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Abstract

Little cigar mainstream smoke is less well-characterized than cigarette mainstream smoke in terms
of chemical composition. This study compared four popular little cigar products against four
popular cigarette products to determine compounds that are either unique to or more abundant in
little cigars. These compounds are categorized as new or distinctive exposures, respectively. Total
particulate matter samples collected from machine-generated mainstream smoke were extracted
with methylene chloride, and the extracts were analyzed using two-dimensional gas
chromatography-time-of-flight mass spectrometry. The data were evaluated using novel data-
processing algorithms that account for characteristics specific to the selected analytical technique
and variability associated with replicate sample analyses. Among more than 25 000 components
detected across the complete data set, ambrox was confirmed as a new exposure, and 3-
methylbutanenitrile and 4-methylimidazole were confirmed as distinctive exposures.
Concentrations of these compounds for the little cigar mainstream smoke were estimated at
approximately 0.4, 0.7, and 12 pg/rod, respectively. In achieving these results, this study has
demonstrated the capability of a powerful analytical approach to identify previously
uncharacterized tobacco-related exposures from little cigars. The same approach could also be
applied to other samples to characterize constituents associated with tobacco product classes or
specific tobacco products of interest. Such analyses are critical in identifying tobacco-related
exposures that may affect public health.
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>4,000
chromatographic
peaks for typical
little cigar sample

INTRODUCTION

The objective of this research was to identify new or distinctive chemical exposures
associated with little cigars, as a tobacco product class, in contrast to cigarettes. For the
purpose of this study, a new exposure is a compound detected in the mainstream smoke from
little cigars but not detected in the mainstream smoke from cigarettes, and a distinctive
exposure is a compound detected in the mainstream smoke from little cigars at substantially
greater concentrations than in the mainstream smoke from cigarettes.

Little cigars, as a product class, may present a distinct concern to regulatory agencies
because they exhibit market trends different than those of cigarettes. For example, the use of
little cigars in the U.S. increased substantially from 2001 to 2008, even as the total use of
combustible tobacco products decreased.! Commercially available little cigars include many
flavored products. Characterizing flavors other than menthol were banned in the U.S. for use
in cigarettes but not in cigars by the Food and Drug Administration (FDA) in 2009.2
Because of this exception, some products that had previously been sold as flavored cigarettes
were redesigned as flavored cigars.3 Of U.S. students who smoke cigars, 35.9% reported use
of flavored little cigars.

The chemical constituents from little cigars have not been studied to the same extent as those
from cigarettes. Mainstream smoke from little cigars may include a mixture of compounds
that differs substantially, in both qualitative and quantitative terms, from that of cigarettes.
Characterizing the chemical composition of mainstream smoke from little cigars can provide
valuable data to the tobacco research community, including regulatory agencies such as the
FDA.

More than 6000 compounds have been identified in tobacco smoke.® As different analytical
chemistry techniques have been incorporated into common usage over the past several
decades, it has become possible to detect more compounds, including those present at trace-
level concentrations. Two-dimensional gas chromatography-time-of-flight mass
spectrometry (GCxGC-TOFMS) is a relatively new analytical technique that has exceptional
power for detecting and identifying unknown compounds in complex mixtures such as
tobacco smoke. In comparison with one-dimensional gas chromatography techniques, the
separation of chemicals by two chromatographic processes greatly improves the ability to
isolate individual compounds during analysis. Sample detection by time-of-flight mass
spectrometry provides sensitivity approaching that of selective ion monitoring (SIM) for
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quadrupole mass spectrometry and has the advantage of collecting spectra in full-scan mode,
thus allowing for nontargeted sample analysis, where tentative compound identities can be
assigned according to the mass spectral data. GCxGC-TOFMS has been applied for the
analysis of mainstream smoke samples from cigarettes, including studies on the
demonstration of capability,5-8 the comparison of commercial cigarettes vs research
cigarettes,® and the comparison of cigarettes using two different filter types.10 GCxGC-
TOFMS analysis typically yields complex data sets to which various data-processing
approaches can be applied,}1-14 but it can be challenging to identify the appropriate
approach to meet a given technical objective.

