generally more consistent in cartomizer style EC
than in the classic cartridge style, (except for aerosol absorbance which was most variable in the
cartomizer group), indicating an improvement in performance with the evolution of these prod-
ucts. However, for 5 of the brands there was considerable variation in products purchased at dif-
ferent times. Of the four classes of EC that we have studied, major tobacco cartomizers and
button-activated disposable brands were the most uniform for all performance parameters
across and within brands; however, puff number for button-activated models was lower than
advertised and lower than any of the other groups. For the cartomizer style EC in the 10 puff
protocol, there was little variation within brands, but significant variation between brands. In
the smoke-out protocol, most cartomizer brands had relatively stable pressure drop, air flow
rate, and absorbance, while a few cartomizers behaved differently than others in their group.
The highly variable aerosol absorbances observed in the cartomizer group, the variation in per-
formance parameters within some brands in the cartomizer group, the low puff numbers
achieved with disposable brands, and the variation in performance for some products purchased
at different times indicate a need for better quality control in the manufacture and design of EC.

Supporting Information

S1 Fig. Results from the smoke-out protocol for four EC brands. (A, C, E, and G) Pressure
drop is plotted versus puff number for SafeCig, Smoke 51, South Bach Smoke, and V2 Cigs.
Arrows in A, C, E and G) indicate starting airflow rates (ml/s) and increases in airflow rate that
were needed to continue aerosol production. (B, D, F and H) Absorbance is plotted versus puff
number for the same brands. Open circles indicate puffs where airflow rate (pump speed) was
increased to maintain aerosol production. Data are shown from three different cartomizers for
each brand. Trial 1 = red, trial 2 = green, and trial 3 = blue.

(PDF)

S1 Table. Consolidation of Performance Parameters for all EC devices.
(DOCX)
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Objectives: We compared nicotine concentrations in one brand of refill fluids that were pur-
chased in 4 countries and labeled 0 mg of nicotine/mL. We then identified counterfeit e-cigarette
products from these countries. Methods: Overall, 125 e-cigarette refill fluids were purchased in
Nigeria, the United States (US), England, and China. Nicotine concentrations were measured us-
ing high performance liquid chromatography and compared to labeled concentrations. Refill
fluids were examined to identify physical differences and grouped into authentic and counter-
feit products. Results: Whereas nicotine was in 51.7% (15/29) of the Nigerian, 3.7% (1/27) of the
Chinese and 1.6% (1/61) of the American refill fluids (range = 0.4 - 20.4 mg/mL), 8 British prod-
ucts did not contain nicotine. Products from China, the US, and Nigeria with trace amounts of
nicotine (0.4 to 0.6 mg /mL) were authentic; however, all products from Nigeria with more than
3.7 mg/mL were counterfeit. Conclusions: We introduce 2 novel issues in the e-cigarette indus-
try, the production of counterfeit refill fluids under a brandjacked label and inclusion of nicotine
in 81.3% of the counterfeit products labeled 0 mg/mL. This study emphasizes the need for better
control and monitoring of nicotine containing products and sales outlets.

Key words: electronic cigarettes; counterfeit tobacco-related products; nicotine; addiction; toxicity; public health; tobacco
regulation
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P ] icotine is readily available in electronic
cigarette (e-cigarette) refill fluids that are
sold worldwide. Nicotine concentrations

in these products range from 0 to over 100 mg/

mL, and product concentration labels are often

inaccurate." Even do-it-yourself flavoring prod-

ucts used to create these fluids sometimes contain
nicotine. The widespread distribution and use of
nicotine-containing e-cigarette products presents

a new public health problem that could increase

nicotine addiction, cause poisoning, and lead to

other unwanted health effects.”
In this study we evaluated e-cigarette refill fluids
produced by one manufacturer and sold worldwide.

Specifically, we quantified nicotine in products la-

Esther E. Omaiye, Grad;

beled 0 mg/mL, evaluated products to determine
authenticity, and identified counterfeit zero nico-
tine refill fluids that contained nicotine.

