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Volatile organic compounds (VOCs) and carbonyl compounds in mainstream cigarette smoke
from Japanese cigarettes were measured using solid-sorbent collection, followed by GC/MS and
HPLC. As a result, it was shown that the major carbonyl compounds in mainstream cigarette
smoke were acetaldehyde (48-56 %) and acetone (20-24 %); the major VOCs in mainstream
cigarette smoke were isoprene (40-57 %) and toluene (9-12 %), respectively. A tobacco-like
product, such as Neo Cedar, is the second kind pharmaceutical product; however, it generated
many kinds of carcinogen, such as benzene and furans. Moreover, the total carbonyl
compounds generated from Neo Cedar was 1.1-2.0-fold higher than those from commercially
available cigarettes. During the collection of mainstream cigarette smoke, generation of
VOCs and carbonyl compounds was varied by the condition of the smoking machine. On
every puff collection, the collected amount by the 1st puff was different from that of the 2nd
puff; therefore, it was suggested that the filter structure of the cigarette influenced the chemical
compounds in the mainstream cigarette smoke.

Keywords: mainstream cigarette smoke; carboxen 572; volatile organic compounds; carbonyl
compounds; Neo Cedar.

—173—



—VLl—

Int. J. Environ. Res. Public Health 2014, 11, 11192-11200; doi:10.3390/ijerph111111192

International Journal of
Environmental Research and
Public Health

ISSN 1660-4601
www.mdpi.com/journal/ijerph

Review
Carbonyl Compounds Generated from Electronic Cigarettes

Kanae Bekki !, Shigehisa Uchiyama *, Kazushi Ohta 2, Yohei Inaba !, Hideki Nakagome ? and
Naoki Kunugita !

! Department of Environmental Health, National Institute of Public Health, 2-3-6 Minami,

‘Wako-shi, Saitama 351-0197, Japan; E-Mails: bekki.kanae@niph.go.jp (K.B.);
yohei_inaba@niph.go.jp (Y.L); kunugita@niph.go.jp (N.K.)

Graduated School of Engineering, Chiba University, 1-33 Yayoi-cho, Inage-ku, Chiba-shi,

Chiba 263-8522, Japan; E-Mails: uchiyama.s@chiba-ujp (K.O.); nakagome@tu.chiba-u.ac.jp (H.N.)

*  Author to whom correspondence should be addressed; E-Mail: uchiyama@niph.go.jp;
Tel.: +81-48-458-6262; Fax: +81-48-458-6270.

External Editor: Konstantinos Farsalinos

Received: 24 June 2014; in revised form: 2 October 2014 / Accepted: 16 October 2014 /
Published: 28 October 2014

Abstract: Electronic cigarettes (e-cigarettes) are advertised as being safer than tobacco
cigarettes products as the chemical compounds inhaled from e-cigarettes are believed to be
fewer and less toxic than those from tobacco cigarettes. Therefore, continuous careful monitoring
and risk management of e-cigarettes should be implemented, with the aim of protecting and
promoting public health worldwide. Moreover, basic scientific data are required for the
regulation of e-cigarette. To date, there have been reports of many hazardous chemical
compounds generated from e-cigarettes, particularly carbonyl compounds such as formaldehyde,
acetaldehyde, acrolein, and glyoxal, which are often found in e-cigarette aerosols. These
carbonyl compounds are incidentally generated by the oxidation of e-liquid (liquid in e-
cigarette; glycerol and glycols) when the liquid comes in contact with the heated nichrome
wire. The compositions and concentrations of these compounds vary depending on the type
of e-liquid and the battery voltage. In some cases, extremely high concentrations of these
carbonyl compounds are generated, and may contribute to various health effects.
Suppliers, risk management organizations, and users of e-cigarettes should be aware of
this phenomenon.
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1. Introduction

