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A review of the analysis of tobacco-specific nitrosamines
in biological matrices

Kumar A. Shah, and H. Thomas Karnes

Department of Pharmaceutics, Virginia Commonwealth University, School of Pharmacy, Richmond, Virginia, USA

Abstract

Tobacco use constitutes a leading cause of mortality and morbidity worldwide. Tobacco-specific nitrosamines
(TSNAs) are an important class of biomarkers for tobacco carcinogen uptake. The current review focuses on the
issues and developments in analysis of these compounds in human biological matrices. The two most widely
used techniques for TSNA bioanalysis are gas chromatography coupled with thermal energy analysis and liquid
chromatography coupled with mass spectrometry, employing various sample preparation techniques. The review
provides an overview of the tools and techniques currently available for TSNA bioanalysis that will help towards
the ultimate goal of understanding the mechanisms of cancer caused by the use of tobacco products. A contrast
and comparison of the important aspects of bioanalysis such as sample preparation, compound detection, and
throughput is discussed for the thermal energy analysis— and mass spectrometry-based techniques. Complex
sample extraction procedures, throughput, and the ability to validate are important issues of concern for the gas
chromatography-thermal energy analysis-based methods. On the other hand, addressing ion suppression matrix
effects remains an important challenge for hyphenated mass spectrometry-based methods. The review also pro-
vides an extensive summary of analytical procedures for various studies measuring tobacco-specific nitrosamines
in different biological matrices.

Keywords: Bioanalysis; GC-TEA; LC/MS/MS; sample preparation; tobacco-specific nitrosamines analysis

Abbreviations: CSP, chiral stationary phase; ESI, electrospray ionization; ETS, environmental tobacco smoke;
GC, gas chromatography; Gluc, glucuronide; HPLC, high-performance liquid chromatography; iso-NNAC,
4-(methylnitrosamino)-4-(3-pyridyl)butanoic acid; iso-NNAL, 4-(methyInitrosamino)-4-(3-pyridyl)-1-butanol;

LG, liquid chromatography; LLOQ, lower limit of quantitation; MIP, molecularly imprinted polymer; MS, mass
spectrometry; NAB, N'-nitrosoanabasine; NAT, N'-nitrosoanatabine; NNAL, 4-(methyInitrosamino)-1-(3-pyridyl)-1
-butanol; NNK, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone; NNN, N-nitrosonornicotine; PAH, polyaromatic
hydrocarbon; SD, standard deviation; SFE: supercritical fluid extraction; SPE: solid-phase extraction; TEA, ther-
mal energy analysis; TMS, trimethylsilyl ether; TSNA, tobacco-specific nitrosamine.
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Introduction

Cancer Facts and Figures published by the American Cancer
Society (2009) estimates that between the years 2000 to 2004,
smoking accounted fior loss ofi more than 5 million years ofi
potential lifie in men and women combinedDifierent types
ofi cancers such as cancers ofi the nasopharynx, nasal cav
ity and paranasal sinuses, lip, oral cavity, pharynx, larynx,
lung, esophagus, pancreas, uterine cervix, kidney, bladder,
stomach, along with acute myeloid leukemia have all been
associated with smoking (US Department ofi Health and
Human Services, 2004)XUse ofi smokeless tobacco can also
lead to a variety ofi health ill efiects such as precancerous
oral lesions, pancreatic and oral cancers, as well as cardio-
vascular diseases (Hecht et alX1986 ; International Agency fior
Research on Cancer, 1985; International Agency fior Research
on Cancer, 2007)X

Thobacco smoke contains more than 5000 difierent chemi-
cal compounds (Rodgman and Perfietti, 2009Mfi these, there
are more than 16 carcinogens in smokeless tobacco and more
than 60 in tobacco smoke (Hecht, 2003)XThese carcinogenic
compounds belong to a variety ofi chemical classes, includ-
ing polycyclic aromatic hydrocarbons (PAHs), nitrosamines,
aromatic amines, aldehydes, phenols, volatile hydrocarbons,
nitro compounds, and other organic and inorganic com-
pounds (Hecht, 1998b; Hofimann et alg1987 , 1995, 2001;
International Agency fior Research on Cancer, 2002 Swauger
et al¥ 2002 )X Thobacco and tobacco smoke contain three
types ofi nitrosamine&lhese include volatile nitrosamines,
nitrosamines derived firom residues ofi agricultural chemi-
cals on tobacco, and tobacco-specific nitrosamines (ThSNAs)
(Spiegelhalder and Bartsch, 1996)XThSNAs have emerged as
a leading class ofi carcinogens in tobacco products (Hecht
and Hofimann, 1988; International Agency fior Research
on Cancer, 2007)XExtensive research has indicated the role
ofi ThSNAs in cancer induction by tobacco products_ (Hecht,
1998a, 1999)XIhus fiar, seven ThSNAs have been identified
in cigarettes (Djordjevic et al}1991 ; Fischer et al}X1989 ;
Hofimann et al¥X1994 ; Thricker eal)X1991 , 1993), as well as
in smokeless tobacco products in even greater concentra-
tions (Hofimann et alf1994 , 1995; International Agency fior

or radiofiow detection (Brittebo and Thjalve, 1980 1981;
Castonguay et alx1983b, 1984, 1985; Meger et alX 1999 ;
Richter et alX2009 )Rlhe extent ofi ThHSNA metabolite fiorma-
tion can vary greatly in animals and humans, as reviewed by
Hecht (1998a)XFor this reason, in the current review, we will
restrict our fiocus on progress and development in the bio-
analysis ofi ThNSNA compounds and their metabolites in human
tissuesX

Biomarkers fior human uptake and metabolic
activation ofi tobacco-specific nitrosamines

ThSNA-related biomarkers have been discussed extensively in
the literaturefAn ideal biomarker would provide a measure ofi
the carcinogen dose in people who use tobacco products as
well as in nonsmokers exposed to secondhand smokeM\part
firom this, it would potentially identifiy difierences and pat
terns in the uptake, metabolic activation, and detoxification
ofi tobacco carcinogenfhese data might ultimately lead to
the prediction ofi the cancer risk that a tobacco user might
be susceptible to¥Adducts ofi carcinogenic compounds with
DNA might provide a direct relationship to cancer risk as
suggested by Phillips (1996), Bartsch (1996), and Poirier and
Weston (1996)XFoiles et alf1991) have successfiully analyzed
ThSNA-DNA adducts in smokers and non-smokef#owever,
challenges such as the limited availability ofi sample tissues
as well as low levels ofi their occurrence (&K1 per 10 ¢ to 10°
per normal human bases; De Bont and van Larebeke, 2004)
can ofiten make their quantification extremely dificult and/
or impracticallMeasuring protein-adducts ofi ThNSNAs has also
been proposed as an approach to understanding metabolic
activation ofi these carcinogen®However, results firom the
studies by Schafier et al}1993) and Falter et allf1994) have
revealed the absence ofi any group-specific difierences in the
concentrations ofi hemoglobin-ThSNA adducts determined in
smokers and non-smokersiigh levels ofi HPB (hydroxy-1-(3-
pyridyl)-1-butanone)-releasing adducts have been detected
in lung, esophagus, and cardia, which are totally independ-
ent firom the smoking statu® It is speculated that these
may have other sources in addition to ThSNA¥According to
Zwickenpfiug (2000) and Thyroller eal2002) , one possible

Research on Cancer, 1995; Prokopczyk et alX1995 )X These
include NNK, NNN, NAB, NATh, NNAL, iso-NNAL, and iso-
NNACKThe study ofi ThSNA uptake will provide very usefiul
insight into the mechanistic and epidemiologic role ofi these
compounds in human cancer, especially because their ori-
gin is specific to tobaccoXA major challenge in this area is
the ability to quantitatively measure the amounts ofi these
compounds and their metabolites in complex biological
matrices, as a measure ofi exposure to these tobacco-specific
carcinogens significant amount ofi research investigating in
vivo disposition and excretion ofi ThNSNAs in laboratory animals
such as rats, hamsters, mice, monkeys, etcifas well as humans
has been carried outXMost ofi these studies use some fiorm ofi
radioactivity measurement to study the extent ofi metabolite
fiormation in radioactive sample&Radioactivity is usually
measured by liquid scintillation counting, autoradiography,

source could be the minor tobacco alkaloid myosmine, which
also occurs in a wide variety ofi staple fioods, vegetables, firuits,
and dairy productsX

Moreover, highly sensitive techniques such as **P-post-
labeling and immunoassays used in most ofi the studies
involving DNA- and protein-carcinogen adducts measure-
ments can lack chemical specificity®or instance, methyla-
tion ofi DNA can be caused by difierent chemical reaction&
o-Hydroxylation ofi methylene carbon adjacent toN-nitroso
group or o-hydroxylation ofi the methyl group ofi NNAL can
both fiorm unstable intermediates that can decompose and
react with the DNA (Richter et alf2009 )Xlhese difierences
in biochemical reactions may possibly compromise assay
specificityX These dificulties are encountered particularly
in the case ofi**P-postlabeling as discussed by Poirier et alX
(2000), Phillips (1996), and Wild and Pisani (1998 detailed




metabolic scheme discussing NNK metabolism and DNA
adduct fiormation firom NNK, NNN, and NNAL can be fiound
in literature (Hecht, 2008; Hecht and Hofimann, 1988)X