METHODS
Sample Collection and Assessment

Between March 2015 and May 2016, 125 of
LiQua e-cigarette refill fluids (Ritchy Group Lim-
ited) were purchased in Nigeria (29 refill fluids, 7
flavors, purchased over-the-counter in an Abuja de-
partment store and at an online store in Lagos), the
United States (61 refill fluids, 50 flavors, purchased
over the Internet from Kansas and California), Eng-
land (8 refill fluids, in 8 flavors, purchased over the
Internet from Northamptonshire), and China (27
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refill fluids, 25 flavors, purchased over the Internet
from Xiamen and Guangdong). These countries
were chosen to represent different: (1) global re-
gions; (2) levels of economic development; and (3)
levels of consumer product regulation and quality.
Labeled nicotine concentration for all 125 prod-
ucts was “0 mg/mL,” which was interpreted as zero
nicotine. Ritchy Group Limited is a Russian com-
pany with production plants in China and Italy
and contact centers in Moscow, Kansas, the Czech
Republic, and China that distributes products to
over 85 countries (www.ritchy.com). Ritchy was
chosen because of its broad global distribution of
refill fluids, thereby enabling comparison of prod-
ucts purchased in the 4 countries. When possible,
products with the same flavors were purchased in
multiple countries.

Each product was assigned an inventory number,
photographed, and stored at 4°C. All products were
received sealed and undamaged, and were analyzed
within one month of receipt. All products came in
individual boxes, except those from Guangdong
(China). Coloration of each fluid was compared
visually.

Nicotine Concentration Quantification

We used high-performance liquid chromatogra-
phy (HPLC) to quantify nicotine in each sample
using a method described previously.® The limit
of quantification for nicotine was 10 pg/ml with a
limit of detection of 50 ng/ml.

Authentication of E-cigarette Refill Fluids

We defined counterfeit products as ones not
manufactured by Ritchy but sold under the Ritchy
label. We used the Quick Response (QR) barcode,
European Article Number (EAN) barcode, and
guidelines from consumer websites to determine
if refill fluids were authentic or counterfeit.''
We examined products for the presence of QR
codes as recommended by personnel at Ritchy. QR
codes on refill fluids have 5 sets of 4-digit numbers
printed on white stickers located on the bottom or
the caps of refill fluid boxes or bottles. These codes
were either inputted or scanned into the verifica-
tion section (www.ritchy.com/check) on the Ritchy
website, which recognizes numbers that belong to
authentic Ritchy products and distinguishes ones
not generated by Ritchy.

348

We also accessed the globally used 13-digit EAN
barcode, which identifies items for sale at retail
establishments, for authentication. This barcode
consists of: (1) the GS1 prefix which identifies the
country where the product was manufactured or
the member organization to which the manufac-
turer is registered; (2) the unique manufacturer’s
identification code assigned by the GS1 office; (3)
the item or product code which is selected by the
manufacturer; and (4) the check digit which proves
that the manufacturer has thoroughly inspected the
item. EAN barcodes appeared on stickers pasted or
printed directly on each refill fluid box or bottle and
were scanned using ICONIT software. The user is
directed to an Internet site that: (1) identifies the
product as a Ritchy product; (2) fails to identify
the product; or (3) identifies an incorrect Ritchy
product indicating the barcode had been hijacked.
A second line of EAN identification was performed
using a government supported online database
(www.gepir.gsl.org) that provides information on
the company, products, and illegal EAN numbers.

In addition, we used guidelines from e-cigarette
websites and forums to identify counterfeit LiQua
products.'>'* These criteria included the quality of
printing on boxes and bottles (which is inferior on
counterfeit products), the appearance of identi-
cal product images on the Ritchy website, and the
packaging of the product in a box at the time of
receipt, which is characteristic of authentic Ritchy
products. “Product Name on Database” was not
available for the LiQua Q and LiQua HP products

and some premium LiQua flavors.