An electronic cigarette (e-cigarette) is a battery-powered device designed to deliver nicotine to a
smoker. It was first developed by Herbert A. Gilbert, who patented a device described as “a smokeless
non-tobacco cigarette” that involved “replacing burning tobacco and paper with heated, moist, flavored air”
in 1963 [1]. However, the invention of the e-cigarette in 2003 is attributed to Hon Lik, a Chinese
pharmacist, and e-cigarettes were introduced to the Chinese market as a smoking cessation device
in 2004 [2]. There are several types of e-cigarettes, which include nicotine or are nicotine-free
liquid-holding cartridges. E-cigarettes are presented as low-risk products, with a realistic look, feel, and
taste when compared with traditional cigarettes {3]. Among major carcinogens and toxic compounds
such as nitrosamines and polycyclic aromatic hydrocarbons (PAHs) in traditional cigarette smoke,
several combustion products are included in the e-cigarette aerosol, too. Nitrosamines are present at
levels almost similar to nicotine replacement therapies (NRTs) [4], and PAHs are completely absent from
e-cigarettes. E-cigarette vendors have marketed their products as a cheaper and safer smokeless alternative
to traditional cigarettes and a possible smoking cessation tool. Consequently, many cigarette smokers have
turned to e-cigarettes, and the number of e-cigarette smokers is increasing [5—7]. According to a report
by UBS Securities LLC (Union Bank of Switzerland, Zurich, Switzerland), e-cigarette market sales
doubled from $250-$500 million between 2011 and 2012 and are expected to quadruple by 2014 [8]. In
recent years, on the international market, e-cigarettes have been widely advertised via television, radio,
magazines, newspapers, and the Internet. This mass marketing and commercialization of e-cigarettes is
estimated to increase consumer awareness and the future use of e-cigarettes [9]. Additionally, the legal
situation may be contributing to the widespread use of e-cigarettes. The World Health Organization
(WHO) raised the alarm with regard to e-cigarettes that include nicotine and issued a Technical Report
Series 955 in 2009 which states the following: the safety of e-cigarettes is not confirmed, and e-cigarettes
are not an appropriate tool for smoking cessation therapy [10]. The Food and Drug Administration
(FDA) reported that e-cigarettes contain carcinogens and toxic chemicals, such as nitrosamines and
diethylene glycol, which have potentially harmful effects on humans [11]. Furthermore, the FDA found
that nicotine was detected in the e-cigarette cartridges labeled as nicotine-free [10,12], and carcinogens and
toxic chemicals, such as carbonyl compounds, were detected in the aerosols from e-cigarettes [7,13,14].
Evaluating the source and amount of carbonyl compounds released is crucial for regulators as well as
consumers and manufacturers, and ways to reduce such emissions need to be investigated. This paper
presents an overview of our research in this field, as well as a comparison with other relevant studies.

In this article, we review the results of our research over the past four years, and incorporate the current
literature found in Science Direct, PubMed, and Google Scholar databases from journal articles
published between 2010 and 2014. Various combinations of keywords, such as “e-cigarette”, “electronic
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cigarette”, “chemical components” and “carbonyl compounds” were used to find the relevant literature.
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2. Carbonyl Compounds Emitted from Japanese E-Cigarettes

Uchiyama ef al. measured carbonyl compounds in e-cigarette aerosols using cartridges impregnated
with hydroquinone (HQ) and 2,4-dinitrophenylhydrazine (DNPH), followed by high-performance liquid
chromatography (HPLC) [13-15]. Before collecting the aerosol from the e-cigarettes,
an HQ-cartridge and a DNPH-cartridge were connected. The coupled cartridges were then connected
between the mouthpiece of the e-cigarette and the smoking machine, and the aerosol from the
e-cigarette was drawn into the coupled cartridges (from the HQ-cartridge to the DNPH-cartridge)
according to the Canadian intense regimen (55 mL puff volume, 2-s puff duration, 30-s puff interval,
and 10 puffs) [16]. After collection, the coupled cartridges were extracted using acetonitrile containing
1% phosphoric acid in the direction opposite to that of the air sampling until a 4.5 mL total volume was
attained. After 10 min, ethanol (0.5 mL) was added to the eluate, and the solution was analyzed by HPLC.

Thirteen brands of Japanese e-cigarettes were measured, and several derivative peaks of carbonyl
compounds, such as formaldehyde, acetaldehyde, acetone, acrolein, propanal, crotonaldehyde, butanal,
glyoxal, and methylglyoxal, were detected [13,14]. Table 1 shows the mean amounts of the major
carbonyl compounds generated from the Japanese e-cigarettes. For a typical cigarette smoking
experience of 10 puffs, these values were translated into ug/10 puffs. The top entry in each cell indicates
the mean value for the high-amount group, and the bottom entry indicates the mean value for the low-
amount group. The indices Migh and Mow indicate the number of e-cigarettes that generated high and low
concentrations of carbonyl compounds, respectively. As described below, carbonyl compounds were
incidentally generated by touching the nichrome wire with e-liquid and increasing the battery output
voltage. Therefore, concentrations showed bimodal distributions and were divided in extremely high and
low groups. For clarity, the failure rate (FR) is indicated in Table 1. FR was calculated by the following
equation: FR = Nuigh/(Nhigh + Niow) x 100.

Table 1. Amounts (ug/10 puff) of major carbonyl compounds generated from 13 brands of
Japanese e-cigarettes. Smoking machine was performed at 10 puffs (reproduced from [13]
with permission from The Japan Society for Analytical Chemistry).

