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a b s t r a c t

Advanced smoke generation systems, such as the Borgwaldt RM20S® smoking machine used in combi-
nation with the BAT exposure chamber, allow for the generation, dilution and delivery of fresh cigarette
smoke to cell or tissue cultures for in vitro cell culture analyses. Recently, our group confirmed that the
Borgwaldt RM20S® is a reliable tool to generate and deliver repeatable and reproducible exposure con-
centrations of whole smoke to in vitro cultures [1]. However, the relationship between dose and diluted
smoke components found within the exposure chamber has not been characterized. The current study
focused on the development of a headspace stir bar sorptive extraction (HSSE) method to chemically char-
acterize some of the vapor phase components of cigarette smoke generated by the Borgwaldt RM20S® and
collected within a cell culture exposure chamber. The method was based on passive sampling within the
chamber by HSSE using a TwisterTM stir bar. Following exposure, sorbed analytes were recovered using a
thermal desorption unit and a cooled injection system coupled to gas chromatograph/mass spectrometry
for identification and quantification. Using the HSSE method, sixteen compounds were identified. The
desorption parameters were assessed using ten reference compounds and the following conditions led
to the maximal response: desorption temperature of 200 ◦C for 2 min with cryofocussing temperature of
−75 ◦C. During transfer of the stir bars to the thermal desorption system, significant losses of analytes
emi-quantitative analysis were observed as a function of time; therefore, the exposure-to-desorption time interval was kept at the
minimum of 10 ± 0.5 min. Repeatability of the HSSE method was assessed by monitoring five reference
compounds present in the vapor phase (10.1–12.9% RSD) and n-butyl acetate, the internal standard (18.5%
RSD). The smoke dilution precision was found to be 17.2, 6.2 and 11.7% RSD for exposure concentrations
of 1, 2 and 5% (v/v) cigarette vapor phase in air, respectively. A linear response of analyte abundance
was observed as a function of dilution. Extrapolation to 100% (v/v) cigarette vapor phase, i.e., undiluted
smoke, gave yields for the five compounds ranging from 6 to 450 ng for 10 min exposure.
. Introduction

Recent advancements have led to the development of several
moke generation systems such as the Borgwaldt RM20S® [2],
he Burghart Mimic Smoker-01® [3,4] and the Vitrocell Smok-
ng Robot VC 10® [5]. Also, this has led to the development of
ovel in vitro exposure systems such as British American Tobacco’s

BAT) exposure chamber [2] and the CULTEX system [5]. These
ystems generate fresh cigarette smoke over a wide range of dilu-
ions (i.e., exposure concentrations) required for in vitro cell culture
nvestigations.

∗ Corresponding author. Tel.: +1 514 343 6516; fax: +1 514 343 7586.
E-mail address: karen.waldron@umontreal.ca (K.C. Waldron).

021-9673/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.chroma.2010.11.035
© 2010 Elsevier B.V. All rights reserved.

The Borgwaldt RM20S® in combination with BAT’s exposure
chamber using Transwell® inserts enables direct exposure of
in vitro cellular cultures to whole cigarette smoke at the air–liquid
interface (Fig. 1) [2,6,7]. This smoking machine, first commer-
cialized in 2005, can smoke up to four cigarettes simultaneously
with the smoke collected into four independent syringes. Each
syringe can dilute the cigarette smoke with air in ratios ranging
from 1:1.14 to 1:4000 (smoke volume:air volume), which corre-
sponds to a range of 87–0.025% (v/v) cigarette smoke in air. For
biological exposures, doses tend to be in the range of 0.4–5% (v/v)

cigarette smoke in air [2]. The dose at this range of whole smoke
dilution has only been correlated to the mass of total particulate
matter (TPM) deposited on a Cambridge filter pad (CFP) placed
either before the exposure chamber or within it, on a Transwell®

insert [2,6].

dx.doi.org/10.1016/j.chroma.2010.11.035
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
mailto:karen.waldron@umontreal.ca
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Fig. 1. (a) Schematic of the Borgwaldt RM20S® in combination with the BAT exposure chamber showing one of the four smoking ports connected to a dilution syringe. The
m mber
o ly. (b
s out of

s
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s
s
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achine smokes the cigarette, dilutes the smoke and delivers it to the exposure cha
f the syringe allows exposure of cell or tissue culture to the diluted vapor phase on
tir bar for HSSE experiments. For in vitro cell culture assays, medium flows in and