Considering the pitfialls that one might encounter in the
measurement ofi DNA and protein adducts, measurement ofi
urinary biomarkers ofi tobacco carcinogen uptake presents
a more practical option (Hecht, 2002)XUrine is very easy to
obtain in suficient quantities and this can allow fior quantita-
tion ofi even trace amounts ofi ThNSNA compounds and their
metabolites excreted in urineX Although measurement ofi
urinary compounds may not provide the most direct link
with the type and risk ofi a particular cancer, they can provide
infiormation on the carcinogen dose and as well as the abil-
ity ofi an individual to activate or detoxifiy these compoundd
Moreover, Hecht et al2002) have shown that some ofi these
ThSNA compounds have long terminal halfi-livéihis, along
with the fiact that tobacco products are habitually used, pro-
vides consistent concentrations ofi ThSNA compounds fior
measurement in urineX

Ofi all the ThSNAs identified, NNK and NNN are the most
prevalent strong carcinogens in tobacco products, as docu-
mented by Hecht and Hofimann (1988), Spiegelhalder and
Bartsch (1996), and Hofimann et al{1995)Xoreover, the
International Agency fior Research on Cancer (2007 )classifies
NNK and NNN as the only ThSNAs carcinogenic to human
Figure 1 shows an overview ofi NNK and NNN metabolisni
It may be argued that measurement ofi urinary keto and
hydroxy acids is more appropriate because these are the
end products ofi the DNA adduct-fiormingi-hydroxylation
pathway ofi NNK and NNN metabolisniHowever, as sug-
gested by Hecht (2002), these compounds cannot be used
to measure the extent ofio-hydroxylation because these are
fiormed firom nicotine as well, which is a primary constitu-
ent ofi tobacco product&Recently, nevertheless, Stepanov
et al{2008) have suggested the use ofi [pyridine-d, ]NNK as
a biomarker to measure the deuterium-labeled keto and
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hydroxyl acid specifically fiormed firom NNKBiomarker
strategies using stable isotope-labeled compounds can
however be challengingX

As depicted in Figure 1, conversion ofi NNK to NNAL is an
important metabolic pathway in humans, with NNAL hav-
ing similar carcinogenicity as NNK (Castonguay et al{1983a ;
Hecht, 1998a)XA characteristic fieature ofi NNAL metabolism
is the fiormation ofi NNAL-Gluc, which is the most important
detoxification product ofi the NNK-NNAL metabolic pathway
in humans and animals, as described by Hecht (1998a), Hecht
et al{1993b) , and Morse et al{1990) KAdditionally, NNAL
and its glucuronide have a longer halfi-lifie (at least 10-15 days
in smokers, and about 40-45 days in users ofi oral tobacco)
when compared with most other urinary metabolites (Hecht,
2003; Hecht et alX2002 ; Carmella et alX2009 )XConsidering
all ofi this, urinary NNAL and NNAL-Gluc have evolved as the
most prominently studied ThSNA biomarkéet

In addition to NNAL and NNAL-Gluc, other ThSNAs such
as NNN, NAB, and NATh, along with their metabolites, have
also been studied®hese compounds have been detected and
quantified in urine and saliva ofi tobacco user@ore recently,
ThSNAs have been quantified in plasma, which is one ofi the
most commonly analyzed biological fiuids in clinical stud-
ieslllhe concentration ofi these xenobiotics at the receptor
sites may be ofiten related to the intensity ofi their pharmaco-
logic and carcinogenic efiects®hese receptor sites are usu-
ally located in the tissue ofi cells that are richly perfiused by
plasmaXThus, measurement ofi plasma levels is probably the
most appropriate method to study the pharmacokinetics ofi
these drugs (Shargel and Yu, 1999)®ho fiurther study the prev
alence, etiology, and mechanism ofi tobacco carcinogenesis,
measurement ofi ThSNAs has been extended to amniotic fiuid,
cervical mucus, pancreatic juice, and toenailsXInfiormation
regarding the analysis ofi ThNSNAs along with appropriate refier
ences will be discussed fiurther in this review and have been
compiled in Thables hnd 2X
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Figure 1. Metabolic scheme fior NNN and NNK. (Adapted firom Hecht, 2003.)



Table 1. Compilation ofi studies analyzing ThISNA compounds in biological matrices using nitrosamine-specific ThEA detection and quantification

Study population®/ Sample Analytical
ThSNA analyzed Study type matrix method Levels measured Sample preparation and remarks Refierence
NNN, NATh, NNK Snufi dippers (4F) Saliva HPLC-ThEA 5.0-125.0ng/g (NNN); 2.1- = ~0.8 to 1.6g saliva collected fior analysis. Hofimann and
201.0ng/g (NNK); 6.6-147.0ng/g = No fiurther assay description provided. Adams, 1981
(NATh)
NNN, NATh, NAB, Snufi dippers Saliva GC-ThEA Levels ofi ThNSNAs measured ranged = Assay description not provided Hofimann et al.,
NNK firom 20-890 pg/kg 1982
NNN, NATh, NNK Betel quid chewers Saliva GC-ThEA 1.6-59.7ng/g (NNN); 1.0-51.7ng/g = Assay description not provided Nair et al., 1985
(NNK); 0.0-2.3ng/g (NATh)
NNAL, NNAL-Gluc 11 Smokers (9F) Urine GC-ThEA 0.23-1.0 pg/24h (NNAL); 0.57-6.5 = 100 ml aliquot size. [Carmella et al.,
7 Nonsmokers pg/24h (NNAL-Gluc). NNAL not = Purification ofi extracts using two preparative [L993a
detected in nonsmokers. NNK not HPLC steps, fiollowed by derivatization ofi 2° OH
detected in urine. group ofi NNAL to trimethylsilyl ether, fiollowed
by GC-ThEA analysis.
= Internal standard was [5-°*H(NNAL)].
= Conversion ofi NNAL-Gluc to the uncon-
jugated fiorm achieved by incubation with
B-glucuronidase enzyme.
NNAL, NNAL-Gluc  Nonsmokers exposed Urine GC-ThEA 33.9+20.0ng/24h (NNAL + NNAL- = Sample preparation was based on [Carmella Hecht et al., 1993a
to sidestream cigarette Gluc) Et al. (1993a) with a modified internal standard
smoke (5M) (iso-NNAL).
NNK, NNAL, Sudanese snufi-dippers  Urine GC-ThEA 0.39+0.14 nmol/ml NNAL; 0.88+0.5 = Method was based on [Carmella et al. (1993a), Murphy et al., 1994
NNAL-Gluc (7M) nmol/ml NNAL-Gluc with minor modifications.
NNAL, NNAL-O- Smokers (30M, 31F). Urine GC-ThEA 0.08-7.2 pmol/mg creatinine NNAL. = Method was based on [Carmella et al. (1993a), [Carmella et al.,
Gluc Study to investigate 0.16-19.0 pmol/mg creatinine with minor modifications. fL995
intra- and interindi- NNAL-Gluc = 50-100ml aliquot size.
vidual difierences in = Internal standard was iso-NNAL.
metabolites ofi NNK = Attempts to use normal and reverse-phase
SPE instead ofi HPLC fior sample cleanup were
unsuccessfiul.
= Assay results demonstrated 6 month stability
fior NNAL and NNAL-Gluc stored at —20°C
= No significant difierence was fiound in urine
collection protocols (e.g. morning sample
versus 24-h collection).
= Detection limit ofi assay was reported as Ing
per urine sample.
NNAL, NNAL-Gluc  Smokers (5M, 6F). Study  Urine GC-ThEA Average baseline levels ofi NNAL = Method was based on [Carmella et al. (1995), Hecht et al., 1995

to investigate the efiect
ofi watercress consump-
tion on metabolism ofi
ThSNAs

+ NNAL-Gluc were 3.28+1.88
nmol/24h. Average levels on the
days ofi watercress consumption
were 4.21+2.58 nmol/24 h

with minor modifications.

Thable 1. continued on next page
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Table 1. Continued.

Study population’/ Study =~ Sample Analytical
ThSNA analyzed type matrix method Levels measured Sample preparation and remarks Refierence
NNAL, NNAL-Gluc  Non-tobacco users (8M).  Urine GC-ThEA 0.02-8.73 pmol/mg creatinine = Method was based on [Carmella et al. (1995), Kresty et al., 1996
Nonsmokers but smoke- (NNAL); 0.14-30.3 pmol/mg creati- with minor modifications.
less tobacco users (39M). nine (NNAL-Gluc)
Study to investigate rela-
tions between urinary
biomarkers and oral
leukoplakia in smokeless
tobacco users.
NNK-N-Oxide, Smokers (18); Smokeless ~ Urine i. GC-ThEA NNK-N-Oxide not detected in urine; = i.20-45ml aliquot size. Carmella et al.,
NNAL-N-Oxide tobacco users (11) ii. LC/ESI-MS/ Levels ofi NNAL-N-oxide were 0.06- = Method involved solvent extraction and puri- 1997
MS fior analysis  1.41pmol/mg creatinine in smokers fication by HPLC to separate NNAL-N-oxide
ofi NNAL-N- and 0.02-1.20 pmol/mg creatinine in and NNK-N-oxide firom endogenous NNAL and
Oxide directly smokeless tobacco users. NNK.
in urine = NNAL-N-oxide and NNK-N-oxide being
(fior identity thermally unstable were not amenable to direct
confirmation) GC-ThEA analysis. Thus, they were reduced to
firee NNAL and NNK respectively using Proteus
mirabilis.
= NNAL and NNK were then analyzed by method
suggested by [Carmella et al. (1995).
= iso-NNAL-N-oxide was used as the internal
standard
= ii. For LC-ESI-MS/MS, 500 ml urine aliquot size
was used. Following solvent extraction and
HPLC purification, the samples were con-
centrated and analyzed using reverse-phase
LC-ESI-MS/MS.
NNK Smokers (15F), Cervical Supercritical Mean levels ofi NNK in cervical = Supercritical fiuid extraction ofi cervical mucus  Prokopczyk et al.,
Nonsmokers (10F). mucus fiuid extraction ~ mucus ofi smokers 46.9+32.5ng/g; (31-615mg) with the use ofi carbon dioxide that 1997
Study to identifiy NNK in fiollowed by: Mean levels ofi NNK in cervical contained 10% methanol.
cervical mucus. i. GC-ThEA mucus ofi nonsmokers 13.0:9.3ng/g = This was fiollowed by analysis by GC-ThEA and
ii. Capillary GC-MS/MS.
GC-MS/MS = d,-NNKwas used as the internal standard.
(fior identity
confirmation)
NNAL, NNAL-Gluc  Smokers (13F) Study to Urine GC-ThEA Mean difierence in NNAL + NNAL- = Method was based on [Carmella et al. (1995). Thaioli et al., 1997
investigate levels ofi NNK Gluc levels befiore and afiter I3C
metabolites befiore and treatment was -0.43+0.16 pmol/mg
afiter indole-3-carbinol creatinine.
(I13C) treatment.
NNAL, NNAL-Gluc  Smokers (34 black and Urine GC-ThEA Black smokers: 1.22+1.44 pmol/mg = Method was based on [Carmella et al. (1995). Richie et al., 1997