RESULTS
Nicotine Concentrations in Zero Nicotine
Products

Nicotine was quantified in 125 LiQua e-ciga-
rette refill fluids labeled 0 mg (Table 1, Figures
1A-D, and Supplementary Table 1). No nicotine
was found in 108 samples (Table 1 and Supple-
mentary Table 1). Figures 1A and 1B show Ni-
gerian products that contained nicotine peaks as
indicated by the red arrow at 8 min in Bright To-
bacco flavor (A) and Menthol flavor (B). Figures C
and D show that the same flavors purchased in the
United States (US) contained no nicotine, as indi-
cated by the black arrows. Samples of Two-Apples
from the US, China, and Lagos contained trace
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Table 1
Counterfeit and Suspected Counterfeit E-cigarette Refill Fluids®
# Co® Flavor [Q] (mg/mL)* Coloration® QR® EAN' zlaf:n et 5;03;1: ;bljlasm;ne
1 NG-A MB 20.4+£0.3 Coral NC IC RGHK  Variety (Omg)
2 NG-A MB 123+£0.2 Orange NC IC RGHK  Variety (Omg)
3 NG-A MB 124+£0.2 Orange NC IC RGHK  Variety (Omg)
4 NG-A MB 12.3+0.1 Coral NC IC RGHK  Variety (Omg)
5 NG-A MB 149+ 0.4 Deep Orange NC IC RGHK  Variety (Omg)
6 NG-A MB 155+04 Deep Orange NC IC RGHK  Variety (Omg)
7 NG-A MB 13.6 £0.6 Deep Orange NC IC RGHK  Variety (Omg)
8 NGA BrightTob. 136402  Coral NCIC RGHK (fErey Drink
9 NG-A BrightTob. 129405  Light Orange NC IC  RGHK (Efge;fgy) it
10 NG-A Menthol 9.2+0.0 Clear (translucent) NC IC RC: 13 Illegal Number
11 NG-A Menthol 3.7+0.0 Clear NC IC RC: 13 Tllegal Number
12 NG-A Menthol 42+0.1 Clear (translucent) NC IC RC: 13 Tllegal Number
13 NG-A Menthol 4.1+0.0 Clear (translucent) NC  IC RC: 13 Illegal Number
14 NG-A Watermelon ND Clear NC IC SLHK  No record found
15 NG-A Watermelon ND Clear NC IC SLHK  No record found
16 NG-A Watermelon ND Clear NC IC SLHK  No record found
17 CN-G TwoApples 0.4+0.0 Yellow NB NB N/A N/A
18 CN-G Cola ND Clear NB NB N/A N/A
29 CN-G Peach ND Clear NB NB N/A N/A
20 CN-G Licorice ND Clear w/ YT NB NB N/A N/A
21 CN-G Brownie ND Clear NB NB N/A N/A
22 CN-G Berry Mix ND Clear NB NB N/A N/A
23 CN-G Cheesecake ND Clear NB NB N/A N/A
(continued on next page

amounts of nicotine (range = 0.4 to 0.6 mg/mL),
probably due to contamination or carry over dur-
ing manufacturing. In contrast, all LiQua Bright
Tobacco, MB, and Menthol flavors purchased in
Abuja (N = 13), contained 3.7 - 20.4 mg/mL of
nicotine (Table 1). Nicotine concentrations var-
ied within the same flavor purchased at separate
times, eg, the first set of MB fluids contained 20.4
mg/mL of nicotine (product #1, Table 1), whereas
the second (products #2 - #4) and third (products
#5 - #7) sets contained 12.3 and 14.6 mg/mL,
respectively.