Our group recently carried out a study to determine the preci-
ion and accuracy of dilution of the smoke dose generated by the
orgwaldt RM20S® and delivered to the exposure chamber by mea-
uring two reference standard gases (CH4 and CO) introduced at the
moking port and a cigarette particulate phase marker (solanesol)

rom whole smoke [1]. The repeatability of vapor phase dilution was
4.5% RSD for dilutions of 0.1–0.52% (v/v) CH4 in air and was ≤3.7%
SD for dilutions in air of 1–10% (v/v) CO. The accuracy of CO mea-
urements was 5.8–6.4% error for the dilution range studied. The
epeatability of dilution of the particulate phase in air ranged from
[7]. Insertion of a Cambridge filter pad (CFP) to trap particulate matter downstream
) Cross-section of the exposure chamber [7] showing the location for the TwisterTM

the chamber. In this work, no cells and no culture medium were used.

8.8 to 12% RSD when quantifying solanesol. Overall, the findings
suggested that the Borgwaldt RM20S® is a reliable tool to generate
and deliver repeatable and reproducible doses of whole smoke to
in vitro cultures [1]. Scian et al. [4] measured in detail the chemical
constituents of the particulate phase and reported recoveries at the

exposure chamber of <40% in the Burghart smoking system for most
of the compounds monitored, with repeatability of the measure-
ments reaching over 35% RSD for smoke diluted to 50% (v/v) in air.
To date, no studies have reported the chemical characterization of
the vapor phase smoke components within the exposure chamber



3 togr.

i
p
e
t

p
b
c
a
t
T
c
l
s
t
c
(
t
w
P
s
S

o
a
c
c
b
P
l
d
s
w
≤
u
b
l
d
t
c
c
l
t
u
p

m
(
e
c
t
H
c
o
G
e
m
C
o
t
o
fi
p
d
t
s

from the surrounding environment. Following exposure, the stir
bar was removed using a piece of stainless steel wire and trans-
26 N. Kaur et al. / J. Chroma

tself. Evaluation of the dosimetry linearity of gaseous compounds
resent in the cigarette smoke following dilution and transfer to the
xposure chamber is important to complete the characterization of
his type of in vitro cell system.

Cigarette smoke is an extremely complex aerosol mixture com-
osed of over 5000 chemical compounds [8,9] found distributed
etween the particulate and vapor phases. The vapor phase of
igarette smoke contains volatiles and semi-volatiles that play
major role in the in vitro toxicological responses [10–14]. In

his study, only the vapor phase of cigarette smoke was targeted.
echniques used for the collection and extraction of vapor phase
onstituents include vapor–liquid extraction, simultaneous distil-
ation extraction (SDE), solid phase microextraction (SPME) and
tir bar sorptive extraction (SBSE). The first two techniques tend
o be time consuming and have resulted in poor repeatability [15]
ompared to SPME and SBSE. SPME using poly(dimethylsiloxane)
PDMS) as the absorptive phase has been used for the analysis of
he volatile phase of tobacco flavors [15]. Among other problems
ith SPME is the reduced sensitivity due to limiting volumes of

DMS that can be used. SBSE, which also relies on PDMS as the
orptive phase, may resolve some of the issues faced when using
PME.

SBSE, which was introduced in 1999 [16], is based on the the-
ry of SPME and has been used extensively for environmental, food
nd biological applications [17]. SBSE was explored for extraction of
igarette vapor phase components due to its higher mass loading
ompared to traditional SPME, as it uses a thicker film of adsor-
ent together with an increased surface area [18]. For the moment,
DMS is the only commercially available SBSE coating. It provides
ow detection limits; in the sub-ppb level [16,19]. Typical SBSE
evices, such as the TwisterTM from Gerstel, consist of a magnetic
tir bar encased in glass and coated with a ≤1 mm film of PDMS,
hich can contain between 55 and 219 �L of PDMS (compared to
0.5 �L in SPME) depending on the length of the stir bar. SBSE

sed to sample the vapor phase is referred to as headspace stir
ar sorptive extraction (HSSE) [20–23]. Following exposure to a

iquid or gaseous sample, the stir bar is placed within a thermal
esorption unit coupled to a GC for separation and analysis. Advan-
ages of HSSE and SBSE include robustness, ease of handling volatile
ompounds, automation, stability, good reproducibility and appli-
ation to many types of analytes, heterogeneous samples and vapor,
iquid and solid samples. A major drawback associated with both
echniques is the difficulty to perform true quantitation even when
sing an internal standard, particularly in HSSE when only liquid
hase standards are available.