24 white). Study to inves-
tigate difierences in NNK
metabolites in black and
white smokers.

creatinine (NNAL), 4.24 +4.56 pmol/
mg creatinine (NNAL-Gluc); White
smokers: 0.603+0.345 pmol/mg
creatinine (NNAL), 3.13+2.44 pmol/
mg creatinine

Thable 1. continued on next page
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Table 1. Continued.

Study population®/ Sample Analytical

ThSNA analyzed Study type matrix method Levels measured Sample preparation and remarks Refierence

NNAL-Gluc Nonsmokers (5M, 4F). Urine i. GC-ThEAii. Mean NNAL-Gluc levels 0.059+0.028 = 50ml aliquot size [Parsons et al., 1998
Study to analyze levels GC-MS/MS pmol/ml (23 pg/ml urine) = GC-ThEA Method was based o1} Carmella et al.
ofi urinary NNAL-Gluc in (fior identity [1995) with minor modifications.
nonsmokers exposed to confirmation). = Use ofi capillary GC improved sensitivity 20-fiold
environmental tobacco (LOD 4fimol/ml).
smoke. = jso-NNAL was used as internal standard.

NNAL, NNAL-Gluc 27 Subjects (smokers) NNAL and i. GC-ThEAii.  Urinary levels: Baseline lev- = Method to deternine urinary NNAL and NNAL-  [Hecht et al., 1999
participating in a smok- ~ NNAL-Gluc GC-MS/MS els—0.6£0.366 pmol/ml (NNAL), Gluc was based on minor modifications ofi
ing cessation study in urine, NNK (fior identity 1.35+0.738 pmol/ml (NNAL-Gluc). 6 [Carmella et al. (1995) and Parsons et al. (1998).

and NNALin  confirmation) weeks afiter cessation, 7.6% ofi original = For plasma analysis, 5-10-ml blood aliquots
plasma NAL + NNAL-Gluc remained. Plasma were drawn.
levels: NNK was not detected in any = RBC and plasma were separated. The RBC pel-
ofi the samples. NNAL was detected in let was lysed with water, and extracted twice
CH,CI, extracts ofi unhydrolyzed plasma  with hexane. The hexane extract was discarded
firom three ofi the fiour smokers ana- and the aqueous phase was extracted thrice
lyzed. Levels ofi NNAL were 0.052, 0.086,  with CH,Cl,, and the combined extracts were
and 0.114 pmol/ml plasma. NNAL was analyzed fior unconjugated NNAL and NNK as
not detected in CH,Cl, extracts ofi RBCs,  described fior urine.
or in the base or acid hydrolysates ofi = The plasma phase treated with 0.1 N NaOH,
RBC or plasma. with sonication fior 1h at room temperature.
Afiter neutralization, it was extracted three times
with equal volumes ofi CHCI, and then analyzed
fior NNAL and NNK as fior the urine method.

NNAL, NNAL-Gluc  Newborns (31 firom Urine i. GC-ThEA Mean levels ofi 0.14 pmol/ml (NNAL+ = Method was based on [Carmella et al. Lackmann et al.,
newborns whose moth- ii. GC-MS/MS  NNAL-Gluc) in newborns whose moth- [1993a) and [Parsons et al. (1998), with minor 1999
ers smoked and 17 firom (fior identity ers smoked. Not detected in newborns modifications.
newborns whose moth- confirmation) whose mothers did not smoke.
ers did not smoke)

NNAL, NNAL-Gluc  Pregnant moth- Amniotic i. GC-ThEA Mean levels in AF ofi mothers who = Method was based on [Lackmann et al. (1999), Milunsky et al.,
ers (21 smokers, 30 fiuid (AF) ii. GC-MS/MS  smoked: 0.025+0.029 pmol/ml (NNAL),  with certain modifications. Further assay details 2000
nonsmokers) (fior identity 0.0032+0.01 pmol/ml (NNAL-Gluc); were not provided.

confirmation) Mean levels in AF ofi nonsmoker moth-
ers: 0.0018+0.0074 pmol/ml (NNAL),
0.0069+0.03 pmol/ml (NNAL-Gluc);

NNAL, NNAL-Gluc  Heavy smokers (13F, Urine GC-ThEA Average 25% reduction in total NNAL = Method was based on [Carmella et al. (1993a) Hurt et al., 2000
10M). Study to deter- levels observed at week 24 afiter smok and [Carmella et al. (1995).
mine efiects ofi smoking ing cessation
cessation

NNAL, NNAL-Gluc  Nonsmoker (23F whose Urine i. GC-ThEA Geometric means in women whose = Method based on [Carmella et al. (1993a); Hecht  JAnderson et al.,
partners smoked, 22F ii. GC-MS/MS  husbands smoked: 0.013 pg/mg ptal. (1993a), and [Parsons et al. (1998), with poo1
whose partners did not (fior identity creatinine (NNAL), 0.027 pg/mg some modifications.
smoke). Study to meas- confirmation) creatinine (NNAL-Gluc); Geometric = 20-ml urine aliquots firom nonsmokers and

ure environmental ThSNA
in women exposed to
EThS

means in women whose husbands
did not smoked: 0.004 pg/mg creati-
nine (NNAL), 0.004 pg/mg creatinine
(NNAL-Gluc)

5-ml aliquots firom smokers were suficient fior
analysis.

Thable 1. continued on next page
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Table 1. Continued.

Study population?/ Sample Analytical
ThSNA analyzed Study type matrix method Levels measured Sample preparation and remarks Refierence
NNAL, NNAL-Gluc  Children (38—expo- Urine i. GC-ThEA Mean levels in children who reported = Method was based on Hecht et al. (1993a) and Hecht et al., 2001
sure to EThS reported, ii. GC-MS/MS exposure: 0.04 pmol/ml (NNAL + [Parsons et al. (1998), with some modifications.

NNAL, NNAL-Gluc

NNAL, NNAL-O-
Gluc, NNAL-N-
Gluc

NNN, NNK, NNAL

35—no exposure to EThS
reported)

Nonsmokers, smokeless
tobacco users (13M).
Participating in smoke-
less tobacco use cessa-
tion study

Smokers (6M, 4F); Snufi
dippers (10M); Thoombak
users (4M)

smokers (18) and non-
smokers (9)

Urine, Plasma

Urine

Pancreatic
juice

fior confirmation
ofi NNAL-Gluc
identity.

i. GC-ThEA

ii. GC-MS/MS
(fior identity
confirmation)

iii. CSP-GC-ThEA

i. GC-ThEA fior
analysis ofi
smokers and
snufi dippers
urine

ii. LC-ESI-MS/
MS (fior identity
confirmation
ofi NNAL-N-
Gluc in urine ofi
toombak users)

i. Supercritical
fiuid extraction
fiollowed by
GC-MS/MS fior
quantitatio n ofi
NNN and NNK
ii. Supercritical
fiuid extrac-
tion fiollowed
by GC-MS/

MS or GC-ThEA
(fior identity
confirmation)

NNAL-Gluc); Mean levels in children
who did not report exposure: 0.008
pmol/ml (NNAL + NNAL-Gluc)

Mean levels in smokers: 0.462+0.214
pmol/ml (NNAL), 0.322+0.161 pmol/
ml (NNAL-N-Gluc), 0.434 +0.343
pmol/ml (NNAL-O-Gluc) Mean
levels in snufi dippers: 1.48+1.13
pmol/ml (NNAL), 0.59+0.60 pmol/
ml (NNAL-N-Gluc), 2.13 +2.55 pmol/
ml (NNAL-O-Gluc) Mean levels in
toombak users: 354.8+187.2 pmol/
ml (NNAL), 32.6+17.4 pmol/ml
(NNAL-N-Gluc), 231.8 +264.8 pmol/
ml (NNAL-O-Gluc)

Smokers: 0-68.1 ng/ml (NNN),

0-604 ng/ml (NNK) was detected;
Nonsmokers: NNN was not detected,
0-96.8ng/ml (NNK); NNAL was iden-
tified in 8 out ofi 15 smoker samples
and 3 out ofi 9 nonsmoker samples.