Tob Regul Sci.™ 2017;3(3):347-357
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Physical Properties of E-cigarette Refill Fluids

Within LiQua flavor groups, color varied by
country, eg, Bright Tobacco purchased in Abuja was
coral to light orange, but clear in other countries
(Table 1, Supplementary Table 1, and Figure 1E).
The color of LiQua MB flavors purchased in Abuja
at separate times varied from coral to orange (Figure
1F). This color variation in counterfeit products is
suggestive of inconsistencies during manufacture.
Watermelon-flavored products purchased in Abuja
were clear and identical to those purchased in the
US (Table 1; Supplementary Table 1).
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Table 1 (continued)
Counterfeit and Suspected Counterfeit E-cigarette Refill Fluids®

a #1 — 16 were verified to be counterfeit using all criteria.

No Code/No Box = Unverified)

barcode (IC = Incorrect; NB = None)

b . A N ¢ Mir. Product Name

# Co Flavor [Q] (mg/mL)° Coloration' QR EAN Namet on Database
24 CN-G Ry4 Tob. ND Pale yellow NB NB N/A N/A
25 CN-G Bright Tob. ND Pale yellow NB NB N/A N/A
26 CN-G Virginia Tob. ND Clear w/ YT NB NB N/A N/A
27 CNG raditional -y, Pale yellow NB NB NA NA
28 oNG JlldKreekyp Clear w/ YT NB NB NA NA
29 CNG RedOrental -y Clear w/ YT NB NB NA NA
30 CN-g GoldenOri- Clear w/ YT NB NB NA NA

ental Tob.

American
31 CNG  Ameien - np Clear NB NB NA NA
32 cNg Ooldenrod o\, Clear w/ YT NB NB NA NA

Oriental Tob.

Vermillion
3 oNGg  pmilten  ND Yellow-Orange ~ NB NB N/A  N/A
Note.

suspected of being counterfeit. Supplementary Table 1 contains all authentic products
b Co =Country and location of product purchase (NG-A =
¢ [Q] = Quantified nicotine concentration (+ standard deviation) using HPLC (ND = Not Detected)
d Coloration = Color of the refill fluids (YT = yellow tint;)
e QR = Availability and verification of manufacturer’s Quick Response Code (C = Correct code = Verified; NC/NB =

f EAN = Availability and verification of company and product information using the European Article Number

g Mfr. Name = Name of manufacturer to which product EAN barcode is linked; RGHK = Ritchy Group Ltd HK;
SLHK = Spoilt Ltd HK; RC:13 = Illegal/None; N/A = Not Available

Packaging for #17-33 was not available and these were

Nigeria, Abuja; CN-G = China, Guangdong)

Labeling on Abuja products was fuzzy and of
inferior quality compared to products from other
countries which were of superior quality. Water-
melon-flavored fluids from Abuja were in blue
boxes without a QR code for authentication (Fig-
ures 1G and 1I), but the Kansas sample was in a
green box with a QR code (Figures 1H and 1J) and
was identical to the image on the Ritchy website.
Bright Tobacco labels from Abuja were printed on
a tan background, but labels from other countries
were on white backgrounds that were identical to
images on the Ritchy website. The MB flavor had
no semblance to product images on www.ritchy.
com but existed only on websites discussing “Fake
LiQua e-juices.” Samples from Guangdong, Chi-

na were not received with boxes; therefore, the
semblance and quality of packaging could not be
evaluated.

All products from Abuja had identical lot/batch
numbers unlike products from other countries,
which had different lot/batch numbers for each
sample. Only the “variety pack of ten,” purchased
from Santa Clara (California) and Xiamen had the
same production lot/batch numbers on the fluids
as well as on the variety pack box.

Identification of Counterfeit Products

We examined refill fluids to determine if they
were counterfeit (Table 1) or authentic (Supple-
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Figure 1
Comparison of 0 mg E-cigarette Refill Fluids and Identification of Counterfeit Products
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Note.
(A-D) Three-dimensional HPLC chromatograms showing presence or absence of nicotine in e-cigarette products
labeled 0 mg of nicotine. X axis = time (minutes), Y-axis = absorbance (mAU), and Z-axis = wavelength (nm).
(E-F) These are the color variations between identical refill fluids for Bright Tobacco Nigeria versus USA (E) and MB

flavors (F).