The research presented herein describes the use of GCxGC-TOFMS analysis in combination
with efficient data-processing algorithms to identify constituents that differentiate selected
tobacco products from a comparison set of tobacco products. In this case, little cigars were
compared against cigarettes, a commonly studied product class. Compounds detected in
little cigars but not in cigarettes are categorized as new exposures, whereas compounds
detected in both product classes but observed at significantly higher concentrations in little
cigars are categorized as distinctive exposures. The reported results are important both for
the specific information about the chemical composition of mainstream smoke from little
cigars and especially for demonstrating the value of this methodology for identifying
previously uncharacterized tobacco-related exposures that have the potential to affect public
health.

EXPERIMENTAL PROCEDURES

Product Selection

Analysis was performed for four little cigar products: Swisher Sweets Original and Swisher
Sweets Cherry (Swisher International, Inc.; Jacksonville, FL) and Cheyenne Full Flavor and
Cheyenne Menthol (Cheyenne International, LLC; Grover, NC). While four products cannot
represent the full range of variability within a product class, these little cigar products were
purposely selected for illustrative testing because they hold significant shares of the U.S.
market, 1516 are from different manufacturers, and include different flavors commonly used
in little cigars. In a similar vein, analysis was performed for four cigarette products,
Marlboro (Philip Morris USA; Richmond, VVA), Newport (Lorillard; Greensboro, NC), and
Camel and Pall Mall (RJ Reynolds Tobacco Company; Winston-Salem, NC), that led the
U.S. in cigarette market share in 201217 and are from different manufacturers. All products
were purchased as single lots in Columbus, OH, in July 2014. Package information for the
little cigar products is provided in Table S1 (Supporting Information).

Sample Collection

For each product, four rods (i.e., four separate little cigars or four separate cigarettes) were
conditioned according to the ISO/FTC (International Organization for Standardization/
Federal Trade Commission) regimen?® in environmental chambers (Webber models
AF16-40+350F, AF16-100+350, or AF16-100+350H; Webber Manufacturing Company,
Indianapolis, IN). The rods were then smoked based on the ISO/FTC smoking regimen18.19
in separate ports of a linear five-port smoking machine (Hawktech FP2000, Tri-City
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Machine Works). Total particulate matter (TPM) samples were collected from the
mainstream smoke on Cambridge glass fiber filters (one rod/pad). TPM masses were
determined using an analytical balance,2%-21 and the TPM samples were extracted and
analyzed according to the procedures described below. The mass lost during combustion was
determined by the difference between the mass of the original rod and the mass of the rod
after it was smoked, where both were determined using an analytical balance. Blank runs
were performed by operating the smoking machine similarly but with no tobacco product in
a given port. Filters were collected from the blank runs and treated identically to filters
collected from the tobacco product runs.

Chemical Analysis

Many reported methods for the extraction of mainstream smoke TPM are designed for
specific classes of compounds. For example, the nonpolar solvent cyclohexane is used to
extract the nonpolar compound benzo[4]pyrene,22 and the polar solvent methanol is used to
extract the polar nitrosamine compounds.23 While there is no general approach to effectively
extract unknown chemicals from a complex matrix such as TPM, methylene chloride was
selected for this study because its moderate polarity is suitable for extracting a wide range of
compounds of interest. No other extraction solvents were tested. Tobacco smoke constituents
that may not have been extracted into methylene chloride include highly polar compounds
such as carboxylic acids, which are typically not amenable to gas chromatography (GC)
analysis and thus would not have been detected even if they were present in the extracts.

Each TPM-containing filter was extracted using three 5 mL aliquots of methylene chloride
by gently swirling the solvent about the filter in a 60 mL glass jar. The combined extracts
from a single TPM sample had a total volume of about 12-13 mL due to solvent loss to
evaporation and absorption into the filter. A portion of each combined methylene chloride
extract was concentrated 3-fold by evaporation under a gentle stream of nitrogen.