20ml aliquot size was suficient fior analysis.
Detection limit ofi NNAL + NNAL-Gluc was
reported as 0.003 pmol/ml

Method to measure NNAL and NNAL-Gluc in
urine was based on Hecht et al. (1999).
Enantiomers ofi NNAL and diastereomers ofi
NNAL-Gluc were analyzed using CSP-GC-ThEA.
For plasma analysis, 5ml aliquot size was used.
Plasma analysis was based on method sug-
gested by Hecht et al. (1999).

Detection limit in plasma was 0.01 pmol/ml.
Chromatographic run time was 100 min.

Aliquot size was 10 ml.

Extraction using C18 SPE.

NNAL-O-Gluc and NNAL-N-Gluc were

eluted using 10% methanol, fiollowed by
B-glucuronidase treatment (fior hydrolysis ofi
O- an N-Gluc) or base treatment (fior specific
hydrolysis ofi N-Gluc).

NNAL was eluted using 50% methanol as two
separate firactions. Afiter solvent partition and
HPLC purification, NNAL was quantified by
GC-ThEA as described by Hecht et al. (2001).
iso-NNAL used as internal standard was added
to urine rather than ethyl acetate extracts as
described in previous assay ([Carmella et al.,
[1995) fior better quantitation.

NNAL-N-Gluc in toom bak users was con-
firmed using C18 SPE fiollowed by LC-ESI-MS/
MS using graphite stationary phase fior HPLC.
1-ml aliquots were used.

= Aliquot size was ~300 pl.

SFE with the use ofi carbon dioxide that con-
tained 10% methanol. This was fiollowed by
analysis by GC-MS/MS.

= d,-NNKwas used as the internal standard.

= NNAL was not identified but not quantified.

Hecht et al., 2002

Carmella et al.,
2002

Prokopczyk et al.,
2002

Thable 1. continued on next page
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Table 1. Continued.

Study population®/ Sample Analytical
ThSNA analyzed Study type matrix method Levels measured Sample preparation and remarks Refierence
Thotal NNAL (i.e. Smokers (41), Snufidip-  Urine GC-ThEA Levels ofi total NNAL (pmol/mg = NNAL and NNAL-Gluc were not distinguished Carmella et al.,
sum ofi NNAL and pers (55), Non smokers creatinine) were 2.60+ 1.30 in smok- in this assay. 2003
NNAL-Gluc) exposed to EThS (18) ers, 3.25+1.77 in snufi-dippers, and = Urine treated with (3-glucuronidase, fiollowed
0.042+0.020 in nonsmokers exposed by solvent partitioning and fiurther purification
to EThS on a liquid-liquid extraction cartridge and by
high-perfiormance liquid chromatography.
= Thotal NNAL was silylated and finally quantified
by GC-ThEA.
= Acid partitioning step produced cleaner
samples.
= Internal standard iso-NNAL was added directly
to urine to improve accuracy.
= Detection limit fior the assay was 0.1 pmol/ml
starting with a 5-ml aliquot.
Thotal NNAL Nonsmokers exposed to  Urine GC-ThEA Mean levels ofi total NNAL prior = Method based on Hecht et al. (1993a), Parsons  Anderson et al.,
(i.e. sum ofi NNAL  EThS (13F, 3M) to EThS exposure was 0.02 0.02 ktal., (1998), and [Carmella et al. (1993a), with 2003
and NNAL-Gluc) pmol/mg creatinine. Afiter EThS some modification
exposure, the mean Thotal NNAL
levels increased by 0.018 pmol/mg
creatinine
NNAL, NNAL-Gluc  Smokers (151). Study Urine GC-ThEA Subjects who reduced smoking by = Method based on [Carmella et al. (1995) and Hecht et al., 2004b
to determine efiects ofi 70% achieved approximately 50% Hecht et al. (1999)
cigarette cessation. reduction in total NNAL levels by = Urine aliquots used fior analysis were 4.5ml.
weeks 8-12.
NNAL, NNAL-Gluc  Cigarette smokers (74M,  Urine GC-ThEA Range ofi NNAL levels determinedin = Based on method described by [Carmella et al. Hecht et al., 2004a
10 F). Study to investi- urine was 0-3.62 pmol/mg creatinine [1995)
gate efiect ofi crucifierous while that ofi NNAL-Gluc was 0-5.07
vegetable consumption pmol/mg creatinine. Association was
on metabolism ofi NNK shown between crucifierous vegetable
intake and urinary NNAL, NNAL-
Gluc and total NNAL levels
Thotal NNAL Cigarette smokers (38), Urine GC-ThEA Mean total NNAL levels ofi the = Method as described by [Carmella et al. (2003) Hatsukami et al.,
Smokeless tobacco users “reduced risk” cigarette group was 2004
(41). Investigation to 1.9 pmol ofi NNAL/mg ofi creatinine,
study efiects ofi reduced- whereas the nicotine patch group
exposure tobacco had levels ofi 1.2 pmol ofi NNAL/mg ofi
products or medicinal creatinine.
nicotine on tobacco
associated carcinogens
NNAL, NNAL-Gluc 46 Cigarette smokers. Urine GC-ThEA The range ofi total NNAL measure was = Based on method described by Hecht et al. Murphy et al., 2004

This study investigated
the relationships ofi
Urinary biomarkers ofi
Thobacco and Carcinogen
exposure in smokers

0.9-54 pmol/ml with a mean value ofi
2.66+1.22 pmol/ml ofi urine.

[1999) and [Carmella et al. (1995)

Thable 1. continued on next page
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Table 1. Continued.

Study population?/ Sample Analytical
ThSNA analyzed Study type matrix method Levels measured Sample preparation and remarks Refierence
NNN, NNN-Gluc, 14 Smokers and 11 Urine GC-ThEA Mean levels ofi total NNN, NATh, and = Thotal NNN (NNN plus NNN-N-Gluc) was Stepanov and
NATh, NATh-Gluc, smokeless tobacco GC-MS/MS NAB in smokers were (pmol/mg assayed using 5-methyl-NNN as internal Hecht, 2005
NAB, NAB-Gluc, users. First study to (fior identity creatinine) 0.18+0.22, 0.19+0.20, standard.
show presence ofi confirmation) and 0.040+0.039, respectively, = 36ml aliquot size was used.
urinary NNN, NNN- whereas the corresponding amounts = Urine was treated with (3-glucuronidase.
Gluc, NATh, NATh-Gluc, in the urine ofi 11 smokeless tobacco Following solvent partitioning and and two
NAB and NAB-Gluc in users were 0.64+0.44, 1.43+1.10, and SPE steps, total NNN was determined using
tobacco users. 0.23+0.19, respectively. GC-ThEA.
= Thotal NATh and total NAB were quantified in the
same samples using GC-ThEA.
m Separate quantitation ofi NNN, NNN-N-Gluc,
NATh, NATh-N-Gluc, NAB, and NAB-N-Gluc
was accomplished by extraction ofi the urine
with ethyl acetate befiore beta-glucuronidase
hydrolysis. NNN, NATh, and NAB was analyzed
in the ethyl acetate extract. NNN, NAB, and
NATh released firom the glucuronide conjugate
was quantified in the extracted urine afiter
enzyme treatment.
= The detection limits ofi the method were 0.032
pmol/ml urine fior NNN, 0.014 pmol/ml urine
fior NATh, and 0.018 pmol/ml urine fior NAB.
NNAL, NNAL-Gluc 69 Black and 93 White Urine GC-ThEA The geometric mean levels ofi urinary = Based on method described by [Carmella et al. Muscat et al., 2005
and total NNAL smokers. Study to NNAL, NNAL-Gluc and total NNAL [1995)
investigate racial difier- (pmol/mg creatinine) detected
ences in exposure and were: 0.6, 1.9, and 2.6 in Black men
glucuronidation ofi the and 0.45, 1.4 and 1.9 in White men,
NNK. respectively 0.76, 1.9, and 2.7 in Black
women and 0.7, 2.4 and 3.2 in White
women, respectively
Thotal NNAL 20 Nonsmokers (6M, Urine GC-ThEA Mean difierence (SD) in total NNAL = Based on method described by [Carmella et al. Thulunay et al., 2005
14F). Study to investi- levels befiore and afiter exposure to [2003)
gate levels ofi total-NNAL smoke was 0.033 (0.034) pmol/ml. = Thotal NNAL could not be determined in one
in nonsmokers exposed subject recruited in the study because ofi co-
to smoke in restaurants eluting peaks, suggesting potential selectivity
and bars. problems with the GC-ThEA method. Detection
limit ofi the assay reported was 0.01-0.07 pmol/
ml based on recovery.
Thotal NNAL 400 participants in study  Urine GC-ThEA The range ofi total NNAL meas = Based on method described by Hecht et al. Joseph et al., 2005

to investigate relation-
ships between cigarette
consumption and
biomarkers ofi tobacco
toxin exposure.

urements was 0 to 23.9 pmol/mg
creatinine.

[1999) and [Carmella et al. (1995)

Thable 1. continued on next page
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Table 1. Continued.