(G-J) Differences in packaging between Watermelon from Nigeria (G) without a QR code (I) and USA (H) with a QR
code for authentication (J).

(K -L) Warning labels and certification logos on Bright Tobacco refill fluid boxes purchased in the USA (K) without
the SGS logo (red box) and in Nigeria (L) with the SGS logo.

The ecotoxic symbol (M) was present on only the counterfeit LiQua refill fluids.
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mentary Table 1) using the QR code, EAN bar-
code, and differences in physical properties of the
products. Using QR codes, we verified that prod-
ucts from the US (except for one), England, La-
gos, and China (Xiamen) were authentic. Products
from Abuja had no QR codes on their boxes and
products from Guangdong (China) were received
without boxes, and therefore, their authenticity
could not be verified (Table 1).

We obtained additional information on coun-
terfeit products using the EAN barcode (Table 1).
Counterfeit Nigerian products were registered to:
(1) Ritchy Group LTD but were linked to the in-
correct product, eg, the 10 ml Bright Tobacco code
identified it as a 30 ml Energy Drink; (2) Spoilt
LTD, a different company, identified by the bar-
code as an “illegal number” (eg, watermelon); or
(3) no company, meaning matching documents
were unavailable (eg, menthol flavors) and it could
not be verified (Table 1). All flavors from other lo-

cations had barcodes and were identical to flavors
found on www.ritchy.com.

Labeling and Warning Symbols

All boxes had a skull and crossbones, over 18,
and X (harmful) symbols (Figures 1K and 1L);
however, only the counterfeit samples had the So-
ciété Générale de Surveillance (SGS) insignia and
the ecotoxic symbol (Figures 1L and 1M). SGS is
a worldwide organization that inspects, verifies,
tests, and certifies that imported goods have been
checked and meet quality control standards (www.
sgs.com). Similar health warnings were reported on
the bottles or boxes of all refill fluids."> Only LiQua
HP flavors stated that a user should “contact a poi-
son center or seek medical assistance if you feel ill
after use.”

Association between Nicotine and Counterfeit
Refill Fluids

We used the above criteria to determine that
16/125 refill fluids labeled 0 mg were counterfeit
products sold under a brandjacked label. About
81% (13/16) of the counterfeit products contained
nicotine (3.7 — 20.4 mg/mL). The 3 counterfeit fla-
vors with nicotine were MB, Menthol, and Bright
Tobacco. Approximately 19% (3/16) of watermel-
on flavored LiQua, purchased in Abuja, were also
counterfeit but did not contain nicotine.

352

DISCUSSION

We introduce novel issues in tobacco control
and global health — the production of counterfeit
e-cigarette refill fluids and the inclusion of nicotine
in counterfeit products labeled 0 mg. The iden-
tification of nicotine in e-cigarette products that
should be nicotine-free is a health concern for sev-
eral reasons. First, zero-nicotine users with access
to counterfeit products could develop an unwant-
ed addiction that may be difficult to break. Sec-
ondly, a growing number of pregnant women use
nicotine-free refill fluids'® and could unwittingly
expose their fetuses/newborns to a neuroterato-
gen.® Thirdly, refill fluids containing nicotine have
caused numerous poisonings, often in children;'!"”
this potential danger is not apparent from the
mislabeled counterfeit products. Finally, some e-
cigarette users gradually decrease nicotine use with
e-cigarettes.® If these users purchase counterfeit
products containing nicotine, they may be unsuc-
cessful in weaning themselves off nicotine.

Refill fluid users can identify counterfeit products
using the criteria presented in this paper. Counter-
feit fluids purchased in Abuja were d¥500.00 NGN
in contrast to authentic products purchased from
recommended LiQua distributors in Lagos for
N1500.00 NGN. Although counterfeit products
with nicotine were only purchased in Abuja, these
products are readily distributable to other coun-
tries, and we had no difficulty bringing them into
the USA. In addition, the counterfeit products var-
ied in color within flavors, suggesting inconsisten-
cies in their manufacture.