A 100 pL aliquot of each concentrated extract was spiked with a stock solution of an internal
standard, acenaphthene-d, to yield a concentration of 200 ng/mL. Acenaphthene-adjg was
selected as an internal standard because its retention time falls close to the middle of the
time range monitored in the chromatogram and it has a distinct mass spectrum from that of
the polycyclic aromatic hydrocarbon acenaphthene, which could potentially be present in
any of the TPM extracts. The spiked, concentrated extracts were then analyzed using a Leco
Pegasus 4D GCxGC-TOFMS (Leco; St. Joseph, MI). This instrument utilizes an Agilent
7890 GC (Agilent; San Mateo, CA) fitted with a cryogenically cooled two-stage modulator
and a secondary temperature-programmable oven mounted inside the main GC oven. The
GC is coupled to a Leco Pegasus time-of-flight mass spectrometer. Chromatographic
columns were selected to separate compounds by boiling point in the first dimension and by
polarity in the second dimension. A schematic illustration of a GCxGC-TOFMS instrument
is provided in Figure S1, and acquisition parameters are provided in Table S2 (Supporting
Information).

Authentic standards of ambrox (purchased as enantiomerically pure (-)-ambroxide; purity =
99.9% by GC, per supplier), 3-methylbutanenitrile (purity = 99.6% by GC, per supplier),
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and 4-methylimidazole (purity = 98.4% by HClI titration, per supplier) were obtained from
Sigma-Aldrich (St. Louis, MO) to prepare standards for confirmation analysis.

Data Evaluation

The data set consists of 16 little cigar samples (4 products x 4 rods/product), 16 cigarette
samples (4 products x 4 rods/product), and 8 blank samples. Data acquisition, peak-finding,
and spectral deconvolution were performed using Leco ChromaTOF v4.50 software.
Preliminary component identifications were performed by automated matching of
deconvoluted component mass spectra with the National Institute of Standards and
Technology (NIST) 11 Mass Spectral Library.24

Peak Tables—For each of the 40 samples, a peak table was generated showing the
retention time, response (peak height), and Chemical Abstract Services registry number
(CASRN) of the best mass spectral library match. Due to the large amount of data acquired,
manual inspection of the mass spectra and verification of assigned component identities
were not feasible; however, regardless of whether the components are identified correctly at
this stage of the process, the assigned CASRNs are useful tags to allow for cross-comparison
of multiple samples. The peak tables were then filtered to remove known analysis system
artifacts such as column siloxane bleed and injection solvent. After filtering, a single peak
table included several hundred to several thousand component peaks. The filtered peak
tables were used as input to the software algorithms.

Software Algorithms—Novel data-processing algorithms were used to determine new
or distinctive exposure candidates. These algorithms were designed to account for the large
data set, characteristics specific to GCxGC-TOFMS analysis, and variability associated with
replicate sample analyses.

Responses for compounds at high concentrations sometimes span much of the second-
dimension retention-time range (only 3 s in total), leading to the presence of multiple peaks
for a single compound, whereas the first-dimension retention time is generally accurate to
within 6 to 9 s. To accommodate this analytical variability, the base detection for a given
CASRN was assigned to the retention time pair corresponding to the largest peak.
Additional peaks for the same CASRN that were within 6 s of the base first-dimension
retention time and that exhibited any second-dimension retention time were merged into the
base peak by summing the peak heights. The summed height was then normalized by
dividing by the internal standard peak height for that sample. Thus, responses for all peaks
associated with a given CASRN that lie within a rectangle 12 s wide by 3 s tall in
chromatographic space were evaluated as one entity. In practice, the distribution of data
points within this rectangle often has a roughly oval shape, and the approach, designated the
oval height method, is useful in controlling for potential data artifacts.

For any CASRN observed across the entire data set, every sample was evaluated to
determine whether a peak for that CASRN was detected and, if so, what the oval height was.
From this information, three subsets of CASRNs were identified, as follows:
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1. New exposure candidate: a given CASRN is present in all little cigar samples,
absent from all cigarette samples, and absent from all blank samples.