Study population®/ Sample Analytical
ThSNA analyzed Study type matrix method Levels measured Sample preparation and remarks Refierence
Thotal NNAL 144 infiants between the  Urine GC-ThEA Mean levels ofi total NNAL in the 144 = Thotal NNAL was analyzed as described in Hecht et al., 2006
ages ofi 3-12 months. infiants were 0.083+0.200 pmol/ml method by [Carmella et al. (2003) except that
Study to investigate lev- HPLC purification step was replaced by puri-
els ofi total NNAL in the fication on a mixed-mode cation-exchange
urine ofi infiants exposed SPE cartridge as described by Carmella et al.
to EThS. (2005).
» 5-(methylnitrosamino)-1-(3-pyridyl)-1-penta-
nol was used as internal standard.
= Detection limits fior NNAL were calculated
fior each sample based on urine volume and
recovery and ranged firom 0.09-0.36pmol/ml
Thotal NNAL 80 children ages 5 to Urine GC-ThEA Mean * SD level ofi total NNAL was = Analysis was based on method described by Stepanov et al.,
0.09+0.077 pmol/ml Hecht et al. (2001) and Hecht et al. (1999), with ~ 2006b

10 years firom areas ofi
Moldova. The study
investigated uptake ofi
NNAL by Moldovan
children.

some modifications.
C5-NNAL was used as the internal standard

“Arranged in the order ofi publication date. Refierence to a previously published method is made wherever deemed necessary.

bValues in parentheses indicate number ofi subjects and/or gender (M = male, F = fiemale).
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Table 2. Compilation ofi studies analyzing ThWSNA compounds in biological matrices using mass spectrometry fior detection and quantificatién

Study population®/ Sample Analytical
ThSNA analyzed Study type matrix ~ method Levels measured Sample preparation and remarks Refierence
NNAL, NNAL-Gluc  Smokers (5M, 2F) Urine LC-MS/MS Mean levels in smokers = First fiully validated determination ofi NNAL in urine using LC/ Byrd and Ogden,
ranged firom 126-96Ing/24 h MS/MS and single step mixed-mode cation-exchange SPE. 2003
(NNAL), 320-2033ng/24 h = 10-ml urine aliquot used fior firee NNAL analysis and &nl
urine aliquot used fior NNAL-Gluc analysis.
= d,-NNAL was used as internal standard.
= Method was linear over a range ofi 20-1000 pg/ml
= HPLC Column needed rinsing afiter every 10 injections as later
reported by Pan et al. (2004).
NNAL, NNAL-Gluc  Incurred plasma sam- Plasma HILIC-MS/MS Free NNAL levels in = First LC-MS/MS method fior analysis ofi NNAL in plasma. Pan et al., 2004
ples (n=9) incurred samples ranged = Method comprised ofi liquid/liquid extraction ofi NNAL firom
firom 5.5 to 16.4 pg/ml, total 1-ml plasma aliquots, fiollowed by analysis by HILIC-MS/MS.
NNAL level ranged firom = d,-NNAL was used as the internal standard
6.02 to 21.5 pg/ml = LLOQ was reported as 5.0 pg/ml with a 1-min run time.
Thotal NNAL 16 smokers and 5 Plasma LC-ESI-MS/MS  Levels ofi total NNAL = Aliquot size was 1 ml [carmella et al., 2005
nonsmokers. averaged 42+ 22 (SD) and = [Pyridine-d,] NNAL was used as internal standard.

NNAL, Thotal-NNAL

Thotal NNAL

41 smokers exposed to Urine LC-ESI-MS/MS
sidestream smoke

16 Smokers. Assay was Plasma LC-ESI-MS/MS
developed fior combined

analysis ofir-1,t-2,3,c-

4-tetrahydroxy-,2,3,4-

Thetrahydrophenanthrene

and

4-(Methylnitrosamin)-1-

(3-pyridyl)-1-butanol in

smokers’ plasma

ranged 1.7 to 88 fimol/
ml plasma in 16 smokers;
NNAL was not detected
in the plasma ofi five
nonsmokers

Following exposure to
sidestream smoke, the mean
concentration ofi total NNAL
post-exposure was 24.1 pg/
mg ofi creatinine, with a
mean difierence ofi 20.6 pg/
mg ofi creatinine.

Levels ofi NNAL in plasma
averaged 36+ 21 fimol/ml,
which are ~1% to 2% ofi the
amounts fiound in urine

Samples were incubated with -glucuronidase enzyme and
then subjected to mixed-mode cation-exchange solid-phase

extraction. This was fiollowed by LC-ESI-MS/MS.
NNAL eluted at 16.3 min

The limit ofi quantitation ofi the assay was reported as ~8imol

total NNAL/ml plasma.

The assay was evaluated fior accuracy and precision. Average

recovery was 28% * 21%.
Aliquot size was 5ml.

Xia et al., 2005

Analysis was done using LC-ESI-MS/MS combined with sam-

ple extraction using SPE on a MIP column.
"*C,-NNAL was used as the internal standard.
The chromatographic run time was 3 minutes

The limit ofi detection ofi the assay was about 1.7 pg/ml and
the method was linear upto 2ng/ml. The method was vali-

dated fior accuracy, precision and stability.

[d,,JPheTh and [pyridine- NNAL were used as internal Carmella et al., 2006

standards.

Plasma was treated with 3-glucuronidase to release conju-

gated PheTh and NNAL.

Analytes were enriched by SPE on a mixed-mode cation-
exchange cartridge and the PheTh firaction was fiurther
purified by HPLC. The appropriate firactions were analyzed
by GC-negative ion chemical ionization-MS fior PheTh and

LC-ESI-MS/MS fior NNAL.

Limits ofi quantitation fior NNAL was $imol/ml. The method

was evaluated fior accuracy and precision

Thable 2. continued on next page
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Table 2. Continued.

Study population”/ Sample Analytical
ThSNA analyzed Study type matrix  method Levels measured Sample preparation and remarks Refierence
NNAL 35 Smokers and six Thoenail LC-ESI-MS/MS  Mean NNAL in smokerswas = 50-80mg toenails were used. Stepanov et al.,

NNAL, Thotal NNAL

Thotal NNAL

Thotal NNAL

NNN

nonsmokers. Assay was
developed to measure
NNAL in human toenail.

266 Smokers (99M,
167F) This study investi-
gated relations between
machine-derived smoke
yields and biomarkers
in cigarette smokers in
Germany

420 smokers and 182
smokeless tobacco
users. Study to compare
relations between levels
ofi urinary total NNAL in
smokers versus smoke-
less tobacco users.

212 smokeless tobacco
users.

17 Smokers. Assay was
developed to measure
NNN in human toenail.

Urine LC-ESI-MS/MS

Urine Study was
conducted

in six parts.
GC-ThEA was
used fior studies
1 and 2 while
LC-ESI-MS/MS
fior studies 4-6
The study was
conducted in
three parts and
analyses were
either done by
GC-ThEA and
LC-ESI-MS/MS

Thoenail LC-ESI-MS/MS

Urine

0.41+0.67 pg/mg toenail.
Samples collected firom six
nonsmokers were negative
fior NNAL.

Mean levels ofi total NNAL
fiound in smokers 1.53t1.71
nmol/24 h

Levels ofi total NNAL in
smokers ranged firom 2.03
to 2.35 pmol/ml, while in
smokeless tobacco users,
levels ofi total NNAL ranged
firom 3.40 to 4.21 pmol/ml

Mean levels ofi total NNAL
ranged firom 2.47 to 5.21
pmol/ml as the duration

ofi daily use ofi smokeless
tobacco increased firom 0 to
more than 21 years

Mean total NNN level
in these samples was
4.63+6.48 fimol/mg toenail.

= Thoenails were washed with CECl,, and digested overnight in

NaOH. pH was adjusted to 6-8, the aqueous toenail digest was

enriched by partitioning with CH,Cl, on a ChemElut liquid-
liquid extraction cartridge. Final enrichment was accom-
plished by a mixed-mode cation-exchange extraction on an

Oasis MCX solid-phase extraction cartridge. The firaction con-

taining NNAL was then directly analyzed by LC-ESI-MS/MS.
"*C,-NNAL was used as internal standard.

The detection limit ofi the assay fior NNAL in toenails firom
smokers was 0.02 pg/mg toenail.

The assay was evaluated fior accuracy and precision.

Free NNAL was determined afiter SPE on cation-exchange
cartridges.

[d,-methyl]-NNAL was used as internal standard.
Determination ofi total NNAL was carried out by hydrolysis
with -glucuronidase prior to SPE.

Studies 1 and 2 were based on method described by [Carmella
tal. (1995).

Studies 3-6 were based on method described by [Carmella

Et al. (2003) and [Carmella et al. (2005).

The analysis was based on methods described by [Carmella
Et al. (2005), [Carmella et al. (2003) and Hecht et al. (1999).

40-100 mg toenails were used.

Thoenails were washed with CECL,, and digested overnight in

NaOH. The aqueous toenail digest was enriched by parti-

tioning with CH,Cl, on a ChemElut liquid-liquid extraction

cartridge. Further enrichment was accomplished by a mixed-

mode cation-exchange extraction on an Oasis MCX SPE

cartridge. Final enrichment was achieved using Bond-Elut

silica SPE cartridges. The firaction containing NNAL was then

directly analyzed by LC-ESI-MS/MS.

= "C,-NNAL was used as internal standard.

= The detection limit ofi the assay fior NNN in toenails firom
smokers was 0.02 pg/mg toenail.

= The assay was evaluated fior accuracy and precision.

2006a

Scherer et al., 2007

Hecht et al., 2007

Hecht et al., 2008

Btepanov and
Hecht, 2008

Thable 2. continued on next page
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Table 2. Continued.

