£S5 EHELZXISEWHOER Y o — LVERE (n=5)

Concentration (mg/g, CTF)

Sample Cigarette brand Propylene Glycerol Triethylene

glycol glycol

AVG 2.50 15.03 <LOQ
MEVIUS 1 MEVIUS ONE 100's SD 0.03 0.47
Ccv 1.36 3.15

AVG 2.82 13.44 <LOQ
MEVIUS 3 MEVIUS EXTRA LIGHTS SD 0.10 0.29
Ccv 3.59 2.14

AVG 2.78 16.39 <LOQ
MEVIUS 6 MEVIUS SUPER LIGHTS SD 027 1.05
Ccv 9.54 6.41

AVG 2.61 13.48 <LOQ
MEVIUS 8 MEVIUS LIGHTS SD 0.08 0.51
CcvV 2.97 3.81

AVG 2.67 16.05 <LOQ
MEVIUS 10 MEVIUS ORIGINAL N 0.09 0.41
Ccv 3.42 2.55

AVG 2.76 18.51 <LOQ
SS 14 SEVEN STARS SD 0.06 0.75
Ccv 2.12 4.04

AVG 2.93 18.39 <LOQ
ECHO 15 ECHO SD 0.04 0.78
Ccv 1.24 4.22

AVG 3.00 18.81 <LOQ
WKB 19 WAKABA SD 0.11 0.47
Ccv 3.76 2.50

< LOQ), less than limit of quantitation
AVG, average; SD, standard deviation, CV, coeflicient variation
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Concentration (mg/g, CTF)

Sample Cigarette brand Propylene Glycerol Triethylene

glycol . glycol

AVG 5.08 11.24 <LOQ
BVLI BEVEL FALIR MENTHOL SD 0.19 0.43
Cv 3.75 3.86

AVG 3.23 10.39 <LOQ
PIA1 PIANISSIMO petil menthol one SD 0.10 0.19
CvV 2.95 1.81

AVG 4.36 13.44 <LOQ
VS1 VIRSINIA SLIMS One SD 0.13 0.44
(Y 2.95 3.25

AVG 2.96 10.77 <LOQ
PIA3 PIANISSIMO ultra lights SD 0.06 0.22
Ccv 1.98 2.03

AVG 8.41 16.32 <LOQ
VS3 VIRSINIA SLIMS ULTRA Lights SD 0.23 0.45
CvV 2.76 2.76

AVG 8.31 14.71 <LOQ
MB4 Marlboro ULTRA LIGHTS SD 0.31 0.38
Ccv 3.72 2.55

AVG 4.68 12.37 <LOQ
PIAS PIANISSIMO icene menthol SD 0.04 0.25
(0\% 0.77 2.03

AVG 1.42 <LOQ <LOQ

BVL6 BEVEL LIGHTS SD 0.02
cv 1.15

AVG 8.98 17.33 <LOQ
VS6 VIRSINIA SLIMS Lights SD 0.18 0.31
Ccv 2.01 1.80

AVG 7.76 11.98 <LOQ
MBS Marbolo LIGHTS 100's SD 0.03 0.10
CcvV 0.42 0.80

AVG 6.74 33.20 <LOQ
KOOL KOOL Boost 8 SD 0.18 0.79
Ccv 2.66 2.37

<LOQ, less than limit of quantitation
AVG, average; SD, standard deviation, CV, coeflicient variation
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Concentration (mg/g, CTF)
Cigarette brand Propylene Glyceerol Triethylene

glycol glycol

AVG 5.63 15.17 <LOQ
11 domestic menthol cigarette SD 2.56 6.75
Ccv 45.43 44.49

AVG 2.76 16.26 <LOQ
8 domestic cigarette SD 0.16 2.18
Cv 5.90 13.42

< LOQ, less than limit of quantitation
AVG, average; SD, standard deviation, CV, coeflicient variation
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Standard Cigarette Polonium-210

Brand No. mBa/g) (m Bqg/7A) Mean *SD *xCV @ )

1 10.5 5.8
2 9.6 5.3
1R5F 3 1.2 6.2 56 + 0.39 6.7
4 9.6 5.2
5 10.4 5.7

ntofvariation

*SD : standard deviation, **CV : coeff
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Standard Cigarette

Polonium-210

Brand No. (@ Bg/g)

m Bg/&)

Mean SD CV &)