Unlike earlier generations,' the authentic prod-
ucts in this study were generally labeled with safety
warnings and reasonably accurate nicotine concen-
trations. LiQua Q flavors purchased in California
carried the Proposition 65 warning stating the
product contains substances that may cause can-
cer or produce reproductive/developmental prob-
lems.” However, only LiQua HP flavors contained
warnings such as not recommended for non-smok-
ers, contact with skin maybe toxic, keep out of
reach of children and pets, and contact a poison
center if you feel ill after use. The SGS logo implies
products have undergone supervision and quality
control from acquisition of raw materials through
manufacturing to final production and distribu-
tion. Users of refill fluids should be skeptical of this

logo as it appeared only on counterfeit products.
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Counterfeit products have been problematic in
the conventional tobacco cigarette industry.”! Our
study demonstrates that the problem of counterfeit
products extends to the e-cigarette retail market.
However, because our study is limited to products
from one company and 4 countries, future studies
are needed to determine the breadth of counterfeit
e-cigarette sales.

Conclusions

This is the first report that counterfeit e-cigarette
products with inaccurate nicotine labeling and in-
valid quality control certification logos are being
produced under a brandjacked label. Users of these
products would be exposed to nicotine without
their knowledge, which could lead to unwanted
nicotine-induced health effects, as recently summa-
rized by the US Surgeon General.'? In addition, the
counterfeit products varied in color within flavors,
suggesting inconsistencies in their manufacture.
These data will be useful in establishing regulatory
policies for e-cigarettes.

IMPLICATIONS FOR TOBACCO
REGULATION

We introduce a new issue in the emerging e-cig-
arette industry, the inclusion of nicotine in coun-
terfeit products labeled 0 mg/mL. Nicotine also
has been reported in some DIY e-cigarette flavor
products that should be nicotine-free. Mislabeled
counterfeit and DIY e-cigarette products contain-
ing nicotine are a public health concern that could
be addressed by agencies involved in the regula-
tion of tobacco products. These findings emphasize
the need for education of e-cigarette users to the
existence of zero-nicotine products that contain
nicotine and for identification and confiscation of
counterfeit products.
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2015,
Supplementary Table 1