Nhigh

Product N FR  Formaldehyde  Acetaldehyde  Acrolein Propanal Glyoxal Methylglyoxal
low

16 3435 26+28 41+£3.8 8.8+11 25+3.6 29+3.1
A 35 3 n.d. n.d. n.d. n.d. n.d. n.d.

06 13+£58 02£0.1 6.6+2.4 1.1£07 16+ 6.6 11+43
B 24 2 14+0.9 nd. 12+0.9 n.d. n.d. 20+1.2

08 22+154 0914 53£55 34+£35 99+£52 12.1£55
¢ 22 z 1.7£14 n.d. 0.6 £ 0.6 n.d. 0.7+07 12+1.0

12 15+ 6.6 13.8+6.6 20£9.9 13.2+£10.5 42+£23 6.1+4.1
D 37 # 0810 n.d. nd. n.d. n.d. n.d.

14 17£7.7 15+6.1 18£6.6 15+83 45+£24 47+43
E 21 40 0.7+0.8 nd. 0.7+0.9 n.d. n.d. nd.

02 6.6+0.9 1.5+0.1 1.1+£0.1 04+0.1 1.5+04 32+05
¥ 03 40 20+1.7 09+0.2 0.7+0.3 n.d. n.d. 0.9+0.8
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Table 1. Cont.

Nhigh
Product N ¢ FR  Formaldehyde  Acetaldehyde  Acrolein Propanal Glyoxal Methylglyoxal
low
01 29 10 10 35 94 20
G 4
25 n.d. n.d. nd. n.d. n.d. n.d.
- 05 7 10+49 46+24 45422 nd. 25+0.5 46+3.1
25 09+14 n.d. n.d. n.d. n.d. n.d.
; 06 20 32+1.0 6.1+32 6.1+£23 77423 n.d. nd.
24 1514 26£29 2.8+2.7 33+£34 n.d. nd.
; 00 0 na. n.a. n.a. n.a. na. n.a.
04 n.d. n.d. n.d. nd. n.d. n.d.
00 na, n.a. na. na. n.a. n.a.
K 0
30 nd. n.d. n.d. nd. n.d. nd.
L 00 0 n.a. n.a. na. na. n.a. n.a.
30 nd. n.d. n.d. n.d. n.d. n.d.
M 00 0 na. n.a. n.a. n.a. n.a. n.a.
13 n.d. n.d. n.d. n.d. n.d. n.d.

Notes: Resulting data were divided into two groups based on the formaldehyde concentration (10 mg/m®).
The upper line indicates the mean value for the high-concentration group, and the lower line indicates the mean
value for the low-amount group. Indices Mygr and Niow indicate the number of e-cigarettes that generated high
and low amounts of carbonyl compounds, respectively. FR indicates the failure rate,
which was calculated using the equation as follows: FR = Nyigh/(Nhigh + Niow) % 100. Values are mean + SD;
n.a., not available; n.d., not detected.

Four (J, K, L, and M) out of the 13 e-cigarette brands did not generate any carbonyl compounds.
The other nine e-cigarette brands (A, B, C, D, E, F, G, H, and I) generated various catbonyl compounds.
The amount of carbonyl compounds obtained for the high-amount group was significantly higher than
that obtained for the low-amount group. The maximum concentrations of formaldehyde, acetaldehyde,
acrolein, propanal, glyoxal, and methylglyoxal were 140, 120, 40, 46, 23, and 21 pg/10 puffs,
respectively. Most notably, very high amounts of formaldehyde were measured in e-cigarette aerosols.
Glyoxal and methylglyoxal, which show mutagenicity, are specific to e-cigarette aerosols and have been
minimally detected in the mainstream smoke from traditional cigarettes. The amount of carbonyl
compounds in these brands of e-cigarettes varied significantly not only among different brands but also
among different samples of the same products.

3. Mechanism for Generation of Carbonyl Compounds from E-Cigarettes

The design of most e-cigarettes includes a plastic tube holding a battery, an air flow sensor,
a vaporizer, and a nicotine/flavor cartridge with a chemical component, such as glycerols or glycols,
which turn the liquid to aerosol [17]. The function of e-cigarettes has changed from disposable and
rechargeable to “tank systems™ that can hold a large volume of e-liquid. This e-liquid incidentally
touches the heated nichrome wire and is oxidized to formaldehyde, acetaldehyde, acrolein, glyoxal, and
methylglyoxal in the presence of oxygen in the surrounding air [13,14]. There is a great variety of
commercial e-liquids manufactured and distributed by various companies. Figure 1 shows the reaction
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of e-liquid with heated nichrome wire in the study of Uchiyama et al. [13] and Ohta et al. [14]. Glycerol
in e-liquid is oxidized with heated nichrome wire to form acrolein, while propylene glycol in e-liquid is
oxidized to form methyl glyoxal, formaldehyde, and acetaldehyde [13,14]. This e-liquid inadvertently
touches the heated nichrome wire to form these oxidation products.