The objective of the current study was to develop a solvent-free
ethod to chemically characterize the vapor phase components

volatiles and semi-volatiles) of diluted 3R4F cigarette smoke, gen-
rated by the Borgwaldt RM20S® and collected within an exposure
hamber. The method chosen is based on passive sampling within
he chamber (where cells or tissue cultures would be placed) by
SSE using a TwisterTM stir bar. Following exposure to diluted
igarette smoke, sorbed analytes are recovered using a thermal des-
rption unit (TDS) and a cooled injection system (CIS) coupled to
C/MS for identification and quantification. A central composite
xperimental design based on three factors was proposed to deter-
ine the optimal desorption temperature, desorption time and

IS cryofocussing temperature needed to maximize the peak areas
f ten selected reference compounds. Each factor was assessed at
hree levels. Using the experimental center-point, the repeatability
f the HSSE method for diluted cigarette smoke was assessed for
ve of the vapor phase reference compounds. Recovery of the vapor
hase components was measured as a function of time. Lastly, the

ilution precision was measured for a range of smoke dilutions
ypically used for cell culture assays (range of 1–5% (v/v) cigarette
moke in air).
A 1218 (2011) 324–333

2. Materials and methods

2.1. Whole smoke exposure system: the Borgwaldt RM20S®

smoking machine and BAT’s exposure chamber

The Borgwaldt RM20S® (Borgwaldt KC GmbH, Hamburg,
Germany) is an automatic smoking machine that generates and
dilutes cigarette smoke for in vitro cell culture investigations [24]. It
has a rotary based engine that can simultaneously smoke four types
of cigarettes for several hours, depending on the smoking regime
used. The instrument has an incorporated anemometer allowing for
correct air flow, as well as electrical lighter, butt detector and butt
extractor. The Borgwaldt RM20S® was designed in collaboration
with BAT (Southampton, UK) and can be used with BAT’s expo-
sure chamber to enable cells or tissues to be exposed to the diluted
smoke generated by the Borgwaldt RM20S® (Fig. 1a). Within the
chamber, the cells or tissues lie on a 24 mm diameter Transwell®

clear insert (Corning, NY, USA), which is a microscopically transpar-
ent porous polyester membrane, and are exposed to smoke at the
air–liquid interface [2,7]. However, no cells/tissues were used in
the current study. At the beginning of each day and following each
usage, the machine was run through a thorough maintenance rou-
tine, as this can affect the performance of the instrument [1]. The
cigarettes used in this study were Kentucky Reference cigarettes
(3R4F) (University of Kentucky, USA) and were conditioned at 22 ◦C
and 60% relative humidity for 48 h prior to smoking. Cigarettes were
smoked in compliance to International Standard Organization (ISO)
puffing profiles, consisting of 35 mL puff volume over a 2 s puff
duration and 60 s puff interval [25] for a total of 10 min unless oth-
erwise indicated. Despite having four dilution syringes available for
use, the same syringe (syringe C) was used throughout this study to
eliminate any potential bias that could have been generated by the
effect of a given syringe [1]. Cigarette smoke was generated with
the Borgwaldt RM20S® and a 44 mm diameter CFP was placed at
the inlet of the exposure chamber to capture the particulate phase
allowing only the vapor phase of the smoke to enter the exposure
chamber. Some semi-volatiles are distributed between both the
particulate and vapor phases (i.e., phenols), and a portion of these
compounds can be retained on the CFP [26,27]. Within the cham-
ber, the PDMS-coated TwisterTM stir bar was placed on a 24 mm
diameter TranswellTM plate (Corning, NY, USA) for the duration of
the smoke run (Fig. 1b). During exposure, no liquid/medium was
used within the exposure chamber, where it would normally be if
cells were present. Following exposure to the diluted smoke vapor
phase (ranging from 1 to 10% (v/v) in air), the stir bar was removed
and transferred to the TDS.