2. Class one distinctive exposure candidate: a given CASRN has peaks with
larger oval heights in any little cigar sample in comparison with any cigarette
sample.

3. Class two distinctive exposure candidate: a given CASRN has peaks with a

significantly larger oval height in little cigar samples in comparison with
cigarette samples, as determined by a value of Cohen’s effect size2" that is
>0.6, a common threshold for moderate differentiation between two sets of
samples.

T1—72

Cohen’s effect size=d=
S

where

. \/(nl—l)s%—i—(ng—l)s%

n1+ng—2

x;= observed mean from n;samples in set /
sj= observed standard deviation from n;samples in set 7

To minimize the potential for reporting false-positive results, use of the data-processing
algorithms was supplemented for compounds of interest by technical reviews of the
chromatography data and the mass spectral data and, in some cases, confirmation analyses,
as described below.

Assessment of Mass Spectra—For all new exposure candidates and selected
distinctive exposure candidates, the mass spectra recorded for the samples were first
compared with the NIST 11 Mass Spectral Library for tentative identity assignment and then
evaluated for consistency in each sample for which a detection was indicated for the same
CASRN. In some cases, the CASRN assigned by automated library matching was
considered to be inaccurate (e.g., due to a poor match to the library mass spectrum or peaks
for the assigned compound showing inconsistent retention times in different samples). In
other cases, the CASRN assigned by automated library matching was considered to be
accurate, indicating a tentative identification of the new/distinctive exposure candidate.

Confirmation Analysis

In experiments to confirm or reject the presence of selected tentatively identified new or
distinctive exposure candidates in the samples, aliquots of some concentrated extracts were
later spiked with authentic standards of the relevant compounds and analyzed by either
GCxGC-TOFMS or liquid chromatography—tandem mass spectrometry (LC-MS/MS).
Details are provided in the Supporting Information.
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RESULTS

On average, the little cigar products, in contrast to the cigarette products, had total masses
that were ~45% greater, lost ~35% more mass during combustion, and yielded ~40% larger
amounts of TPM, as illustrated in Table 1. All differences are statistically significant at the
95% confidence level.

Analysis of a given little cigar product yielded ~2800 to ~5700 peaks in the peak table,
whereas analysis of a given cigarette product yielded ~1800 to ~3800 peaks (Figure 1). The
median value for little cigars is significantly greater than that for cigarettes at the 95%
confidence level according to the Mann—Whitney U test,26 which was applied due to the
apparent non-normal distribution of the little cigars data. The large number of detected
components for all tobacco products reflects both the sensitivity of GCxGC-TOFMS
analysis and the complexity of mainstream smoke. Illustrative examples of chromatograms
from little cigar and cigarette samples are provided in Figure 2.

The data from all 40 samples included more than 25 000 components, marked by distinct
CASRNSs. Data evaluation using the software algorithms described in the Experimental
Procedures led to the identification of one new exposure candidate, 36 class one distinctive
exposure candidates, and 3276 class two distinctive exposure candidates, as defined
previously. It would be impractical to evaluate the analytical data for such a large number of
components. Therefore, an approach to prioritization was developed, and mass spectra were
assessed by comparison with the NIST 11 Mass Spectral Library for the following CASRNSs:

. the new exposure candidate,

. all class one distinctive exposure candidates,

. several class two distinctive exposure candidates characterized by large effect
sizes, and

. several class two distinctive exposure candidates characterized by large values

for the ratio of the mean oval height from little cigar samples to the mean oval
height from cigarette samples.