Study population”/ Sample Analytical
ThSNA analyzed Study type matrix  method Levels measured Sample preparation and remarks Refierence
Thotal NNAL 73 nonsmokers who Urine LC-ESI-MS/MS  Nonsmokers who sufiered = The method involves liquid-liquid extraction fiollowed Jacob et al., 2008
sufiered firom chronic firom chronic obstructive by conversion ofi NNAL to the hexanoate ester derivative.
obstructive pulmonary pulmonary disease had (derivatization fiacilitated separation firom interfiering urinary
disease. The assay was mean NNAL levels ofi 5.5 constituents).
developed subpico- pg/ml

LLOQ was 0.25 pg/ml fior 5-ml urine samples. The method

gram/ml determination . .
was evaluated fior accuracy and precision.

ofi NNAL in human urine
using LC-MS/MS

NNAL, Thotal NNAL Incurred urine samples Urine LC-ESI-MS/MS  Smokers had firee NNALlev = The method was a modification ofi the assay published by Shah et al., 2009c
firom 10 smokers. Study els ranging firom below LOQ [Kia et al. (2005) using SPE on a MIP column combined with
investigated infiuence ofi to 160.4 pg/ml, while total ESI-MS/MS.
ion suppression due to NNAL levels ranging firom = LC conditions were modified to resolve the elution ofi the peak
sample matrix efiect on below LOQ to 392 pg/ml. ofi interest firom the region ofi ionization suppression.
the LC-MS/MS determi- = A 25-fiold improvement in response was observed with the
nation ofi NNAL. modified method.
Thotal NNAL, Thotal 7 Smokers and 7 non- Urine LC-ESI-MS/MS  Mean levels ofi NNAL, NNN, = Aliquot size was 6 ml. Kavvadias et al.,
NNN, Thotal NAB, smokers. Assay was NAB and NATh in smokers = The method involved simultaneous determination ofi fiour 2009
Thotal NATh developed fior simulta- were 152.5, 7.2, 47.0, and ThSNA in urine. Four corresponding deuterated internal
neous determination ofi 161.1 pg/ml. NNAL was standards were added to urine fiollowed by treatment with
fiour ThSNA’s in human detected in 3 out ofi 7 non- B-glucuronidase. SPE was carried out on a ThSNA-specific MIP
urine smokers (mean level 2.68 cartridge fiollowe by fiurther enrichment by SPE on a cation-
pg/ml), while other ThSNAs exchange resin fiollowed by LC-ESI-MS/MS
were not detected. = The limits ofi detection (LOD) were 2.0, 0.8, 1.1, and 0.7 pg/ml
fior NNAL, NNN, NAB, and NATh, respectively.
Thotal NNN 16 smokers. Assay was Urine LC-ESI-MS/MS  Afiter smoking, average NNN = 20ml aliquot size was used. Urban et al., 2009
used fior investigation levels were fiound to reach = NNN-d, was used as internal standard.
ofi respiratory retention 4.0 pg/ml within 1 day = Afiter pH adjustment urine was treated with 3-glucuronidase.
ofi NNN = Sample enrichment was achieved by liquid extraction on an

Extrelut diatomaceous earth cartridge fiollowed by LLE and

SPE on a mixed-mode cation-exchange cartridge.

LC-ESI-MS/MS analysis consisted ofi two reverse-phase

analytical columns in series. Chromatographic run time was

15min.

= Method was validated. LLOQ was 2 pg/ml with calibration
line linear up to 256 pg/ml.

“Arranged in the order ofi publication date. Refierence to a previously published method is made wherever deemed necessary.
*Values in parentheses indicate number ofi subjects and/or gender (M = male, F = fiemale).
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318 K. A. Shah and H. T. Karnes
Analytical methodologies in the bioanalysis ofi
tobacco-specific nitrosamines

As described earlier, the study ofi ThSNA uptake can be related
to the mechanistic and epidemiologic role ofi these com-
pounds in human cancefln fiact, recently studies published by
Yuan et alf2009) and Church et alf2009) have demonstrated
the relationship ofi NNAL to lung canceIt thus becomes
essential to accurately and reproducibly quantifiy these com-
pounds in biological samplesXIt is highly desirable to develop
a sensitive and specific bioanalytical method to measure the
levels ofi ThSNAs in clinical studi®epending on the mode ofi
exposure to tobacco products (direct user versus secondary
exposure), human uptake ofi these compounds may vary sig-
nificantly®hus, difierent situations would demand difierent
levels ofi assay sensitivity and difierent selectivity and valida-
tionXThree main aspects fior consideration ofi a bioanalytical
method include sample preparation, compound detection,
and throughput (Evans, 2004; Venn, 2000)8ample prepara-
tion involves extraction ofi the compound firom the biological
matrices, usually involving a concentration step to enhance
assay sensitivityXDetection ofi the compound usually fiollows
chromatographic separation firom other components ofi the
biological extract¥A nitrosamine-selective detector refierred
to as the thermal energy analyzer has been the detector ofi
choice fior some time (Brunnemann and Hofimann, 199X
However, recent developments in the area ofi tobacco-specific
nitrosamine bioanalysis involve a trend towards the use ofi
the more predominant mass spectrometric techniquesX
Thablesl and 2 provide comprehensive summaries ofi stud-
ies that have been published that involve bioanalysis ofi the
various tobacco-specific nitrosamines in human biological
matrices®he tables provide key assay infiormation firom vari-
ous studies measuring tobacco-specific biomarkersX

LC/GC combined with thermal energy analysis detection
Chemiluminescence detectors are one ofi the most selee
tive ofi gas chromatography (GC) detectors availabl&One
version ofi this detector, which was originally manufiactured
by Thermedics (Chelmsfiord, MA, USA), is refierred to as the
Thermal Energy Analyzer (ThEA), which is a registered trade-
mark (Beveridge, 1998)Xlhe current owners are Advanced
Chromatographic Systems (Johns Island, SC, USA)X The
Thermal Energy Analyzer detection technique fiorN-nitroso
compounds was first reported more than three decades ago
(Fine et al{1973 , 1974, 1975b)Bubsequently, the technique
was utilized fior the analysis ofi seven ThSNA compounds in
tobacco and tobacco smoke (Adams et al{1983 ; Brunnemann
et al¥1987 ; Brunnemann and Hofimann, 1981; Djordjevic
et al{1989 ; Hofimann et al{1979 )XThe principle ofi the ThEA
detector has been discussed by Fine et al{1975a) KBriefiy,
the sample extract elutes firom a GC column into a pyrolyzer
in the ThEA, which ruptures the compounds containing nitro
and nitroso group to release the nitrosyl (NO-) radicalXOther
organic compounds, solvents, and firagmentation products are
removed using a cold trapMNitrosyl radicals are then oxidized
with ozone in a reaction chamber to produce electronically

excited NO,*®he NO ,* decays back to the ground state, emit-
ting light in the near-infirared region ofi the spectrum through
the process ofi chemiluminescenc®A photomultiplier then
counts the corresponding photons, which are proportional to
the amount ofi NO moieties presenkFigure 2 shows a sche-
matic diagram ofi the proces¥

Some ofi the first reports ofi the occurrence ofi ThSNAs in bio-
logical samples ofi humans utilized either GC orliquid chroma-
tography (LC) hyphenated with ThEA fior analysis (Hofimann
and Adams, 1981; Nair et alX1985 )X hese methods measured
the levels ofi NNN, NAB, NATh, and NNK in the saliva ofi betel
quid chewers and snufi dippers®ioneering work that dem-
onstrated the presence ofi metabolites ofi ThSNAs in the urine
ofi smokers also used GC coupled with ThEA (Carmella el
1993a)/his study quantified the levels ofi NNAL (metabolite
ofi NNK) and its glucuronide in 24-h urine samples ofi smok
ers¥Ihe levels ofi these metabolites were detected in quantities
ofi 0®3-1Band 0B7-6B g/24h, respectivelyXSubsequently,
the first report ofi the presence ofi NNAL and its glucuronide
in the urine ofi non-smokers exposed to sidestream cigarette
smoke was published (Hecht et al{1993a )®Both these meth-
ods were based on a modification ofi a previously published
method fior the analysis ofi ThSNA in indoor air using GC cou-
pled with ThEA (Brunnemann etlX1992 )XAn outline ofi the
sample preparation procedure fior quantitation ofi NNAL and
NNAL-Gluc that was first developed (Carmella et alx1993a )
is depicted in Figure 3PArtifiactual nitrosamine fiormation was
prevented by the addition ofi either ammonium sulfiamate
or sodium hydroxide to urine at the time ofi collection®lhe
sample preparation was extensive, and required extraction ofi
large volumes ofi urine (100ml) with ethyl acetate}Fraction 1
contained unconjugated NNALRhe aqueous portion ofi urine
was then subjected to incubation with 3-glucuronidase fior
16h at 37°C to convert NNAL-Gluc to firee NNAIAn impor -
tant step in such enzyme hydrolysis is to ensure complete
conversion ofi the conjugated fiorm to the firee fiodhvery
convenient way to ensure complete conversion is to record a
time-course enzyme hydrolysis profileXThe NNAL released
was fiurther enriched by subsequent extraction step&The
procedure involved two liquid chromatographic steps fior
purification ofi the extract®The secondary hydroxyl group

| GC |_.| Pyrolyzer i Ozonator |
Q.
©
'_
% Reaction Vacuum
&) Chamber [—
Optical Filter
Photo
multiplier
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Figure 2. Schematic diagram ofi a GC-ThEA analyzer. (Adapted firofine
etal., 1975b.)
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Figure 3. First developed extraction protocol fior analysis ofi urinary NNAL and its glucuronide conjugate using GC-ThEA. (From Carmella et al., 1993b