2.2. HSSE sampling and collection

Commercially available TwisterTM stir bars from Gerstel (Mül-
heim an der Ruhr, Germany) were 2 cm in length coated with a
0.5 mm thick PDMS film, which corresponds to 47 �L of PDMS.
Conditioning was carried out according to the manufacturer’s
directions as follows: stir bars were placed in HPLC grade ace-
tonitrile (Fisher Scientific, Whitby, Ontario, Canada) for 2 days and
transferred into a specialized thermal conditioning unit for stir bars
(Gerstel) at 280 ◦C for 4 h with a helium flow rate of 40 mL/min.
This procedure provided for removal of residual acetonitrile and
other impurities present in the PDMS phase. After conditioning,
then cooling to room temperature, the stir bars were either exposed
to a sample or stored in sealed glass tubes to prevent contamination
ferred into an empty glass thermal tube of 4 mm ID and 177 mm
length, blocked at both ends (Gerstel). The minimum transfer time
between the end of smoke exposure and insertion into the TDS
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as 10 ± 0.5 min. Using the optimized desorption method, the stir
ar was immediately ready for the next extraction. According to
he manufacturer, stir bars may be used for hundreds of extrac-
ions with little or no deterioration, as long as temperatures are
elow 325 ◦C and solvents are not used for extraction of com-
ounds. Multiple carry-over tests were performed to confirm that
tir bars would not contribute to carry-over if re-used. During the
xperiments involving the use of higher than normal thermal des-
rption temperatures, stir bars were not re-used if deterioration of
he PDMS phase was observed; e.g., if siloxane background peaks
ere seen in the chromatogram, corresponding to hexamethylcy-

lotrisiloxane (m/z 207), octamethylcyclotetrasiloxane (m/z 281) or
ecamethylcyclopentasiloxane (m/z 73, 267 and/or 355).

.3. Thermal desorption and GC/MS analysis

Analyte determination by GC/MS was carried out with an
gilent 6890N/5973N System (Agilent Technologies, Waldbronn,
ermany) equipped with a TDS (Gerstel) connected to a pro-
rammable temperature vaporization cooled injection system
CIS-4 model, Gerstel) using a transfer line heated at 300 ◦C. Des-
rption was carried out at 200, 250 or 300 ◦C for 1, 2 or 3 min under
helium flow of 60 mL/min. On the CIS-4 injector, the cryofocussing

emperature was set to −100, −75 or −50 ◦C using liquid nitrogen
Praxair, Danbury, CT, USA). Following cryofocussing, the temper-
ture of the CIS-4 was ramped up to 300 ◦C at 10 ◦C/min and held
or 2 min during which time the analytes were transferred to the
C column with a split ratio of 37.3:1, unless otherwise indicated.
eactivated quartz wool liners were used (Gerstel). Separation was
arried out in a DB-5MS column (60 m × 0.25 mm ID, 0.25 �m film
hickness, from Agilent Technologies) with a constant column head
ressure of 25 psi helium as the carrier gas. The oven temperature
as set to 60 ◦C for 0 min and increased by 2 ◦C/min to 108 ◦C, then
eld for 1 min, for a total run time of 25 min. Finally, the analytes
ere detected by the mass selective detector (MSD) in scan mode

rom 41 to 300 m/z at 5.29 scans/s, in positive ion mode. For all
uantitative work, peak areas were obtained from integration of
eaks in the extracted ion chromatograms (XICs).

.4. Reference compounds

From the compounds identified in the vapor phase of cigarette
moke using the methods described above, five were chosen for
se as reference compounds based on their abundances, their wide
istribution across the chromatographic elution window and their
eak resolution: benzene, 2,5-dimethyl furan, toluene, ethylben-
ene and limonene (Thermo Fisher Scientific, ≥95%).

.5. Preparation of n-butyl acetate internal standard (IS)

A 7.6 �M standard solution of n-butyl acetate (Thermo Fisher
cientific) was prepared in HPLC grade methanol (Thermo Fisher
cientific). The IS concentration was selected based on the abun-
ance range of the analyte ions in our sample run. The standard
olution was aliquotted into amber GC vials with crimped alu-
inum caps (Chromatographic Specialties, Brockville, ON, Canada)

or single use and stored at 4 ◦C until use.
In each case, 1 �L of the IS was transferred directly onto the 2 cm

tir bar using a micropipette and left in a closed dish for 15 min
o partition into the bulk PDMS. To assess the repeatability of the
nternal standardization procedure, the stir bar was placed in the

enter of a TDS tube and transferred to the TD system using the
enter point conditions (i.e., desorption at 250 ◦C for 2 min and cry-
focussing at −75 ◦C) of the experimental design as described in
he next section. The repeatability was calculated as the percent
elative standard deviation (RSD) obtained for the mean XIC peak
1218 (2011) 324–333 327

area of the IS (n = 12, using twelve different stir bars) by GC/MS
analysis.