MEVIUS Extra
Lights

G o WM

18.0
20.8
18.8
17.6
17.4

185 + 1.45 7.6

1 31.9
2 29.1
MEVIUS Lights 3 32.7
4 29.9
5 33.2

19.3
17.6
19.8
18.0
20.1

18.9 + 1.12 5.7

1 35.9
2 317.2
Seven Stars 3 36.9
4 38.8
5 37.7

241
24.9
247
26.0
25.3

25.0 = 0.73 2.8

1 36.0
2 39.8
Mg 3 413
4 35.6
5 37.8

243
26.9
27.9
241
255

25.7 + 1.72 6.5
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mBq/#& FIEZEMNDS
F-lfC = T4 IILR— F R ERE~D
f=IX 28  Mean BEsEL  Mean SD Mean ®I1TE (%)
Mevius /6.8 ISO 0.1< <0.76
One HCI 1.3 % 0.26 <0.76 7.6
Mevius (6.8 Iso 1.1 % 0.05 <0.76 6.8
Original HCI 2.6 % 0.53 <0.76 15.8
Sevnen 95 ISO 1.7 + 0.06 <0.76 6.9
Stars HCI 4.0 % 0.16 <0.76 15.9
F11 EELZIZIEHOERER R =0 L2100 5 H R
mBq/zK IECEMND
f-IX2%E T4 ILE— AR ERE~D
Mean BliER  Mean SD Mean #iTE %)
, ISO 8.5 + 0.75 <0.7 50.8
Mevius One 16.8
HCI 7.1 + 0.84 <0.7 42.5
Mevius (55 ISO 5.5 <0.7 35.5
Super Light HCI 5.9 <0.7 38.1
Sevnen 25 0 IsO 9.3 + 0.85 <0.7 37.1
Stars HCI 8.7 + 1.77 <0.7 34.8
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We developed a simple method for the simultaneous determination of volatile organic compounds
(VOCs) and carbonyls in the mainstream cigarette smoke using a sorbent cartridge at ambient tem-
perature without the traditional cryogenic impinger. A sorbent cartridge is installed between intake
filter and the pump of the smoking machine. Collection of cigarette mainstream smoke is performed
according to the Canadian Intense regime or the 1SO regime. As adsorbent, Carboxen 572 (CX-572) is the
most suitable for collection of VOCs and carbonyls in the mainstream cigarette smoke. Elution of VOCs
and carbonyls from CX-572 is performed by the two-step elution with carbon disulfide and methanol.
VQOCs are eluted by first elution with carbon disulfide and carbonyls are eluted by second elution with
methanol. For VOCs, a portion of eluate is analyzed by gas chromatography-mass spectrometry. For
carbonyls, a portion of eluate is derivatized with enriched 2,4-dinitrophenylhydrazine solution and ana-
lyzed by high-performance liquid chromatography. Measurement values by CX-572 cartridge method are
very close to those obtained by traditional impinger method except for 2-butanone. Impinger methods
use 2,4-dinitrophenylhydrazine solution containing 50% water and 2-butanone-DNPhydrazone may be
hydrolyzed with water. In the CX-572 method, the hydrolysis of 2-butanone is prevented because the
eluate solution contains no water. CX-572 method can measure cigarette smoke resulting from not only
one whole cigarette but also from one puff volume because of its high sensitivity and simple operation.
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Volatile organic compounds
Carbony! compounds
Smoking machine

Carbon molecular sieves
Carboxen 572

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Cigarette smoking is associated with a variety of pulmonary
and cardiovascular disorders including emphysema, atherosclero-
sis and cancer [1-5], and causes 30% of all cancer deaths. Cigarette
smoke, which can be divided into gas phase and particulate mat-
ter, is a complex mixture consisting of more than 5000 chemicals
and at least 50 of these are carcinogenic [6,7]. Volatile organic
compounds (VOCs) in gas phase cigarette smoke include haz-
ardous substances, specifically, benzene, 1,3-butadiene, isoprene
and acrylonitrile that are carcinogenic and prevalent toxins [8,9].
Benzene induces leukemia both in humans with occupational
exposures [10,11] and in experimental animals [12,13]. In Inter-
national Agency for Research on Cancer (IARC) monographs [14],
benzene was classified as a Group-1 compound (carcinogenic to
humans), citing additional evidence of an increased incidence of
acute nonlymphocytic leukemia in workers exposed to benzene.

* Corresponding author. Tel.: +81 048 458 6262; fax: +81 048 458 6270.
E-mail addresses: uchiyama®niph.go.jp, uchivama.s@trad.ocnne jp
(S. Uchiyama).