was then transfiormed to a trimethylsilyl ether derivativi
Silylation is commonly done to increase the volatility ofi the
analytes and therefiore improve their GC properties fiormore
eficient separation (Blau and Halket, 1993 )XThis derivative
was finally subjected to GC analysis with ThEA detectiodFor
more than a decade fiollowing its publication, most studies
quantifiying urinary ThSNAs, mainly metabolites ofi NNEgE
NNAL and NNAL-Gluc, utilized this general methodXMost
ofi these studies were based on minor modifications ofi the
method described above (Carmella et alX1993a; Hecht et al¥
1993a)XSome ofi these changes include a modified internal
standard, decreased volume ofi urine analyzed, morning
versus 24-h urine samples, etc®he use ofi iso-NNAL instead
ofi [58H]NNAL or [5-*H]NNAL-Gluc as the internal standard
enabled the authors to quantifiy both analyte and internal
standard in the same chromatogram and eliminate the
need fior scintillation counting list ofi these studies can be
fiound inThabldXCarmella et alfl1995) also attempted to use
normal and reverse-phase solid-phase extraction cartridges
to replace the high-perfiormance liquid chromatography
(HPLC) purification steps¥ However, their attempts were
unsuccessfiul because the GC-ThEA chromatograms obtained
on these samples had an unacceptable background envelopeX
In a work published by Parsons et alX(1998), the sensitivity ofi
the GC-ThEA method was improved nearly 20 times through
the use ofi capillary G@®Consequently, the urine aliquot size
required fior analysis was reduced to 50mIXAnderson et alX
(2001) were able to carry out the GC-ThEA assay with an even
reduced aliquot size ofi 20ml fior non-smokers and 5ml fior
smokers fior the analysis ofi urinary NNAL and NNAL-Gluc in
non-smoking women exposed to ETh®

It should be noted that treatment with (3-glucuronidase
releases NNAL firom both NNAL-Nglucuronide and NNAL-
O-glucuronidefhe traditional GC-ThEA methods described
above measured firee NNAL and NNAL released firom the
glucuronide conjugateMHowever, these assays were not able
to distinguish whether NNAL released firom the conjugated
fiorm was firom théV- or the O-glucuronide fiorm&he issue
ofi separately quantifiying both NNAL-AGluc and NNAL-O-
Gluc was addressed by separating the firee and the conju-
gated fiorm on a G, solid-phase extraction cartridgeXlhis
was fiollowed by treatment with sodium hydroxide base ofi
the glucuronide firaction fior selective hydrolysis ofi NNAL—-V
GlucWUsing this protocol, Carmella et al2002) were able to
separately analyze NNAL-O-Gluc and NNAL-N-GlucX

The extensive sample preparation procedure fior analysis
ofi NNAL using GC with ThEA detection was finally simplified
by Carmella et al{2003)Rlhe method was streamlined by
introducing an acid partitioning step and omission ofi one
ofi the HPLC purification step&he pyridine ring on NNAL
was protonated by adjusting the pH to 2-3®his allowed it to
remain in the aqueous phase whereas relatively non-polar
neutral and acidic organic compounds were extracted into
CH,CI, and discardedXlhe traditional method fior analy-
sis ofi NNAL using GC-ThEA published bfarmella et alX
(1995) typically analyzed 10 urine samples simultaneouslyX
Considering the extensive sample preparation, 24-h enzyme
hydrolysis and derivatization, fiollowed by chromatographic
run times ofi 20min, meant that the entire assay fiollowed by
data analysis could take up to a week to completedn the
simplified procedure developed by Carmella et al{2003)
described above, the authors reported that the speed ofi
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analysis was almost 2-fiold fiaster than the traditional methodX
However, a disadvantage ofi the method was that NNAL and
NNAL-Gluc were not distinguished in this assayXlhis was
because the partition step using ethyl acetate to separate firee
and conjugated NNAL was omitted®Rather, the sample was
directly hydrolyzed using 3-glucuronidaseree and conju-
gated NNAL can, however, be easily determined with this
method by carrying out the analysis with and without the
B-glucuronidase enzyme hydrolysis step, then determining
NNAL-Gluc by the difierence between total and firee NNAL
levelsX

In order to study the tumorigenic contributions ofi the
two enantiomers ofi NNAL, vi'{R )-NNAL and (S)-NNAL,
Carmella et alX(1999) used chiral stationary-phase (CSP)
GC-ThEA fior analydfhe assay procedure was similar to the
traditional assay fior GC-ThEA analysis ofi NNAL, except that GC
column was replaced by a 3-cyclodextrin chiral selector GC
columnMJsing CSP-GC-ThEA, baseline resolution ofi (§ and
(R)-NNAL-ThMS standards, as well as (S)- and (Riso-NNAL
internal standard, was achievedXThe chromatographic run
time ofi the assay was a long 100min, howeveiXlhis proce-
dure was successfiully used byHecht et al{2002) to study
the stereoselective receptor binding ofi NNAIXCampo et alX
(2009) have discussed that the advantage ofi using cyclodex
trin as a CSP lies in its truncated cone structuredhe internal
cavity is relatively hydrophobic, whereas the outer surfiace is
hydrophilic with the primary hydroxyl groups, which can be
easily derivatized to modifiy its enantioselective propertie&
Eficient chiral separation is achieved with steric compatibil-
ity between the cyclodextrin cavity and the analye ofi interest,
and ifi the afinity ofi the guest molecule fior the cyclodextrin
cavity is greater than fior that ofi matrix componentd

Apart firom urine, NNAL and NNK have also been quan-
tified in plasma using GC combined with ThEA analysis, as
suggested by Hecht et al{1999)XAnalysis was done start -
ing with a large volume ofi blood (5-10ml)X\fiter basifiying
plasma with 08 N NaOH, it was neutralized and extracted 3
times with CH,CI®urther analysis ofi NNAL and NNK fiol-
lowed a similar procedure to the traditional urine methodX
A novel sample preparation technique using supercritical
fiuid extraction fior determining NNK in cervical mucus and
NNN, NNK, and NNAL in pancreatic juice was published by
Prokopczyk et alf1997) and Prokopczyk et alf2002) , respec-
tively®he method involved extraction using carbon dioxide
containing 10% methanol, fiollowed by GC separation and
nitrosamine-selective detection using ThEKSupercritical
fiuids through their unique physical state possess low vis-
cosities, allowing fiaster difiusion and more eficient extrac-
tionsiCarbon dioxide is the solvent ofi choice fior supercritical
fiuid extractionsBHowever, a practical problem is that despite
the immiscibility ofi carbon dioxide in aqueous solutions, it
can dissolve water to a limited extenttAqueous samples and
samples containing high proportion ofi water present prob-
lems because ofi the dificulty that the slight amount ofi dis
solved water may fireeze in the supercritical extraction fiow
path, creating potential blockagesMoreover, the slightly
dissolved water may act as a polar modifier and afiect fiurther

chromatographic analysistHence, extraction ofi liquids (par-
ticularly biological fiuids such as uine, blood, and saliva) is
ofiten not possibl&his is a possible reason that the method
has not achieved widespread utility®¥Some ofi the other
reasons fior its scarce implementation in routine analytical
laboratories include the absence ofi a universal method pro-
tocol, poor robustness ofi commercial equipment, extensive
sample preparation, and dificulty ofi extracting polar and
ionic compoundsX¥Another commonly encountered prob-
lem is erratic fiow characteristics due to plugged restrictorsX
Moreover, regulatory authorities have been slow in adopting
supercritical fiuid-based methods (Zougagh et alx2004)X
Good descriptions ofi the practicality ofi supercritical fiuid
extraction have been presented by Smith (1999), Henry and
Yonker (2006), and Chen et al{2008)X

Although NNAL (firee and total) has been the most com-
mon ThSNA to be quantified as a measure ofi tobacco lung
carcinogen uptake, other ThSNAs and their metabolic prod-
ucts have also been quantified in biological matrices using
GC-ThEKCarmella et al{1997) developed a method fior the
analysis ofi N-oxides ofi NNK and NNAKThe key step in this
procedure was the reduction ofi the N-oxide fiorm to firee NNAL
and NNK, respectively, using Proteus mirabilis fiollowed by
analysis ofi urine sample&his conversion was necessary as
the N-oxide fiorm is thermally labile, and not amenable to
high-temperature GC analysisXStepanov and Hecht (2005)
have analyzed total and firee fiorms ofi urinary NNN, NAB, and
NATh using nitrosamine selective detectioMInfiormation on
these assays is given in Thable [