Figure 1. Oxidation of e-liquid (glycerol and propylene glycol) with nichrome wire
(reproduced from [14] with permission from The Japan Society for Analytical Chemistry).
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ch-on O "¢
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Furthermore, battery output voltage affects the concentration of the carbonyl compounds in the
emission [7]. Some new e-cigarettes allow users to increase vapor production and nicotine delivery by
changing the battery output voltage. Kosmider ef al. showed that increasing the voltage from 3.2-4.8 V
resulted in a 4 to >200 times increase in the formaldehyde, acetaldehyde, and acetone levels [7]. In fact,
the levels of formaldehyde in vapors from high-voltage devices were almost identical to those in
traditional cigarette smoke (1.6-52 pg per cigarette) [18]. Ohta et al. further reported that increasing
levels of carbonyl compounds, such as formaldehyde and acetaldehyde, were observed for a voltage over
3 V [13,14]. Consequently, commercial e-cigarettes with 4--5 V batteries are sufficient to generate
carbonyl compounds, with the battery output voltage significantly affecting the concentration of
carbonyl compounds in the e-cigarette aerosol. As such, high-voltage e-cigarettes may expose users to
high levels of carbonyl compounds.

4. Discussion

E-cigarettes are advertised as less harmful products because they are believed to contain fewer and
less toxic inhaled compounds than traditional cigarettes. Consequently, e-cigarettes are considered to be
an appropriate tool for tobacco harm reduction, which describes actions taken to lower the health risks
associated with using nicotine delivered through combustible tobacco [19]. However, e-cigarettes have
not been theoretically or experimentally proven to be safer products. In fact, there are some case reports
of health damage induced by e-cigarettes in many countries, including the USA and in Europe.
The most common symptom is a dry mouth and throat [12,20] , which is considered to originate from
the water-absorbing property of propylene glycol and glycerol, the main constituents of e-liquids.
Furthermore, several health impacts such as hypertension, asthma, chronic obstructive pulmonary
disease, lipoid pneumonia, cardiac arrhythmias, eosinophilic pneumonitis, congestive heart failure,
disorientation, and hypotension are considered to be caused by e-cigarette use [21-24]. On the other
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hand, benefits of e-cigarette use such as smoking abstinence and a reduction in asthmatic smokers is
reported in the survey of e-cigarette use [25].

However, regulation of the e-cigarette should be considered on the basis of reported adverse health
effects. In some countries and regions, such as Europe and the USA, regulations regarding nicotine
content, labeling, advertising, and sale of e-cigarettes are already in effect [26,27]. Some countries do
not accept e-cigarettes as a cessation tool for smokers, yet regulate it as a medical product [28,29].
Recently, direction about manufacture, presentation, ingredients, sale, and certain aspects of labeling
and packaging were adopted to regulate e-cigarette users and companies in Europe [30]. However,
the chemical compounds generated from the e-cigarettes themselves are yet to be regulated.
To promote e-cigarette regulation, we need to show more substantial scientific data about the impacts of
e-cigarettes. In recent years, several studies, including those of our group, reported that carbonyl
compounds such as formaldehyde, acetaldehyde, acrolein, and glyoxal are often found in e-cigarette
aerosols, which are considered to have toxic effects on human health. Formaldehyde is classified
as a human carcinogen (Group 1) by the International Agency for Research on Cancer (IARC),
and acetaldehyde is classified as possible carcinogenic to humans (Group 2B) [31]. Acrolein causes
irritation of the nasal cavity and damages the lining of the lungs [16]. These compounds in e-cigarettes
are potentially hazardous and induce various health effects on its users.

Some carbonyls, such as formaldehyde, acetaldehyde, and acrolein in e-cigarette emissions have also
been reported in other countries [32—34]. Table 2 shows the amount of formaldehyde, acetaldehyde, and
acrolein in the aerosols of Polish e-cigarettes [35]. According to these data, the emissions from e-cigarettes
without propylene glycol were almost 100-fold lower than those from traditional cigarettes [36].

Table 2. Amounts (pg) of major carbonyl compounds generated from 12 brands of Polish
e-cigarettes. Smoking machine was performed at 150 puffs (reproduced from [35] with
permission from BMJ Publishing Group Ltd.).