0021-9673/$ - see front matter © 2013 Elsevier B.V. Al rights reserved.
http://dx.doi.org/10.1016/j.chroma.2013.09.019

1,3-Butadiene is known to be a human carcinogen based on suffi-
cient evidence of carcinogenicity from studies in humans, including
epidemiological and mechanistic studies [ 15]. Similarly to benzene,
1,3-butadiene was currently classified as a Group-1 carcinogen by
IARC [16]. Isoprene has been identified as a carcinogen in humans
and experimental animals {17]and was classified as a Group 2B car-
cinogen (possibly carcinogenic to humans) on the basis of sufficient
evidence for carcinogenicity at multiple organ sites in both mice
and rats, especially male mice, exposed by inhalation [18]. Acry-
lonitrile was found to be carcinogenic to rats with tumors reported
in the central nervous system, mammary gland, and a few other
rare tumor sites. IARC classified acrylonitrile in 1999 as Group 2B,
based on evidence from experimental animals [19]. Similarly to
VOCs, carbonyls such as aldehydes and ketones in cigarette smoke,
have received much attention as hazardous substances in studies
of environmental and biological chemistry. Long-term exposure to
relatively high levels of formaldehyde is known to increase the
risk to humans [20-23]. In 2004, IARC reclassified formaldehyde
as a Group 1 human carcinogen that causes nasopharyngeal cancer
and also concluded that there is a “strong but not sufficient evi-
dence for a causal association between leukemia and occupational
exposure to formaldehyde” [24]. Acetaldehyde may be responsible
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for increased risk of head and neck cancer and esophageal cancer
and was classified as a Group 2B substance [25-27]. Acrolein is
not currently a suspected human carcinogen as, to date, no studies
have been conducted to observe its carcinogenic effects on human
cells. However, studies in rats have shown an increase in cancer-
ous tumors from ingestion but not inhalation, and Feng et al. [28]
have recently suggested a connection between acrolein in cigarette
smoke and an increased risk of lung cancer.

Therefore, it is very important to measure VOCs and carbonyls
in cigarette smoke and evaluate the effect of smoking on human
health. At the present time, measurement of VOCs and carbonyls
in the mainstream cigarette smoke is performed by two differ-
ent collection methods and two analytical instruments. In the
VOCs analysis, generally, measurement is performed under Health
Canada Intense Regime (HCI) T-116 [29] or CORESTA Recom-
mended Method (CRM) No. 74 [30]. In these regulations, VOCs
are collected by passing the mainstream smoke of two or five
cigarettes through a glass fiber filter disk and into the cryogenic
impinger containing 10 mL methanol cooled to below —70°C by
using dry-ice/isopropanol bath. Then, the impinger solutions are
injected onto a gas chromatograph/mass spectrometer (GC/MS) for
quantitation. In the carbonyl analysis, generally, measurements are
performed under HCIT-104 [31] or CRM No. 70 [32]. In these regu-
lations, carbonyls are collected by passing the mainstream smoke
of two or five cigarettes into the impinger containing 80 mL or
35mL DNPH solution. Then, the impinger solutions are injected
onto a high performance liquid chromatography (HPLC) for quan-
titation.

Thus, these traditional impinger methods need large sampling
devices, cryogenic bath cooled to below —70°C for VOCs, and
very complicated operation. Therefore, we developed the simple
method for the measurement of VOCs in the mainstream cigarette
smoke using a sorbent cartridge at ambient temperature without
the cryogenic impinger.

2. Experimental
2.1. Apparatus and reagents

The GC/MS system (QP 2010 Ultra, Shimadzu, Kyoto, Japan)
was used with a fused-silica column (InertCap AQUATIC-2 60
m x 0.25mm i.d., d=1.4 pm, GL Sciences, Tokyo, Japan) and oper-
ated with temperature programming from 40°C (held for 6 min)
to 250°C at 6°C/min, with He as carrier gas at 0.61 mL/min and
70eV EIMS detection operated in full-scan mode from m/z 40-500.
The injection volume is 1 L (split injection, split ratio 10:1; sep-
tum purge 1 mL/min; injector temperature 240 °C. The HPLC system
(Prominence LC-20, Shimadzu, Kyoto, Japan) was used with two
LC-20AD pumps, an SIL-20AC autosampler and an SPD M20A
photo-diode array detector. The analytical column was an Ascentis
RP-Amide, 3 pum particle size, 150 mm x 3 mm i.d. column (Supelco
Inc., Bellefonte, PA, USA). Solution A of the mobile phase mixture
was acetonitrile/water (50/50, v/v) containing 10 mmol/L ammo-
nium acetate and solution B was acetonitrile/water (80/20, v/v).
HPLC elution was carried out with 100% A for 5 min, followed by a
linear gradient from 100% A to 100% B in 50 min and then held
for 10min. The flow rate of the mobile phase was 0.7 mL/min.
The column temperature was 30°C and the injection volume was
10 L.