For smoke exposure experiments, stir bars spiked with IS were
exposed to diluted vapor phase (10% (v/v) cigarette smoke in air).
Following exposure, the stir bar was transferred to the TDS within
10 ± 0.5 min. Repeatability was calculated as the percent RSD (n = 6,
using six different stir bars) in mean XIC peak areas of the IS, of each
of the five reference compounds listed above, as well as for the ratio
reference peak-to-IS.

2.6. Optimization of desorption parameters and statistical
analysis

Three factors (TDS desorption temperature, desorption time
and CIS-4 cryofocussing temperature) were selected for maxi-
mization of the GC/MS peak area response using a face-centered
composite experimental design. Three different levels of each
factor were selected: desorption temperatures of 200, 250 and
300 ◦C; desorption times of 1, 2 and 3 min; cryofocussing tem-
peratures of −50, −75 and −100 ◦C. Other than these parameters,
all other conditions were the same as those previously described
for exposure of the stir bar to 5% (v/v) vapor phase in air
for HSSE–GC/MS experiments. The XIC peak areas from the
five reference compounds and an additional five analytes (2-
methyl-1,3-butadiene, 3-methyl-2-butanone, p-xylene, styrene
and 1-methyl-4-(1-methylethylidene)cyclohexane), were ana-
lyzed using a quadratic regression with second order interactions
to determine the maximal response for the three experimental
factors.

2.7. Stability of sorbed compounds on the stir bar

Following exposure to 5% (v/v) vapor phase in air, the stir bar
(i.e., with sorbed sample) was transferred to the TDS at various
time intervals to assess the effect of the delay time between vapor
phase exposure and thermal desorption on recovery of the sorbed
analytes. The times selected for this study were 10, 40, 160 and
1440 min (24 h), where 10 min represented the fastest possible
transfer from the exposure chamber to the TDS due to instrumental
constraints. For stir bars not immediately analyzed, the desorption
tubes were placed in individual plastic containers with caps (having
inert inserts), wrapped in foil and stored at 4 ◦C. Using the optimized
TDS and cryofocussing parameters, the XIC peak areas of the five
reference compounds were used to assess their sorption persis-
tence on the stir bar after exposure. Each time point was analyzed
in triplicate (i.e., n = 3, using three different stir bars).

2.8. Measurement of dilution precision

Stir bars were exposed to various smoke dilution levels typically
used for cell culture assays (1, 2 and 5% (v/v) cigarette vapor phase
in air) for a 10 min smoking period. The optimized HSSE method and
TDS parameters were used for GC/MS measurement of the XIC peak
areas of the five reference compounds for each dilution level. Each
dilution was analyzed in triplicate (i.e., n = 3, using three different
stir bars).

2.9. Semi-quantitative analysis of diluted smoke vapor phase

Standard solutions of the five reference compounds were
prepared in HPLC grade hexane (Thermo Fisher Scientific) and cali-

bration curves comprising 4–7 points covering the following ranges
were prepared: benzene, 0–250 �M; 2,5-dimethyl furan, 0–50 �M;
toluene, 0–100 �M; ethylbenzene, 0–10 �M; limonene, 0–10 �M.
These concentration ranges were selected to match the XIC peak
areas obtained in the smoke vapor samples. In each case, 1 �L of
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ig. 2. HSSE–GC/MS chromatogram showing the identification of 16 compounds fo
ar (TwisterTM) exposed to 10% (v/v) smoke vapor phase dilution in air for a smok
ype, were benzene, 2,5-dimethyl furan, toluene, ethylbenzene and limonene.

iluted standard was directly transferred onto the 2 cm stir bar
sing a micropipette and left in a closed dish for 10 min (same
uration as smoke exposure). Following exposure, the stir bar was
ransferred to the TDS within 10 ± 0.5 min. This quantification pro-
edure was used so that the sorption/desorption processes were
aken into account. The optimized HSSE method and TDS param-
ters were used for GC/MS measurement of the XIC peak areas of
ach standard. Each concentration was analyzed once (i.e., n = 1).
he linear equations obtained from the calibration curves (Table 3)
ere used to estimate the minimum quantities of each reference

ompound present after exposure to 1, 2 and 5% (v/v) cigarette
apor phase in air (Table 3).