Product Formaldehyde Acetaldehyde Acrolein

ECO01 442+4.1 4602 41.9+34
EC02 23.6£8.7 6.8+3.2 44£25
ECO03 302£23 82+125 16.6+2.5
EC04 479+0.2 11.5+£2.0 30.1+64
ECO05 56.1+£14 3.0+£02 220+1.6
EC06 353£27 13.6%2.1 2.1+£04
EC07 19.0+£2.7 11.1£33 85+3.6
EC08 6.0+2.0 88+1.6 0.7+04
EC09 32+0.8 35+£03 ND

EC10 39£1.5 20+0.1 27+1.6
ECI11 23.9+£11.1 37+£15 1.1+0.6
EC12 463 +2.1 12.0+24 744£32

Kosmider et al. reported that formaldehyde and acetaldehyde were detected in eight of 13 samples [7].
The amounts of formaldehyde and acetaldehyde in e-cigarette aerosols at a lower voltage were on
average 13 and 807-fold lower than those in traditional cigarette smoke, respectively. The highest levels
of carbonyls were observed in e-cigarette aerosols generated from propylene-glycol-based solutions.
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Furthermore, the data revealed large variations in carbonyl levels for different e-cigarettes. However, in
general, there is an insufficient amount of data on the hazardous carbonyl compounds emitted from e-
cigarettes, thus warranting continued broad monitoring of these compounds.

5. Conclusions

Studies have shown that e-cigarettes emit toxic carbonyl compounds, generated from thermal
decomposition. These substances can have adverse health effects; however, in most cases, the levels are
lower than those in tobacco cigarette smoke. It is important to expand the research in this field, to better
understand the source of carbonyls emitted from e-cigarettes and find ways to reduce them.
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Fig. 1 Schematic drawing of the HQ-DNPH-cartridge
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Fig. 2 Representative chromatogram of carbonyl-
DNPH derivatives generated from electronic cigarette
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Fig. 3 Concentrations of formaldehyde, acrolein, glyoxal and methylglyoxal generated from various brands of elec-

tronic cigarettes
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Fig. 4 Chromatographic profiles of carbonyl compounds generated by heating ethylene glycol (left panel), propylene glycol (middle panel) and glycerol (right panel)

O KHLAULEREE AR« HQ & DNPH &8 EGLIHI VAN — My YRRV ART 5 53 bRET LR MEETIOMT 795

H,G—OH 0, H\cl:/o . 20
HC—OH " /C§O
ethylene glycol glyoxal
H,C—OH A ©
CH—OH -—9-2——» | +  2H0
HoC—H HsC’xz§°
propylene glycol methylglyoxal
H,C—OH s
CH-OH  ——— cI:H + 2H,0
HyC—OH gHz
glycerol acrolein
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Fig. 5 Generation of carbonyl compounds from ethylene glycol, propylene glycol and glycerol heated by using a
Nichrome wire
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through the HQ-dmpregnated silica and then the DNPH-impregnated silica.. During extrac-
tion, excess DNPH was washed into the HQ bed, where it reacted with acrolein and other
trapped carbonyls to form the corresponding hydrazone derivatives. All of the hydrazones
derived from airborne carbonyls were completely separated and measured using HPLC. In
this study, we analyzed carbonyl compounds generated by the electronic cigarette using the
HQ-DNPH technique. Results showed that formaldehyde, acetaldehyde, acrolein, glyoxal and
methyl glyoxal were contained in the electronic cigarette smoke. The maximum concentra-
tion of formaldehyde was 260 mg/m’. Depending on the brand, cartridges usually contain
humectants to produce the vapor (e.g ethylene glycol, propylene glycol or giycerol) and flavors
(e.g- tobacco, mint, fruit and chocolate). Therefore, a simple electronic cigarette was made,
comprising a coiled Nichrom wire and glycols ; a voltage of 1.5~7.5 V was applied to the
Nichrom wire. It was found that when the voltage exceeded 3 V, a mist containing carbonyl
compounds was generated. From the results, it was elucidated that ethylene glycol was oxi-
dized to formaldehyde and glyoxal ; propylene glycol was oxidized to formaldehyde, acetalde-
hyde and methylglyoxal ; and glycerol was oxidized to formaldehyde, acrolein, glyoxal and
methylglyoxal.

Keywords : electronic cigarette ; hydroquinone ; 2,4-dinitrophenylhydrazine ; acrolein ; carbonyl
compounds.
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Determination of Carbonyl Compounds Generated from the E-cigarette Using
Coupled Silica Cartridges Impregnated with Hydroquinone and
2,4-Dinitrophenylhydrazine, Followed by High-Performance Liquid

Chromatography
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Carbonyl compounds in E-cigarette smoke mist were measured using coupled silica cartridges impregnated with
hydroquinone and 2,4-dinitrophenylhydrazine, followed by high-performance liquid chromatography. A total of 363
E-cigarettes (13 brands) were examined. Four of the 13 E-cigarette brands did not generate any carbonyl compounds,
while the other nine E-cigarette brands generated various carbonyl compounds. However, the carbonyl concentrations of
the E-cigarette products did not show typical distributions, and the mean values were largely different from the median
values. It was elucidated that E-cigarettes incidentally generate high concentrations of carbonyl compounds.