The cigarette smoke was generated on a single-port piston-type
smoking machine Model LM1/PLUS (Heinrich Borgwaldt Hamburg,
Germany). Thermal mass flow meter (TSI 4100 Series, TSI Inc.) was
used for measuring the smoking machine puff profiles.

Standard 1,3-butadiene solution (2.0 mg/mL in methanol) was
purchased from AccuStandard Inc. (New Haven, CT, USA). Benzene-
d6 (99.95%), Isoprene (95.0%), acrylonitrile (97%) benzene (99.7%),

toluene (99.7%), carbon disulfide (99.0%) and methanol (99.8%)
were purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Carboxen 563 (CX-563, 20/45 mesh), Carboxen 564 (CX-
564, 20/45 mesh), Carboxen 569 (CX-569, 20/45 mesh), Carboxen
572 (CX-572, 20/45 mesh) and activated carbon (AC, 20/45 mesh)
were purchased from Sigma-Aldrich Inc. (MO, USA). Anasorb 747
(AS-747, 20/40 mesh) was purchased from SKC Inc. (PA, USA).
The water used for HPLC and sample preparation was deionized
and purified using a Milli-Q Water System equipped with a UV
lamp (Millipore, Bedford, MA, USA). 2,4-Dinitrophenylhydrazine
hydrochloride (>98%) was obtained from Tokyo Kasei Co., Ltd.
(Tokyo, Japan). The acetonitrile (HPLC grade, >99.9%), ethanol
(>99.5), phosphoric acid (85% solution in water), and ammonium
acetate (99.999%) were from Sigma-Aldrich Inc. (MO, USA).

Sample cigarettes used in this study were 3R4F, 1R5F from Uni-
versity of Kentucky (Lexington, KY, USA) and CM6 from Cooperation
Center for Scientific Research Relative to Tobacco (CORESTA, Paris,
France).

2.2. Preparation of the sorbent cartridge (CX-572 cartridge)

CX-572 particles were weighed into a glass tube and conditioned
at380°Cfor5 hundera flow of purified nitrogen at 50 mL/min using
a tube conditioner (TC-20, Markes Int. Ltd., Mid-Glamorgan, UK).
After cooling to room temperature, carbon adsorbents were packed
into the polyethylene cartridges (Rezorian tube, 1 mL, Supelco Inc.,
Bellefonte, PA).

2.3. Preparation of the enriched DNPH-solution

Phosphoric acid (25mL) and DNPH hydrochloride (1g) are
added in a 50 mL volumetric flask, and then this solution is diluted
to 50 mL with acetonitrile. This mixture solution is continuously
stirred with a magnetic stirrer until a clear solution is obtained and
stored in a refrigerator at 4 °C.

2.4. Collection cigarette smoke using a CX-572 cartridge

Test cigarettes are placed at 22 °C temperature and 60% humid-
ity. CX-572 cartridge is installed between intake filter and pump of
the smoking machine. Collection of cigarette main-stream smoke
is performed according to the HCI regime {33] or the ISO regime
[34]. In the HCI regime, mainstream smoke constituents are col-
lected under the conditions of 55 mL puff volume, 2 s puff duration,
30 puff interval, and 100% blocking of the filter ventilation holes
with Mylar adhesive tape. In the ISO regime, mainstream smoke
constituents are collected under the conditions of 35 mL puff vol-
ume, 2s puff duration, 60s puff interval, and no blocking of the
filter ventilation holes.

2.5. Elution of CX-572 cartridge by two-step elution and analysis

After collection, CX-572 particles together with the frits are
removed from cartridge and deposited into the 15mL septum-
sealed vial. Then, 1 mL of carbon disulfide is slowly added into the
vial through the septum using the syringe with needle. After let-
ting the sample stand for 10min, 4 mL of methanol is added and
stirred for 10s. In the case of VOC analysis, a 1 mL portion of elu-
ate solution is transferred to a 1.5mL autosampler vial, internal
standard (10 mg/mL benzene-d6, 8 L) is added, and then, this solu-
tionis analyzed by GC/MS under the conditions described in Section
2.1. In the case of carbonyl analysis, a 0.5 mL of portion of eluate
solution is transferred to a 5 mL volumetric flask. Then, 0.1 mL of
the enriched DNPH solution is added, and after ten minutes, this
solution is diluted to 5 mL with ethanol and analyzed by HPLC.
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Fig. 1. The changes in flow rates with time during one puff cycle.