. Results and discussion

.1. Vapor phase characterization using HSSE, thermal desorption
nd GC/MS analysis

Our long term goal is to correlate the chemical composition
ith the toxicological response of cells or tissue exposed to diluted
hole cigarette smoke. These experiments complement previous
ork carried out on the reliability of the smoke generation and dilu-

ion in the Borgwaldt RM20S® where repeatability, reproducibility
nd accuracy for solanesol, a particulate phase marker, and the
tandard reference gases CH4 and CO were determined [1]. Follow-
ng a 30 min exposure of the stir bar to 10% (v/v) vapor phase in air,
6 compounds were identified by thermal desorption–GC/MS using

he NIST Scientific and Technical Database Library with a match cri-
erion of ≥80% (Fig. 2). All were confirmed to be present in cigarette
moke based on open literature [8,27–35]. Of the compounds
dentified, which included primarily esters, ketones, aldehydes
r hydrocarbons, five were chosen as reference compounds for
n the vapor phase sample. Sorption was carried out using a 2 cm PDMS-coated stir
riod of 30 min. The five compounds chosen for reference purposes, shown in bold

further study and method optimization (benzene, 2,5-dimethyl
furan, toluene, ethylbenzene and limonene) based on their distribu-
tion across the elution window. The remaining eleven compounds
detected in the sample are identified in the GC/MS chromatogram
(Fig. 2).

Prior to assessing the repeatability of the method, the use of an
IS was explored. Ideally, the IS should be a volatile species exposed
in a similar way as the vapor phase to the stir bar during the smoke
exposure process and should not interfere with the analytes in the
chromatogram. However, due to limitations of the sample type,
smoking machine and health and safety concerns, the IS had to be
applied directly to the stir bar as a liquid prior to exposure. n-Butyl
acetate was chosen for its volatility, which was similar to the refer-
ence compounds, its absence in the cigarette vapor phase sample
and its elution time, which was well separated from the most abun-
dant analytes. Its purpose was to eliminate response variability due
to the thermal desorption–GC/MS analysis steps, but not due to the
smoke generation, dilution, or volatile sorption processes. The IS
peak areas obtained from XICs were compared following a 15 min
sorption period in a closed vessel. The peak area repeatability for
the IS was 25.8% RSD (n = 12). Despite its poor precision, the IS was
used during collection of data following smoke vapor phase expo-
sure. Sources of precision error associated with the use of the IS
may include pipetting and transferring at the 1 �L level, volatility
of the IS over the sorption period, variability in the stir bar retention
capacity and/or TDS and GC/MS steps.

The repeatability of the HSSE method was assessed by compar-

ing the peak areas of the five reference compounds and the spiked IS
after exposure to 5% (v/v) cigarette vapor phase in air. The repeata-
bility of the IS following exposure improved to 18.5% RSD (n = 6)
(Table 1), which was surprising because it included additional han-
dling steps and a longer total exposure period compared to the
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Table 1
Repeatability data for exposure of a PDMS-coated stir bar (TwisterTM) to 5% (v/v) vapor phase in air from 3R4F cigarettes for a 10 min smoking period. Integration results
were obtained from the peak areas of the 5 reference compounds and the IS by GC/MS using the XICs.

Peak # Peak ID Mean peak area RSD (%) (n = 6) Ratio Aanalyte/AIS RSD (%) of ratio

1 Benzene 56816.0 11.2 0.939 17.6
2 2,5-Dimethyl furan 20759.7 12.9 0.342 17.3

c
c
4
s
t
p
c
a
d
A
i

F
b
c
c

3 Toluene 235373.8
4 Ethylbenzene 35956.2
5 Limonene 34796.5
IS n-Butyl acetate 61921.2

losed vessel experiment. The repeatability of the five reference
ompounds varied from 10.1 to 12.9% RSD (n = 6) (Table 1, column
), which represents errors associated with the combined steps of
moke generation, smoke dilution, sorption by the stir bar, desorp-
ion by the TDS, cryofocussing and analysis by GC/MS. The poorer
recision for the IS compared to the five reference compounds

ould be due to it not having been sorbed in the same way (i.e.,
pplied to the stir bar from the liquid versus vapor phase) as well as
ue to errors associated with pipetting only 1 �L at each replicate.
pplication of the IS to correction of analyte peak areas resulted

n higher RSDs (Table 1, column 6) than for the analytes alone and
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thus was not used for quantitative purposes. As a result, peak areas
for the reference compounds without IS correction were compared
in subsequent studies. Due to the complexity of the sample, XICs
were used for integration of the peak areas to avoid measurement
of co-eluting peaks and for accurate quantification.
3.2. Optimization of desorption parameters and statistical
analysis