Keywords E-cigarette, carbonyl compounds, acrolein, glyoxal, methylglyoxal, glycerol, propylene glycol
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Introduction

E-cigarettes (electronic cigarettes or e-cigs) are battery-powered
devices designed to deliver nicotine to a smoker in the form of
a vapor, and were first introduced into the Chinese market in
2004. Currently, they are widely used around the world. In the
United States, as of 2011, approximately 21% of adults who
smoked traditional cigarettes had used electronic cigarettes,
which was an increase from 10% in 2010, according to a study
released by the Centers for Disease Control and Prevention.!
Opverall, approximately 6% of all adults have tried E-cigarettes,
and these estimates are nearly double those from 2010." It was
reported in the news media in 2013 that electronic cigarettes
were beginning to gain cultural acceptance, and sales were
growing rapidly.?

An electronic cigarette contains three essential components: a
plastic cartridge that serves as a mouthpiece and a reservoir for
a liquid, an “atomizer” that vaporizes the liquid, and a battery.
The liquid used to produce the vapor in electronic cigarettes is a
solution of propylene glycol and/or glycerin and/or polyethylene
glycol mixed with concentrated flavors and, optionally, a
variable percentage of liquid nicotine concentrate. These base
liquids have been widely used as food additives, as base
solutions in personal care products, such as toothpaste, and in
medical devices, such as asthma inhalers. However, there are
few reports on chemical compounds in E-cigarette smoke mist;
moreover, the health effects of inhaling nicotine vapor into the
lungs are uncertain.

We have developed a new method (the HQ-DNPH method)

* To whom correspondence should be addressed.
E-mail: uchiyama@niph.go.jp

for the determination of acrolein and other carbonyl compounds
in cigarette smoke using coupled silica cartridges impregnated
with hydroquinone and 2,4-dinitrophenylhydrazine® (DNPH),
and we reported that E-cigarettes sometimes accidentally
generate various carbonyl compounds, such as formaldehyde,
acetaldehyde, acrolein, glyoxal, and methyl glyoxal.>* In these
previous studies, we concluded that ethylene glycol was
oxidized to formaldehyde and glyoxal; propylene glycol was
oxidized to formaldehyde, acetaldehyde, and methylglyoxal;
and glycerol was oxidized to formaldehyde, acrolein, glyoxal,
and methylglyoxal®* In this study, we determined the
concentration of various carbonyl compounds generated from a
total of 363 E-cigarettes (13 brands). The results are presented
herein.

Experimental

Apparatus and reagents

An HPLC system (Shimadzu, Kyoto, Japan) with two LC-
20AD pumps, an SIL-20AC autosampler and an SPD M20A
photodiode array detector, was used. The analytical column was
an Ascentis Express RP-Amide (2.7 um particle size, 150 mm X
4.6 mm i.d., Supelco Inc., Bellefonte, PA). The column
temperature was 40°C, and the injection volume was 10 pL.
Solution A of the mobile phase mixture was composed of
acetonitrile/water (40/60 v/v) containing 5 mmol/L. ammonium
acetate; solution B was composed of acetonitrile/water (75/25
v/v). HPLC elution was carried out with 100% A for 8 min,
followed by a linear gradient from 100% A to 100% B in
37 min, and then maintained constant for 15 min using 100% B.
The flow rate of the mobile phase was 0.7 mL/min.

An LMI/PLUS (Borgwaldt Technik GmbH, Hamburg,

—182—



1220

Germany) smoking machine was used for the collection of
cigarette smoke.

The water used for the HPLC analysis and sample preparation
was deionized and purified using a Milli-Q Water System
equipped with a UV lamp (Millipore, Bedford, MA).
2,4-Dinitrophenylhydrazine hydrochloride (>98%) was obtained
from Tokyo Kasei Co., Ltd. (Tokyo, Japan). Acetonitrile (HPLC
grade, >99.9%), ethanol (>99.5%), hydroquinone (>99%),
phosphoric acid (85% solution in water), and ammonium acetate
(99.999%) were purchased from Sigma-Aldrich Inc. (St. Louis,
MO). The silica gel (spherical, 60/80 mesh, 120 A mean pore
size) was acquired from AGC Si-Tech. Co., Ltd. (Fukuoka,
Japan).