3. Results and discussion
3.1. Selection of particle size of adsorbent

Changes in flow rate for puff duration (puff profile) will affect
the generation of chemical substances from cigarette. Puff profile
of smoking machine may vary depending on particle size of adsor-
bent in the sorbent cartridge. Therefore, the changes in flow rate
and pressure drop at puff duration were measured using a thermal
mass flow meter. The test particle sizes of adsorbent were 20/45,
45/60, 60/80, 80/120 mesh. 300 mg of each adsorbent was packed
into the polyethylene cartridge. For reference, impinger filled with
35mL DNPH solution [32] was tested. Thermal mass flow meter
(TS14100) was set in the smoking machine between cigarette and
sorbent cartridge. Then, the smoking machine was run under the
conditions of 55 mL puff volume, 2 s puff duration based on the HCI
regime [33]. Fig. 1 shows the changes in flow rates with time during

one puff cycle. Maximum flow rate was decreased when the par-
ticle size was decreased down to 80/120 mesh. The puff duration
was longer when particle size decreased. Moreover, pressure drops
were observed in cases of smaller particle sizes (data not shown).
Puff profile of impinger was shifted toward longer puff duration
and not completed within 2 s. Puff profile using 20/45 mesh size is
very similar to that with no cartridge (control) and pressure drop
is lowest in comparison to that for other mesh sizes. From these
results, 20/45 mesh size was selected for the sorbent cartridge.

3.2. Selection of adsorbents for the sorbent cartridge

CX-563, CX-564, CX-569, CX-572, AC, and AS-747 were packed
in a two-bed sorbent tube separated with frits (1 mm thickness).
Both beds contained the same sorbent. Adsorbent contents of
front (F) and rear (R) beds was as follows: F/R; 50 mg/450 mg,
100 mg/400 mg, 200 mg/300 mg, 300 mg/200 mg, 400 mg/100 mg,
500 mg/0 mg. Mainstream cigarette smoke fromreference cigarette
CM6 was collected with each sorbent tube using smoking machine
according to the HCI regime [33]. CM6 generates the highest con-
centrations of VOCs and carbonyls in mainstream cigarette smoke
among the reference cigarettes. After collection, in each case adsor-
bent particles of front bed and rear bed were removed from
sorbent tube and analyzed by the procedure described above. Fig. 2
shows changes in collection efficiency of propene, 1,3-butadiene,
isoprene, benzene and toluene with amount of adsorbent. The
collection efficiency was calculated from the ratio of the peak
area of adsorbates of front (F) and rear (R) beds; F/(F+R) x 100.
500 mg of adsorbents can collect all target compounds except for
propene. Propene in cigarette smoke is not a target compound
but can become an index component for ability of adsorbents
because of its low boiling point (—47.6°C) and its difficulty to
adsorption. Overall adsorption abilities decrease in the follow-
ing order: CX-572 > AC>AS-747 > CX-564, CX-563, CX-569 and are
about the same as the following order of surface area: CX-572
(1100 mg/m?)>AC (1070 mg/m?2)>AS-747 (980 mg/m?2)>CX-564
(400 mg/m?), CX-563 (510 mg/m?), CX~569 (485 mg/m?).
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Fig. 2. Changes in collection efficiency with amount of sorbent.
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Fig.3. Chromatographic profiles of VOCs (upper panel)and carbonyls (lower panel) eluted with the various eluates from CX-572 cartridge collected with mainstream cigarette
smoke. BD: 1,3-butadiene; IP: isoprene; AN: acrylonitrile; BZ: benzene; TL: toluene; FA: formaldehyde-DNPhydrazone; AA: acetaldehyde-DNPhydrazone; AC: acetone-
DNPhydrazone; ACR: acrolein-DNPhydrazone; PA: propanal-DNPhydrazone; CR: crotonaldehyde-DNPhydrazone; MEK: methy! ethyl ketone (2-butanone)-DNPhydrazone;

BA: butanal-DNPhydrazone.

Collection efficiencies for carbonyls were similar to VOCs and
decrease in the following order: acrolein > acetone > formaldehyde
>acetaldehyde. 200mg of CX-572 completely adsorbed all car-
bonyls.

Based on these results, 300 mg of CX-572 particles was selected
as the sorbent cartridge.