A face-centered composite experimental design was used to
obtain the maximal response for 10 analytes as a function of three
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esorption parameters. The 3-factor, face-centered design can be
isualized as a cube with a star centered inside having its six points
t the center of each face of the cube. Fifteen combinations of
he three levels of each factor—desorption temperature, desorption
ime and cryofocussing temperature—were used, corresponding to
hose at the 8 “corners” of the cube, at the centers of the 6 faces (i.e.,
he star points) and at the single, center point. The order of the runs
as randomized to reduce bias and the center point condition (des-

rption at 250 ◦C for 2 min, cryofocussing at −75 ◦C) was repeated at
he beginning, the end and throughout the series of runs (e.g., runs
, 9, 11, 15, 16 and 20), which is typical in face-centered composite
esign. Quadratic regression analysis of the XIC peak area responses
or each analyte did not yield any significant factor effects or inter-
ctions in the parameters assessed for the measured analytes. Low
recision—in excess of 10 % RSD in peak areas (Table 1)—may have
een responsible for this result. However, a slight trend in two of
he factors could be seen graphically for the five main reference
ompounds (Fig. 3b and c) with the best responses occurring at a
esorption temperature of 250 ◦C for 2 min with a cryofocussing
emperature of −75 ◦C. It is important to note that at higher des-
rption temperatures (>250 ◦C), deterioration of the PDMS phase
as observed by the presence of siloxane background peaks. There-

ore, 200 ◦C was deemed the best desorption temperature to avoid
amage to the stir bar.

Arrangement of the runs in decreasing order of cryofocussing
emperature followed by increasing desorption time (Table 2) also
howed that the highest peak area responses for six of the ten ana-
ytes occurred at the desorption temperature of 200 ◦C for a 2 min
esorption time and cryofocussing at −75 ◦C, and thus these max-

mal conditions were used for all further studies. These desorption
onditions are similar to those used in another tobacco flavor study
f volatile and semi-volatile components [22]. Some analytes were
ot efficiently cryofocussed, and thus absent, when using −50 ◦C
Table 2).

.3. Stability of sorbed compounds on the stir bar

Using the optimized desorption conditions, the stability of the
apor phase components sorbed on the stir bar (i.e., their resistance
o spontaneous desorption) was studied. Four time intervals rep-
esenting transfer of the stir bar from the exposure chamber to the
DS were assessed: 10 min, which was the minimum transfer time,
0, 160 and 1440 min (24 h). The stability was estimated by com-
aring the peak areas of the five reference compounds as a function
f transfer time following exposure to 5% (v/v) cigarette vapor
hase in air (Fig. 4). A 19–31% loss in the reference compounds
as observed within 40 min followed by only a 0–9% loss over the
ext 2 h. The losses were independent of the compounds’ volatility.
s predicted, these results indicate the importance of considering

he volatile, or semi-volatile, nature of the sample in such studies.
herefore, for all further studies, stir bars were consistently trans-
erred to the TD system as soon as possible (e.g., 10 ± 0.5 min) to

aintain consistency between runs and to maximize sensitivity.
his study did not take into account potential degradation of vapor
hase compounds, or reactions and interactions between various
moke components [36].

.4. Measurement of dilution precision

Using the optimized HSSE–GC/MS method, the dilution preci-
ion of the vapor phase was measured by monitoring the peak areas

f the five reference compounds as a function of the exposure con-
entration (i.e., dose equivalent): 1, 2 and 5% (v/v) cigarette vapor
hase in air (Fig. 5). The average RSDs associated with the vapor
hase generated and diluted by the Borgwaldt RM20S® were 17.2,
.2 and 11.7% (n = 3) at 1, 2 and 5% (v/v) smoke, respectively. The Ta
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Fig. 4. Stability measurements of five vapor phase reference compounds desorbed
from a TwisterTM stir bar, following exposure to 5% (v/v) cigarette vapor phase in
air for HSSE experiments. The transfer time intervals (i.e., between exposure and
desorption) selected for the analysis were 10, 40, 160 and 1440 min (24 h). Integra-
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ess, sample volume, partition coefficient, etc., were unchanged.
aking this into account, the results obtained in the current study
orroborate the conclusion that the Borgwaldt RM20S® presents
cceptable limits for repeatability measurements across dilutions.