The DNPH-impregnated silica cartridge (DNPH-cartridge)
and the hydroquinone-impregnated  silica  cartridge
(HQ-cartridge) were prepared according to previous reports.>*

Collection and analysis of E-cigarette smoke

Before collecting smoke from the E-cigarettes, an HQ-cartridge
and a DNPH-cartridge were connected. The coupled cartridges
were then connected between the mouthpiece of the E-cigarette
and the smoking machine, and the smoke from the E-cigarette
was drawn into the coupled cartridges from the HQ-cartridge to
the DNPH-cartridge according to the Canadian intense regimen;’
(55 mL puff volume, 2-s puff duration, 30-s puff interval, and
10 puffs). After collection, the coupled cartridges were extracted
using acetonitrile containing 1% phosphoric acid in a direction
opposite to the air sampling direction until the total volume of
the solution was 4.5 mL. After 10 min, ethanol (0.5 mL) was
added to the eluate, and the solution was analyzed by HPLC. If
the extraction was not performed immediately, the HQ-DNPH
cartridge set was decoupled, and the individual cartridges were
capped with stoppers.
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Results and Discussion

Analysis of E-cigarette smoke by the HQ-DNPH method
Various types of carbonyl compounds were detected in the
E-cigarette smoke. Figure 1 shows a representative
chromatogram of a sample eluate by HPLC analysis with UV
(360 nm) detection. In the HQ-DNPH method, it is possible to
analyze C1 - C10 carbony! compounds, and C1 - C3 carbonyl
compounds, such as formaldehyde, acetaldehyde, acetone,
acrolein, propanal, glyoxal, and methylglyoxal, were detected.
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Fig. 1 Representative chromatogram of carbonyl DNPhydrazones
derivatized from DNPH with carbonyls found in E-cigarette smoke.
FA, formaldehyde; AA, acetaldehyde; AC, acetone; ACR, acrolein;
PA, propanal; GA, glyoxal; MGA, methylglyoxal.
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Fig. 2 Concentrations of formaldehyde; acrolein, glyoxal, and methylglyoxal generated from 10
different E-cigarettes of the same brand. Reproduced with permission from Fig. 3 in Ref. 4.
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Table 1 Concentrations (mg/m?) of major carbonyl compounds generated from 13 brands of E-cigarettes

Product N':igh FR Formaldehyde Acetaldehyde Acrolein Propanal Glyoxal Methylglyoxal

A 16 31 6164 48 +51 75+£69 16+19 4.6%6.5 53+£5.7
35 n.d. nd. - nd n.d. n.d. n.d.

B 6 20 44 +19 0.3£0.1 12+43 20+1.2 29+12 20+7.8

24 26+1.6 n.d. 22+16 nd. n.d. 37+£22

C 8 27 40 £28 1.7+25 9.7+10 6.1£6.3 18+9.5 22410

22 3.1%2.6 n.d. 1.1£1.1 n.d. 13+14 21+19

D 12 24 28+12 25+12 36 £18 24+ 19 77141 11£75
37 1.5+1.8 n.d. n.d. n.d. n.d. n.d.

E 14 40 31+14 27+11 34+12 27+15 82+44 8.6£79
21 1.3x1.5 n.d. 1.2+1.7 n.d. n.d. n.d.

F 2 40 12+1.7 2.81£0.2 2.0£0.1 0.7£0.1 2.8+0.7 - 5.8+£09

3 3.6+3.1 1.6+£04 1.24+0.5 n.d. n.d. 1.6£1.5
G 1 4 53 19 19 6.3 17 37
25 n.d. n.d. n.d. n.d. nd. n.d.

H 5 17 19+89 83+43 8.1+4.0 n.d. 4.6+09 84%5.7
25 1.7£2.6 n.d. n.d. n.d. n.d. n.d.
1 6 20 58+£1.9 11+£59 11£42 14+4.1 n.d. n.d.
24 2826 48152 5.0+49 6.0£6.2 n.d. n.d.
J 0 0 n.a. n.a. n.a. n.a. n.a. n.a.
4 n.d. n.d. n.d n.d. n.d. n.d.
K 0 0 n.a. n.a. n.a. n.a. n.a. n.a.
30 n.d. n.d. n.d. n.d. n.d. n.d.
L 0 0 n.a. n.a. n.a. n.a. n.a. n.a.
30 n.d. n.d. n.d. n.d. n.d. n.d.
M 0 0 n.a. n.a. n.a. na. n.a. n.a.
13 n.d. n.d. n.d. n.d. n.d. n.d.

The upper line indicates the mean value for the high-concentration group, and the lower line indicates the mean value for the low-
concentration group. Indices Nugn and Ny indicate the number of E-cigarettes that generated high and low concentrations of carbonyl
compounds, respectively. FR indicates the failure rate, which was calculated using the following equation: FR = Nygh/(Nhign + Niow)* 100.