3.3. Selection of eluents for the sorbent cartridge

Mainstream cigarette smoke from reference cigarette CM6 was
collected with CX-572 cartridge using a smoking machine accord-
ing to the HCI regime [33]. After collection, CX-572 particles were
removed from cartridge and deposited into the 15mL septum-
sealed vial. Then, 5mL of methanol, isopropanol, ethyl acetate,
acetonitrile, or carbon disulfide was added to the vial using the
syringe with needle and the vial was left standing for 30 min. In
the case of VOC analysis, a portion of eluate solution was trans-
ferred into a 1.5 mL autosampler vial and analyzed by GC/MS under
the conditions described above. In the case of carbonyl analysis,
a 0.5mL of portion of eluate solution was transferred to a 5mL
volumetric flask. Then, 0.1 mL of the enriched DNPH solution was
added, and after ten minutes, this solution was diluted to 5mL
with ethanol and analyzed by HPLC. Fig. 3 shows chromatograms
of VOCs and carbonyls eluted with carbon disulfide, methanol and
acetonitrile.

Regarding VOCs, among all the solvents tested, carbon disul-
fide exhibits excellent elution ability to VOCs, however, cannot
completely elute acrylonitrile. Carbon disulfide has week polar-
ity and not suitable for polar substances such as acrylonitrile and
carbonyls. Regarding carbonyls, polar solvents such as acetoni-
trile, methanol, 2-propanol, ethyl acetate and dimethyl sulfoxide
exhibit excellent elution ability and can completely elute the tar-
get compounds, however, carbon disulfide is not completely to

elute carbonyls. Therefore, there were no one solvent acceptable
as eluent for both VOCs and carbonyls. Accordingly, the two-step
elution with polar and nonpolar solvents was examined. VOCs
are eluted by first elution with carbon disulfide and carbonyls
are eluted by second elution with methanol. Mainstream cigarette
smoke of CM6 was collected with CX-572 cartridge and VOCs
and carbonyls were analyzed by the two-step elution method
described in Section 2.5. Fig. 4 shows chromatograms of VOCs
(upper panel) and carbonyls (lower panel) eluted by the two-
step elution method using carbon disulfide and methanol. All
target compounds, 1,3-butadiene, isoprene, acrylonitrile, benzene,
toluene, acetaldehyde, acetone, acrolein, propanal, 2-butanone and
butanal, were completely eluted by the two-step elution method.
Moreover, VOCs and carbonyls in eluate solution never readsorb
into CX-572 particles in the carbon disulfide/methanol mixture
solution.

In the analysis of acrolein using a traditional DNPH-cartridge,
acrolein DNPhydrazone is decomposed rapidly in the DNPH-
cartridge and forms DNPH and acrolein DNPhydrazone adducts
[35-42]. However, CX-572 method uses no DNPH-cartridge and
derivatization with DNPH is performed in the eluate solution.
When derivatization of carbonyls in the eluate is performed using
enriched DNPH solution, acrolein DNPhydrazone decompose in
acidified aprotic solvent solution such as acetonitrile, and this
decomposition can be inhibited by the addition of a protic solvent
suchasethanol [42]. Fig. 5 shows the changesinacrolein DNPhydra-
zone with time in ethanol, methanol and acetonitrile dilution to the
0.5 mL carbon disulfide - methanol eluate from CX-572 cartridge
collected with mainstream cigarette smoke. The decomposition of
acrolein DNPhydrazone was depressed by ethanol.

Based on these results, carbon disulfide and methanol were
selected as eluents for two-step elution to CX-572 method and
ethanol was selected as dilution solvent for carbonyl analysis.
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3.4. Preparation of standard solution

The standard stock solutions (2 mg/mL) of isoprene, acryloni-
trile, benzene and toluene were prepared by dissolving their
reagents in absolute methanol. 1,3-Butadiene is inconvenient for
laboratory use because it has very low melting point (~108.9°C)
and boiling point (-4.4°C) and exist as gas. Therefore, com-
mercially available 1,3-butadiene standard solution (2 mg/mL in
methanol) was used as the standard stock solution. Portions (1 mL)
of 1,3-butadiene, isoprene, acrylonitrile stock solutions and por-
tions (0.4mL) of benzene and toluene stock solution were added
into the 10mL volumetric flask. After addition of 2 mL of carbon
disulfide, the solution was diluted to 10 mL with methanol. Sol-
vent of this standard mixture is the same as sample eluate and
consists of 20% carbon disulfide and 80% methanol. This standard
mixture solution contains 1,3-butadiene (0.2 mg/mL), isoprene
(0.2 mg/mL), acrylonitrile (0.2 mg/mL), benzene (0.08 mg/mL) and
toluene (0.08 mg/mL). After placing 0, 0.2, 0.4, 0.6, 0.8, 1.0 1 mL of
standard mix solution in autosampler vials and diluting with 20%
carbon disulfide methanol solution, 8 L of benzene-d6 (10 mg/mL;
internal standard) is added and analyzed by GC/MS under the
conditions described in Section 2.1. Fig. 6 shows the total ion chro-
matograms of a mixed standard solution. All target compounds
are completely separated under the analytical conditions of this
study. Benzene-d6 (Internal standard) and benzene are partially
overlapped but can be separated with mass chromatograms of m/z
84 and 78 fragments.