Following the assessments of the mass spectra, numerous CASRNs were discounted from
further consideration for reasons such as exhibiting poor matches to the library mass spectra
or inconsistent retention times across different samples. 3-Methylbutanenitrile was
designated as a second possible new exposure after it had initially been a class one
distinctive exposure candidate because a peak for a single cigarette sample that was given a
preliminary assignment as 3-methylbutanenitrile was discounted during the assessments of
the mass spectra. Of the CASRNSs that were considered as tentative identifications, three of
particular interest were selected for investigation by confirmation analysis, as follows:

. ambrox (CASRN 100679-85-4), a possible new exposure,
. 3-methylbutanenitrile (CASRN 625-28-5), a possible new exposure, and
. 4-methylimidazole (CASRN 822-36-6), a possible distinctive exposure.
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Illustrations of the analytical data supporting the detections of all three compounds are
provided in Figures S2-S4 (Supporting Information). There were other distinctive exposure
candidates considered as tentative identifications, suggesting that there could be additional
distinctive exposures beyond those discussed below, but they were not carried on for
confirmation analysis for this focused study on capability demonstration.

Ambrox and 3-methylbutanenitrile were confirmed as positive identifications in little cigar
samples by separate GCxGC-TOFMS analyses of concentrated extracts (one per product)
concurrent with concentrated extracts that had been spiked with the authentic compounds.
Analyses of additional spiked samples demonstrated that ambrox and 3-methylbutanenitrile
were not present at detectable levels in cigarette samples (one per product) and two blank
samples. Therefore, ambrox and 3-methylbutanenitrile meet the criteria for new exposures as
defined for this study.

4-Methylimidazole was confirmed as a positive identification in both little cigar and
cigarette samples by LC-MS/MS analyses of concentrated extracts (one per product)
concurrent with concentrated extracts that had been spiked with the authentic compounds.
Further analyses indicated that 4-methylimidazole was not present at detectable levels in two
blank samples.

The identities, CASRNs, molecular formulas, and estimated concentrations of the new and
distinctive exposures are indicated in Table 2. The estimated concentrations were
interpolated by comparing the peak response (height for GCxGC-TOFMS analysis or area
for LC-MS/MS analysis) for a native sample to the increase in peak response for the
corresponding spiked sample. These concentrations are regarded as semiquantitative
estimates, generally reported to one significant figure, because the analytical method was not
evaluated for quantitative accuracy and precision. Ambrox and 3-methylbutanenitrile are
estimated to be present at <1 pg/rod each in the mainstream smoke from little cigars. These
low concentrations, detected from the nontargeted analysis of TPM for a single little cigar,
demonstrate the sensitivity of GCxGC-TOFMS. 4-Methylimidazole is designated as a
distinctive exposure because the estimated concentrations are significantly greater in little
cigars than in cigarettes, even when normalized to the observed TPM masses.

DISCUSSION

Compound Characteristics

Characteristics of the three new and distinctive exposures are discussed briefly in the
following paragraphs. It is noted that any compound designated as a new exposure could, in
fact, be present in one or more of the cigarette products at a concentration lower than the
detection limit of the analytical method.

Ambrox, which is used as a fragrance ingredient in perfumes, has an “amber, woody, mossy
scent”.2” (CASRN 100679-85-4, indicating relative stereochemistry for ambrox, is used for
identification purposes in the NIST 11 Mass Spectral Library. In some sources, ambrox may
instead be identified using either CASRN 6790-58-5, indicating an enantiomerically pure
material, or CASRN 3738-00-9, indicating that stereochemistry is not specified.) In a
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tobacco industry study, ambrox was detected in essential oil from Turkish tobacco and was
considered to have flavor potential.28 No references were found indicating the presence of

ambrox in tobacco smoke. Thus, the detection of ambrox in little cigar mainstream smoke

appears to be novel.

3-Methylbutanenitrile has been reported as a constituent of tobacco smoke, along with other
aliphatic nitriles, for example, pentanenitrile (CsHgN) and 2-methylpropanenitrile
(C4H7N).22 In a tobacco industry study, 3-methylbutanenitrile was detected in the
mainstream smoke for four out of five cigarette products tested, with concentrations of up to
0.2 pg/rod.30 3-Methylbutanenitrile was first categorized as a new exposure because it was
not detected for the cigarettes tested in the present study, in which the estimated detection
limit is 0.6 pg/rod (see Table 2). In a broader context that considers previously reported
results for tobacco constituents, it is designated as a distinctive exposure.