Authentic and Suspected Authentic E-cigarette Refill Fluids*
#  Co®  Flavor [Q] (mg/mL): Coloration!  QR* EAN' x‘f;‘leg (l;’l "S;‘:;bl::;“e
1 NG-L  Two Apples 0.4+0.1 Yellow (¢ (€ RGHK  No record found
2 NG-L  Two Apples 0.6£0.1 Light yellow C C RGHK  No record found
3 NG-L  Strawberry ND Clear @ @ RGHK  Strawberry(0mg)
4 NG-L  Menthol ND Clear w/ GT C C RGHK  Menthol(0Omg)
5 NG-L  Menthol ND Clear w/ GT © © RGHK  Menthol(0mg)
6 NG-L  Menthol ND Clear w/ GT C C RGHK  Menthol(0mg)
7 NG-L  Vanilla ND Clear © © RGHK  Vanilla(Omg)
8 NG-L  Vanilla ND Clear C C RGHK  Vanilla(Omg)
9 NG-L  Vanilla ND Clear C © RGHK  Vanilla(Omg)
10 NG-L  Vanilla ND Clear C C RGHK  Vanilla(Omg)
11 NG-L  Vanilla ND Clear © © RGHK  Vanilla(Omg)
12 NG-L  Vanilla ND Clear C C RGHK  Vanilla(Omg)
13 NG-L  Vanilla ND Clear © © RGHK  Vanilla(Omg)
14 US-K  Two Apples 0.5+0.0 Yellow C C RGHK  No record found
15 US-K  Two Mints ND Clear © @ RGHK  No record found
16 US-K  Peach ND Clear C C RGHK  No record found
17 US-K  Ry4 Tob. ND Pale yellow © © RGHK  No record found
18 US-K  Red Oriental Tob. ND Light yellow C C RGHK  No record found
19 US-K Licorice ND Clear w/ BT © @ RGHK  No record found
20 US-K  Menthol ND Clear w/ YT C C RGHK  Menthol(0mg)
21 US-K  Mints ND Clear © © RGHK  Mints(Omg)
22 US-K  Apple ND Clear C C RGHK  Apple(0mg)
23 US-K  Citrus Mix ND Clear © © RGHK  Citrus Mix(0mg)
24 US-K  Watermelon ND Clear C C RGHK  Watermelon(0mg)
25 US-K  Watermelon ND Clear @ © RGHK  Watermelon(Omg)
25 US-K  Banana ND Clear C C RGHK  Banana(Omg)
27 US-K  Berry Mix ND Clear © © RGHK  Berry Mix(0mg)
28 US-K  Blueberry ND Clear C C RGHK  Blueberry(0mg)
29 US-K  Coffee ND Clear © © RGHK  Coffee(0mg)
30 US-K Cola ND Clear C C RGHK  Cola(0mg)
31 US-K  Energy Drink ND Clear w/ YT (© (€ RGHK  Energy Drink(0mg)
32 US-K  Bright Tobacco ND Clear C C RGHK  Bright Tob(Omg)
33 US-K  Traditional Tob. ND Champagne © € RGHK  Traditional Tob(Omg)
34 US-K  French Pipe Tob. ND Clear w/ YT C C RGHK  French PipeT(0mg)
35 US-K  American Blend Tob. ND Clear w/ YT © © RGHK  Amer Blend(0mg)
36 US-K  Vanilla ND Clear C C RGHK  Vanilla(Omg)
37 US-K  Chocolate ND Yellow © © RGHK  Chocolate(0mg)
38 US-K  HP Overdrive ND Dark Brown C C RGHK  No record found
39 US-K  HP Fruity Velocity ND Clear (© (€ RGHK  No record found

(continued on next page)
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Supplementary Table 1 (continued)
Authentic and Suspected Authentic E-cigarette Refill Fluids®

# Co® Flavor [Q] (mg/mL)¢ Coloration® QR¢  EAN' %::;eg OP;"S::;bNa.;‘;ne
40 US-K  HP summer Drift ND Clear w/ YT C C RGHK  No record found
41 US-K  HP Sweet Accelerator ND Clear w/ YT @ C RGHK  No record found
42  US-K  QApple ND Clear C C RGHK  No record found
43 US-K  QPeach ND Clear © © RGHK  No record found
44 US-K Q Menthol ND Clear C C RGHK  No record found
45 US-K  QBerry Mix ND Clear @ @ RGHK  No record found
46 US-K  Q Pina Colada ND Clear C C RGHK  No record found
47 US-K  Q Cherribakki ND Clear w/ YT @ © RGHK  No record found
48 US-K  Q The Moment ND Clear C C RGHK  No record found
49 US-K  Q Havana Libre ND Clear © @ RGHK  No record found
50 US-K  Q Blackberry Jack ND Clear C C RGHK  No record found
51 US-K  Q Double Bubble ND Clear © © RGHK  No record found
52 US-K  Q Fragola Fresca ND Clear C C RGHK  No record found
53 US-K  Q American Blend ND Clear w/ YT @ @ RGHK  No record found
54 US-K  Q Honeydew Drop ND Clear w/ YT C C RGHK  No record found
55 US-K  Q Golden Roanoke ND Clear w/ YT © © RGHK  No record found
56 US-K  Q Piedmont Sunrise ND Clear C C RGHK  No record found
57 US-K  Q Turkish Tob. ND Clear C C RGHK  No record found
58 US-K  Q Traditional Tob. ND Champagne C C RGHK  No record found
59 US-C Citrus Mix ND Clear © © RGHK  Citrus Mix(0Omg)
60 US-C  Cherry ND Clear C C RGHK  Cherry(0Omg)
61 US-C  Menthol ND Clear w/ YT © @ RGHK  Menthol(0mg)
62 US-C  Apple ND Clear C C RGHK  Apple(0mg)
63 US-C  Berry Mix ND Clear © C RGHK  Berry Mix(0mg)
64 US-C  Grape ND Clear C C RGHK  Grape(0mg)
65 US-C  Coffee ND Clear © © RGHK  Coffee(0mg)
66 US-C Strawberry ND Clear C C RGHK  Strawberry(Omg)
67 US-C  Tiramisu ND Clear w/ YT © © RGHK  Tiramisu(0mg)
68 US-C  Bright Tob. ND Clear C C RGHK  Bright Tob(Omg)
69 US-C  Peach ND Clear w/ YT @ @ RGHK  No record found
70 US-C  Cuban Cigar Tob. ND Clear C C RGHK  No record found
71 US-C  QApple ND Clear © © RGHK  No record found
72 US-C  QPeach ND Clear C C RGHK  No record found
73 US-C  Q Menthol ND Clear C C RGHK  No record found
74  GB-N  Bright Tob. ND Clear C C RGHK  Bright Tob(Omg)
75 GB-N  Menthol ND Clear w/ BT @© © RGHK  Menthol(0mg)
76 GB-N  Apple ND Clear C C RGHK  Apple(0mg)
77 GB-N  Berry Mix ND Clear @ @ RGHK  Berry Mix(0mg)
78 GB-N  Peach ND Clear C C RGHK  No record found
(continued on next page)
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Supplementary Table 1 (continued)
Authentic and Suspected Authentic E-cigarette Refill Fluids®