Preparation of standard solution for carbonyls was according to
Health Canada method T-104 [31].

3.5. Limit of detection, limit of quantitation, reproducibility and
recovery

The limit of detection (LOD) and limit of quantitation (LOQ) of
a (X-572 cartridge method was calculated using linear regression
theory [43]. 10 L of VOC mixture standard solution (0.05 mg/mL
each) and 10 L of carbonyl mixture standard solution (0.5 mg/mL
each) were introduced into the 10 CX-572 cartridges and ana-
lyzed using the analytical conditions described above. The LOD and
LOQ were calculated as being three times the standard deviation
obtained from the data of 10 samples (Table 1). The reproducibil-
ity of CX-572 cartridge method was estimated from data of 10
cartridges spiked with 10 pL of VOC mixture standard solution
(5mg/mL) and carbony! mixture standard solution (50 mg/mL).
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Table 1

LOD, LOQ, reproducibility and recovery of CX-572 cartridge method.
Compound LOD (1.g) LOQ (pg) RSD (%) Recovery (%)
1,3-Butadiene 0.07 0.24 5.9 106
Isoprene 0.04 0.15 37 106
Acrylonitrile 0.07 0.22 5.6 98.1
Benzene 0.03 0.10 24 103
Toluene 0.03 0.09 2.1 99.3
Acetaldehyde 0.26 0.88 1.2 99.2
Acetone 0.15 0.49 1.5 103
Acrolein 0.13 0.45 2.2 102
Propanal 0.24 0.80 33 96.3
Crotonaldehyae 0.07 025 1.3 102
2-Butanone 0.14 0.46 1.7 102
Butanal 0.29 0.97 23 99.0
i-Valeraldehyde 0.31 1.1 32 95.9

Table 2

The relative standard deviation (RSD) and recovery are shown in
Table 1.

3.6. Measurement of real sample cigarettes

VOCs and carbonyls in mainstream cigarette smoke from ref-
erence cigarettes (CM6, 3R4F, 1R5F) were analyzed by CX-572
method. Table 2 shows the amounts of VOCs and carbonyls in
mainstream cigarette smoke measured by CX-572 method. For ref-
erence, CORESTA data published at March 2013 [30,32] are also
shown in parenthesis in Table 1. Formaldehyde was removed from
the target compounds because it was trapped in the Cambridge fil-
ter pad before the CX-572 cartridge. We have confirmed that 63%
of formaldehyde in mainstream cigarette smoke was trapped into
the Cambridge filter pad. The Cambridge filter pad collects the par-
ticle fraction containing water. Formaldehyde is highly hydrophilic

VOCs and carbonyl in mainstream cigarette smoke measured by CX-572 method. jug/cigarette. Data indicates the mean value (n =5) of the CX-572 method and the parenthesis
indicates the mean value from CORESTA [30,32].

Compound CM6 3R4F 1R5F
I1SO HCI 1SO HCl ISO HCI
Puff number 8.6 12 8.0 9.8 6.5 6.4
1,3-Butadiene 65(61) 110(110) 37 (40) 94 (100) 12(12) 88 (91)
Isoprene 590 (560) 940 (1000) 310(350) 750 (910) 110 (120) 750 (890)
Acrylonitrile 12(12) 24 (25) 8.2(8.5) 27 (27) 2.0(2.1) 25(28)
Benzene 70(60) 120(110) 47 (42) 110 (97) 15(14) 88(79)
Toluene 120(87) 220(170) 84(67) 220(170) 21(19) 160 (140)
Acetaldehyde 670 (690) 1100(1300) 570 (550) 1400 (1600) 200 (140) 1200 (1400)
Acetone 320(270) 580 (520) 250(210) 600 (600) 87(63) 540 (490)
Acrolein 72(69) 120(130) 56 (48) 140 (160) 15(9.3) 110(120)
Propanal 62(53) 120 (100) 49 (42) 130 (120) 16(12) 100 (99)
Crotonaldehyde 25(21) 53 (48) 15(11) 51 (50) 2.0(2.4) 42 (36)
2-Butanone 130(62) 240 (130) 97 (52) 220(150) 34(14) 190 (110)
Butanal 37(37) 68 (70) 26 (25) 65(72) 10(7.7) 57 (59)
i-Valeraldehyde 22(na.) 49 (n.a.) 16 (n.a.) 48 (n.a.) 5.1(na.) 40 (n.a.)
n.a.: not available.
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Fig. 7. Changes in amounts of VOCs and carbonyls in mainstream cigarette smoke with puff number. Open circles indicate every one puff data and closed circles indicate