In general, the toxicity of nitriles is considered to be low; however, aliphatic nitriles can be
metabolized to liberate cyanide ions in vivo,3! raising concerns about their potential toxicity.
3-Methylbutanenitrile is reported to have an oral LDsgq of 233 mg/kg in mice, and signs of
peripheral nervous system and cardiovascular toxicity were noted in frogs and rats at much
higher subcutaneous doses.32 Overall, the toxicity of 3-methylbutanenitrile is not well-
characterized, particularly via the inhalation route.

4-Methylimidazole, which has been previously reported as a constituent of tobacco smoke
from cigarettes,33 has been examined in numerous toxicity and carcinogenicity
investigations.34:3% In an ingestion study using mice, it was associated with increased
incidences of alveolar/bronchiolar adenoma and carcinoma.3® 4-Methylimidazole is included
on California’s Proposition 65 list of substances that can cause cancer.3” This designation
has led some beverage companies to change their manufacturing processes in order to
decrease the amount of 4-methylimidazole found in commercially sold colas.38

CONCLUSIONS

This study has demonstrated the use of GCxGC-TOFMS analysis, supported by efficient
data-processing algorithms, to identify previously uncharacterized tobacco-related exposures
from little cigars. GCxGC-TOFMS can be applied for the nontargeted detection of
numerous compounds from complex samples with high sensitivity (e.g., detections at
estimated concentration <1 pg/rod), high selectivity (e.g., over 5000 distinct peaks can be
detected from a single sample), and the ability to assign tentative compound identities
according to the mass spectral data. Mainstream smoke from four popular little cigar
products (Swisher Sweets Original, Swisher Sweets Cherry, Cheyenne Full Flavor, and
Cheyenne Menthol) was characterized in contrast to four popular cigarette products
(Marlboro, Newport, Camel, and Pall Mall) by the presence of ambrox and 3-
methylbutanenitrile as new exposures and 4-methylimidazole as a distinctive exposure. In
light of previously published results for tobacco constituents, 3-methylbutanenitrile was
ultimately categorized instead as a distinctive exposure. With regard to characterizing little
cigar mainstream smoke, additional research could be conducted either to evaluate the data
set further to identify potentially more new or distinctive exposures or to collect additional
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data from an expanded selection of little cigar products to establish the robustness of any
new or distinctive exposure. More generally, this analytical approach can be applied for
comparisons of other sample data to characterize constituents associated with tobacco
product classes or specific tobacco products of interest. Such analyses are critical in
identifying tobacco-related exposures that may affect public health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Numbers of peaks in peak tables for little cigar, cigarette, and blank samples. Little cigar

samples are marked by bars representing four replicates for each of (from left to right)
Cheyenne Menthol, Swisher Sweets Cherry, Swisher Sweets Original, and Cheyenne Full
Flavor. Cigarette samples are marked by bars representing four replicates for each of (from
left to right) Marlboro, Newport, Pall Mall, and Camel.
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Little Cigar: Swisher Sweets Original Cigarette: Camel

Larger peaks
in some cases

More numerous peaks:
4 562 Peaks 2,832 Peaks

Figure 2.
Example GCxGC-TOFMS chromatograms for little cigar and cigarette samples. Top: Three-

dimensional chromatograms, where xand ) axes show retention times on first and second
chromatographic columns, respectively, and zaxis indicates combined responses from
detected ions in mass spectra. Bottom: Two-dimensional chromatograms, where xand y
axes show retention times on first and second chromatographic columns, respectively, and
each dot indicates a peak, regardless of response.
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Table 1

Relevant Masses Observed for Two Tobacco Product Classes

little cigars (n = 16)  cigarettes (n = 16)

mass of rod? (g) 1.35%(0.086) 0.93 (0.036)
mass lost during combustion@(g) ~ 0.882 (0.067) 0.65 (0.060)
mass of TPM4 (mg) 240 4.2) 17(7.2)

a . e .
Mean values, with standard deviations indicated in parentheses.

bSignificantIy greater (95% confidence level) than result for cigarettes.
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