Values are mean * SD. n.a., not available; n.d., not detected.

Concentration of carbonyl compounds in E-cigarette smoke

The concentration of carbonyl compounds in the smoke mist
from 13 brands of E-cigarettes sold in Japan was determined by
the HQ-DNPH method. The analysis of these actual brands of
E-cigarettes revealed very large variations in the carbonyl
concentrations among not only different brands, but also
different examples of the same products. Typical distributions
of the carbonyl concentrations were not observed for any of the
E-cigarettes tested, and the mean values were largely different
from the median values. These concentration variations were
not caused by the analytical method, because the HQ-DNPH
method has good reproducibility (RSD less than 2.1%).> We
previously reported that the smoke mist generated from
E-cigarettes unexpectedly contains carbonyl compounds.* This
conclusion is based on the fact that for the same E-cigarette
products, it was found that some E-cigarettes generated high
concentrations of carbonyl compounds, while others did not.
Figure 2 shows the concentrations of formaldehyde, acrolein,
glyoxal, and methylglyoxal generated from 10 electronic
cigarettes of the same brand. These results represent triplicate
measurements for 10 samples. As can be seen in the figure, the
number 7 and 9 E-cigarettes generated peculiarly high
concentrations of carbonyl compounds. - Therefore, the resulting
data were divided into two groups based on the formaldehyde
concentration (10 mg/m?): a high concentration group and a low
concentration group. Table 1 shows the concentrations of the
major carbonyl compounds generated from 13 brands of
E-cigarettes. In the table, the top entry in each cell indicates the
mean value for the high-concentration group, and the lower

entry indicates the mean value for the low-concentration group.
The indices Npgn and Ny, indicate the number of E-cigarettes
that generated high and low  concentrations of carbonyl
compounds, respectively. FR indicates the failure rate, which
was. calculated by the following equation: FR = Migh/(NVhigh +
Niow)x 100.

Four (J, K, L, M) out of the 13 E-cigarette brands did not
generate any carbonyl compounds. The other nine E-cigarette
brands (A, B, C, D, E, F, G, H, I) generated various carbonyl
compounds.  The concentrations of carbonyl compounds
obtained for the high concentration group were significantly
higher than that determined for the low concentration group.
The maximum concentrations of formaldehyde, acetaldehyde,
acrolein, propanal, glyoxal, and methylglyoxal were 260, 210,
73, 83, 42, and 38 mg/m?, respectively. For a typical cigarette
smoking experience of 10 puffs, these values translate to
maximum concentrations of 140 pug formaldehyde/cigarette,
120 pg acetaldehyde/cigarette, 33 pg acrolein/cigarette, 46 g
propanal/cigarette, 23 nug glyoxal/cigarette, and 21 ug
methylglyoxal/cigarette. Most notably, very high concentrations
of formaldehyde were measured in the smoke from the
E-cigarettes.  Glyoxal and methylglyoxal are peculiar to
E-cigarette smoke, and have not been detected in the mainstream
smoke from normal cigarettes. = Glyoxal is known to be
mutagenic to Salmonella typhimurium strains TA100, TA102,
and TA104.%7 It has been shown that glyoxal reacts with
guanine residues in DNA.® Its tumor promoting activity has
also been reported.>® Methylglyoxal, the most mutagenic of all
aldehydes, is known to inhibit formaldehyde metabolism, thus
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Fig. 3 [E-cigarette atomizers that generated low and high concentrations of carbonyl compounds.

enhancing formaldehyde-induced cytotoxicity.!!

After smoking an E-cigarette, the atomizer that generated the
high concentrations of carbonyl compounds was burned black.
Figure 3 shows atomizers after smoking 10 puffs. The left
atomizer generated a low concentration. The right atomizer
generated a high concentration of carbonyl compounds, and the
color around Nichrome wire changed from white to black.
These results suggest that the compounds in the E-cigarette
liquid, such as glycerol and glycols, incidentally touch the
heated Nichrome wire and are oxidized to formaldehyde,
acetaldehyde, acrolein, glyoxal, and methylglyoxal.

Conclusions

E-cigarettes incidentally generate carbonyl compounds in the
E-cigarette smoke mist. A possible cause for carbonyl
generation is the oxidation of liquids in the E-cigarette, such as
glycerol and glycols, when they incidentally touch the heated
Nichrome wire in the atomizer, and are oxidized to formaldehyde,
acetaldehyde, acrolein, glyoxal, and methylglyoxal. In some
cases, these hazardous compounds are generated with extremely
high concentrations. Suppliers and users of E-cigarettes should
pay attention to this phenomenon.
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