4 Cob Flavor [Q] (mg/mL): Coloration'  QR¢ EAN' g’[:n " 5;“3:3;22‘;"9‘
79 GB-N  QApple ND Clear @ © RGHK  No record found
80 GB-N  QPeach ND Clear C C RGHK  No record found
81 GB-N  Q Berry Mix ND Clear © © RGHK  No record found
82 CN-X  Bright Tob. ND Clear C C RGHK Bright Tob(0mg))
83 CN-X  Menthol ND Clear @© © RGHK  Menthol(0mg)

84 CN-X  Apple ND Clear C C RGHK  Apple(0mg)

85 CN-X Citrus Mix ND Clear © @ RGHK  Citrus Mix(0mg)

86 CN-X  Cherry ND Clear C C RGHK  Cherry(0mg)

87 CN-X  Berry Mix ND Clear C @ RGHK  Berry Mix(0mg)

88 CN-X  Strawberry ND Clear C C RGHK  Strawberry(Omg)

89 CN-X  Grape ND Clear (© C RGHK  Grape(0Omg)

90 CN-X  Coffee ND Clear C C RGHK  Coffee(0mg)

91 CN-X Tiramisu ND Clear w/ YT © © RGHK  Tiramisu(0mg)

92  US-K  Turkish Tob. ND Clear NC C RGHK  Turkish Tob. (Omg)
Note.

a #1 — 91 were verified to be authentic using all criteria. #92 could not be verified using the QR code

b Co =Country and location of product purchase (NG-L = Nigeria, Lagos; US-K = USA, Kansas; US-C = US,
California; CN-X = China, Xiamen)

¢ [Q] = Quantified nicotine concentration (+ standard deviation) using HPLC (ND = Not Detected)

d Coloration = Color of the refill fluids (YT = yellow tint; GT = green tint; BT = brown tint)

e QR = Availability and verification of facturer’s Quick Resp Code (C = Correct code = Verified; NC/NB =
No Code/No Box = Unverified)

f EAN = Availability and verification of company and product information using the European Article Number
barcode (IC = Incorrect; NB = None)

g Mfr. Name = Name of manufacturer to which product EAN barcode is linked; RGHK = Ritchy Group Ltd HK;
SLHK = Spoilt Ltd HK; RC:13 = Illegal/None; N/A = Not Available
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