.5. Semi-Quantitative Analysis of Diluted Smoke Vapor Phase

External calibration was achieved using standard solutions in
exane applied to the stir bar. The same TDS-GC/MS parame-
ers as with the vapor phase measurements were used. Relative
esponse factors calculated from the XIC peak areas for each stan-
ard at 10 �M showed that ethylbenzene and limonene gave large
esponses (Table 3), presumably because of their stronger partition
nto the PDMS phase on the stir bar. Based on the smoke vapor phase
eak areas at each dilution level (e.g., Fig. 5 data), yields ranging
rom 0.1 to 22 ng were estimated (Table 3). It should be noted that
he values in Table 3 represent minimum amounts as it is unlikely
hat equilibrium was reached for each puff. Quantitative HSSE is
ypically carried out in a closed system whereas in this experiment,
ach puff remained in the exposure chamber for 1 min and was then
ushed out by a subsequent puff of fresh cigarette vapor phase.

n addition, 100 % recovery was likely not attained for the sorp-
ion/desorption process with the PDMS phase, which is compound
ependent. Extrapolation to 100% vapor phase, i.e., undiluted
moke, gives estimated yields in the range of 6 to 450 ng for the
eference compounds (Table 3), which is 2 – 3 orders of magni-
ude less than reported amounts per cigarette (one full cigarette = 7

10 puffs). Other studies on the vapor phase components of
igarette smoke have reported quantities of benzene ranging from
3 to < 70 �g/cig [27–29,31,33], 2,5-dimethylfuran at 58 �g/cig
33], toluene ranging from 57 to < 200 �g/cig [27–29,31,33], ethyl-
enzene ranging from 4.4 – 5.5 �g/cig [29,31] and D-limonene at
4 �g/cig [33]. The fact that previous studies were carried out on
ifferent tobacco blends (e.g., 1R4F, 2R4F reference cigarettes, etc.)
ith different smoking apparatuses and assessed using different

ampling methods (e.g., cold or cryo traps [29,31,33]; collection
ags [29,31]; solvent trap [31]; on-line analysis [27,33]) does not
ully account for the large differences in quantities obtained com-
ared to the present study. Besides the HSSE factors mentioned
bove, underestimation of the yields may also result from the pro-
edure used to introduce the liquid-phase standards (i.e., error
n pipetting 1 �L; differences between the PDMS/liquid versus
DMS/gas phase sorption processes), the known dilution error of
p to 6.4% for the smoking machine [1] and the large error in the
alibration curve intercept values (Table 3).

. Conclusions

The HSSE method was successfully applied to the characteri-
ation of the vapor phase of diluted cigarette smoke collected in
n exposure chamber. This procedure allowed for the components
orbed on the stir bar to be desorbed, re-focused and analyzed
n one integrated/automated experimental step, without the use
f extraction solvents. This technique, when coupled to GC/MS,
llowed for the rapid and direct qualitative analysis of volatile
nd semi-volatile smoke vapor phase components in the expo-
ure chamber of the Borgwaldt RM20S® and provided a linear
esponse across smoke dilutions. The IS, n-butyl acetate, did not
rove useful for improving precision associated with the method.
emi-quantitative analysis of five smoke vapor phase components

howed systematic underestimation of the yields compared to
reviously published values. Improvements in quantification and
recision might be achieved by using deuterated standards or a gas-
hase internal standard (i.e., hexane) introduced at each puff via a
witching valve inserted before the dilution syringe. Nonetheless,

[
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the results obtained in this study were within acceptable limits for
repeatability measurements between dilutions.

The HSSE technique is simple, cost effective, can be easily
implemented in most laboratories and can be applied to a wide
range of analyses, e.g., environmental, food and automotive. More-
over, these results show that although there are a wide range of
volatiles and semi-volatiles with different physical properties, dilu-
tion and delivery in the Borgwaldt RM20S® are achieved through
a non-selective manner. In addition, this study provided additional
knowledge about a whole smoke exposure system to give us a
more complete picture of the exposure concentration applied to
cell cultures for future toxicology studies.
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