cumulative data.
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and easy to solve into the Cambridge filter containing tar with
water. [t was suggested that DNPH-silica cartridge method without
Cambridge filter pad is more suitable for collection of formalde-
hyde in mainstream cigarette smoke. All target compounds except
for formaldehyde passed through the Cambridge filter pad.

Almost all measurement values by CX-572 method are very
close to CORESTA data [30,32] except for 2-butanone. Measure-
ment values of 2-butanone by CX-572 method are twofold higher
than CORESTA data. In acidic aqueous solutions, 2-butanone-
DNPhydrazone is hydrolyzed back to the 2-butanone and DNPH
with water [44]. Impinger methods use DNPH solution containing
50% water (28 mol/L) for impinger and 2-butanone-DNPhydrazone
may be hydrolyzed with water. In the CX-572 method, the hydrol-
ysis of 2-butanone may be prevented because the eluate solution
contains no water.

CX-572 method can measure VOCs and carbonyls in mainstream
cigarette smoke from not only one whole cigarette but also from
one puff volume because of its high sensitivity and simple oper-
ation. CX-572 cartridge installed in the smoking machine can be
exchanged with new cartridge at 5s within puff interval of HCI
and ISO regime (30s, 60s). Fig. 7 shows the changes in amounts
of VOCs and carbonyls in mainstream cigarette smoke with puff
number while one cigarette had been smoked according to the
HCI regime. Sample cigarette is CM6. Amounts of 1,3-butadiene,
isoprene, acetaldehyde and acrolein at the first puff were twofold
higher than second puff and after that, however, benzene, toluene,
acetone and 2-butanone were not so varied at every puff. Cumu-
lative data show cubic curve in Fig. 7 and the data of last puff
correlates with the data from one cigarette. Cumulative values at
last puff in Fig. 7 are very close to the one cigarette data described
in Table 1.

4. Conclusions

A sorbent cartridge method (CX-572 method) for measurement
of VOCs and carbonyls in cigarette mainstream cigarette smoke
developed in this study has the advantages of high efficiency, high
sensitivity, and very simple operation. CX-572 cartridge was shown
to be capable of collection of VOCs and carbonyls in cigarette smoke
at room temperature. Moreover, it can measure cigarette smoke
not only from one whole cigarette but also from one puff volume
because of its high sensitivity and simple operation.
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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.
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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.!
Overall, 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 pum particle size, 150 mm X
4.6 mm id., 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,
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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 carbonyl compounds, and CI - 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 carbony! compounds generated from 13 brands of E-cigarettes
Product ]X,h[igh FR Formaldehyde Acetaldehyde Acrolein Propanal Glyoxal Methylglyoxal
A 16 31 61+ 64 48 +51 7.5+6.9 16+ 19 46+65 53+£57
35 n.d. n.d. n.d. 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+1.6 n.d. n.d. 37422
C 8 27 40+ 28 1.7+25 97+10 6.1+63 18+9.5 22+ 10
22 31+£26 n.d. [L1£1.1 n.d. 1.3+14 2119
D 12 24 28+12 25+ 12 3618 24+ 19 7.7+4.1 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 13%+1.5 n.d. 12+£1.7 n.d. n.d. n.d.
F 2 40 12+1.7 2.8+0.2 2.0+0.1 0.7£0.1 2.8+0.7 5.8+0.9
3 3.6%3.1 1.6+0.4 12+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. n.d. n.d.
H 5 17 19+8.9 8.3+43 8.1+4.0 n.d. 4609 8.4+57
25 1.71£2.6 n.d. n.d. n.d. n.d. n.d.
I 6 20 5.8%£1.9 11£5.9 11+4.2 14+4.1 n.d. n.d.
24 2.8+£2.6 48+52 5.0+49 6.0+6.2 n.d. n.d.
I 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. n.a. 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 Nygn 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 = Nyigh/(Nhigh + Niow)X 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 Mg and Niw 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 = Nyign/(Vhigh +
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 ug formaldehyde/cigarette,
120 pg acetaldehyde/cigarette, 33 ug acrolein/cigarette, 46 ug
propanal/cigarette, 23 ug glyoxal/cigarette, and 21 g
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