Most ofi the studies conducted prior to 2003 used GC with
ThEA detection to quantifiy ThSN#¥slthough ThEA has been
highly instrumental in advancing our knowledge in the ThNSNA
field, many laboratories cannot justifiy the use ofi such a highly
specialized detector ifi they do not have a regular applicationX
Secondly, the methods based on GC/ThEA can require very
high sample volumesXThis can be a limitation, especially ifi
urine or plasma is designated fior multiple types ofi assays, and
the quantity available is limited®Iso, the sample preparation
is highly complex including multiple extraction and purifica-
tion steps, fiollowed by 24-h enzyme hydrolysis in the case ofi
measuring conjugated compounds (note: this is a common
step fior LC/MS/MS-based methods discussed later) and
finally there is a derivatization step®oreover, fior most cases,
elution times are in excess ofi 15min in order to get good sepa-
ration ofi the target compound&This significantly afiects the
throughput ofi the assays, which can typically take almost a
week to complete sample preparation, chromatography, and
data analysis¥t should be noted that with advancement in
technology and experience over the years, the current state
ofi the art has substantially improved throughput ofi GC-ThEA-
based methodiCurrently, however, there are no publications
that have described validation ofi GC-ThEA methods based
on the FDA guidelines (US Food and Drug Administration,
2001)XAbility to validate these compounds becomes all the
more important and will continue to gain importance in
fiuture years with the recent legislation that gives the US FDA
authority to regulate tobacco (Curfiman etalX2009 YAnother




major disadvantage ofi GC-ThEA is its inability to distinguish
co-eluted nitroso compounds even though it is nitroso spe-
cific, as reported by Wu et al{2008) KMorcos and Wiklund
(2001) and Meulemans and Delsenne (1994) have reported
the presence ofi nitrates and nitrites in human urine, which
can be a potential sources ofi interfierence, as reported b¥ine
et alf1975b) Mn fiact, in the study published by Thulunay ealX
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carried out by Byrd and Ogden (2003) revealed an almost
50% ion suppression ofi the signal by the co-eluting spe-
cies firom the sample matrix when compared with samples
in a simple water matrixX Strategies to assess and solve
matrix efiects have been discussed extensively in reviews
by Annesley (2003), Srinivas (2009), Thaylor (2005) and
Matuszewski et alX2003) KThe postcolumn infiusion sug-

(2005), total NNAL could not be determined in one subject
recruited in the study because ofi co-eluting peak&his sug-
gests potential selectivity problems with the GC-ThEA methodX
Moreover, fior thermally unstable compounds, GC-ThEA might
not be the best method ofi choic®Consequently, there has
been a recent trend towards the use ofi more widely available
analytical technique fior the analysis ofi these compounds
such as LC/MS/MSK

LC-ESI-MS/MS
The need fior high-throughput approaches fior quantitative
determination ofi analytes in biological matrices such as
blood, plasma, and urine has received a boost with the mod-
ern developments ofi liquid chromatography coupled with
tandem mass spectrometryXJemal (2000) has published a
review ofi the most recent advances in sample preparation
and mass spectrometry aspects ofi high-throughput bio-
analysis by LC/MS/MSHt is now standard practice to validate
bioanalytical methods according to the Bioanalytical Method
Validation guidelines as prescribed by the US Food and Drug
Administration (2001)XValidation ofi the method ensures
reliability and reproducibility ofi a particular method used
to quantitatively measure analytes in a biological matrixX
Validation involves documenting the perfiormance char
acteristics ofi the method in terms ofi accuracy, precision,
selectivity, sensitivity, reproducibility, and stability employ-
ing through laboratory investigationsXThus an increasing
number ofi LC/MS/MS-based methods are being published
fior the bioanalysis ofi ThSNAEhable shows a listing ofi these
methodsX

Byrd and Ogden (2003) have published the first validated
assay as per FDA guidance (US Food and Drug Administration,
2001) fior the determination ofi NNAL in urine using LC/MS/
MS and a single-step solid-phase extraction (SPE)XThe SPE
was perfiormed on a mixed-mode cation-exchange cartridg
d,-NNAL was used as an internal standard fior the assaiThe
assay was validated according to the FDA criteria, and was
fiound to be accurate, precise, and selectividThe limit ofi
quantitation ofi the assay was 20 pg/ml, which was suficient
fior analysis ofi firee and total NNAL in smoker’s urine using a
15-ml aliquot®{owever, in order to analyze NNAL levels in
nonsmokers exposed to second hand smoke, more sensitive
methods would be requiredX

LC-ESI-MS/MS methods possess high selectivity, sen-
sitivity, and throughput; however, an important selectiv-
ity issue that may be neglected in method development is
matrix efiects@hese are caused by alteration ofi ionization
eficiency by the presence ofi co-eluting substancesXThese
efiects can ofiten have a detrimental impact on the method
accuracy and sensitivityXIn fiact, the recovery experiments

gestion by Bonfiglio et al{1999) is a standard method to
assess the presence ofi matrix efiects fior hyphenated MS
techniquest is carried out by monitoring the ionization
response ofi a constant analyte infiusion and observing fior
any changes in response with and without injecting a blank
matrix extractXUpon identifiying the presence ofi matrix
efiects, the two most important and common approaches
to remove or minimize these efiects are modification ofi
the sample extraction methodology and improved chro-
matographic separation firom co-eluting substances, as
demonstrated by Avery (2003)XAn important approach ofi
controlling the impact that matrix efiect can have on the
quantitation ofi methods during LC/MS/MS experiments is
through the utilization ofi an internal standard (IS) in the
fiorm ofi a stable isotopically labeled (SIL) analoguhe sta-
ble isotope-labeled analogs are chemically and structurally
the same as their target drugs but difier in molecular massX
Thus they can be utilized to normalize the response ofi the
target analyte to the response ofi its isotopic analog and thus
adjust fior variations matrix efiects (Fu etal¥1998 ; Stokvis
et alX2005 ; Avery, 2003)Ht is important to note that stable
isotopically labeled internal standard may not always cor-
rect analyte response (Wang et alk2007 )XIt has also been
shown that *C labeling is prefierred over deuterated internal
standard because the latter may show unexpected behav-
ior such as difierent retention times and recoveries (Stokvis
et alx2005 )X

In this respect, Jacob et al{2008) modified the sample
extraction protocol to develop a method fior sub-picogram per
milliliter determination ofi NNAL in human urine that avoided
matrix efiects®he method relied on the derivatization ofi the
hydroxy group ofi NNAL to a relatively nonpolar hexanoate
estehis fiacilitated the chromatographic separation firom
potentially interfiering polar urinary constituentfhe separa-
tion firom the co-eluting polar species ofi the sample matrix
enhanced the detection using ESI-MS/MS, as proposed by
Bonfiglio et al{1999) KMore eficient separation firom other
ionizable urinary species by extraction and chromatography
would reduce the extent ofi ion suppression that commonly
occurs in ESIFurther, the hexanoate ester derivative ofi NNAL
would have a larger mass than the parent compoundXSterner
et al{2000) have shown that larger masses are less suscep-
tible to suppression when compared to smaller moleculesX
The authors reported a limit ofi quantitation ofi B5 pg/ml
fior a 5-ml sample aliquoKThis is the lowest reported limit
ofi quantitation (LOQ) fior NNAL quantitation published to
datelhe authors state that a typical run consisting ofi 46 sam-
ples plus 26 standards and quality control samples required
3 days to carry out the enzyme incubation, extraction, and
derivatization steps¥Further LC-MS/MS analysis with long
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chromatographic run times (20 min) means that a typical run
can take a week to completelhis hinders sample throughput
and ; fiaster turnaround times are requiredX

Recently, a novel category ofi solid-phase extraction
phases involving very selective molecular recognition—
molecularly imprinted polymers—are gaining interest fior a
wide range ofi applications, as described byLasakova and
Jandera (2009) and Pichon (2007)®Molecularly imprinted
polymers (MIPs) are synthetic polymeric sorbents pos-
sessing cavities fior the retention ofi specific analytes and/
or a class ofi analyt&he retention mechanism is based on
molecular recognition imprinted in this cavity® typical dia-
gram describing the imprinting process is shown in Figure 4K
The principle ofi selective extraction using MIPS is similar to
that ofi immunosorbents, and involves a conditioning step,
fiollowed by sample loading, a washing step, and finally des
orption ofi the target analytéynthesizing MIPs having high
afinity and selectivity fior target analytes is a challengeXXia
et alf2005) were successfiul in designing MIPs fior selective
extraction ofi NNAL in human urine fiollowed by LC/ESI-MS/
MS detectionX

Despite the enhanced selectivity ofiered by MIPs in sam-
ple extraction, it has been reported that significant matrix
components may be present afiter extraction, as shown in a
study by van Hout et al{2003)®Rhis may pose a problem ofi
ionization suppression and can adversely afiect the quan-
titative perfiormance ofi a mass spectromet®Co-eluting
compounds firom the matrix as well as ion cross-talk can
contribute to the phenomenon ofi ion suppression (Annesley,
2003)Xrhe main cause ofi ion suppression in experiments
involving ESI ofi biological extracts was studied byKing et alX
(2000)®he authors hypothesized a change in the eficiency
ofi droplet fiormation or evaporation due to the presence ofi
nonvolatile materials such as salts, endogenous compounds,
drugs, and metabolites, etcXlhis would have an efiect on
the amount ofi charged ion in the gas phase that reaches the
detectoi@n a recent publication, Shah et al{2009c ) have
shown that despite the selective extraction ofi urine on a
MIP column selective fior NNAL, ion suppression was fiound
to infiuence the response ofi NNAIBy changing the liquid
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Figure 4. Schematic diagram ofi the molecular imprinting process.

chromatographic conditions, the authors were able to avoid
ion suppression by ensuring that the NNAL peak eluted in a
region where ion suppression was not observed@he modi-
fied chromatographic conditions led to a 25-fiold increase in
the signal responseX

Further advancement in the use ofi MIPs fior ThSNA analysis
came when Kavvadias et al{2009) developed a method fior
simultaneous determination ofi urinary NNN, NNK, NAB, and
NATh using these artificial synthetic receptofdThe sample
preparation involved a two-step SPE procedure—selective
extraction on a commercially available MIP cartridge specific
fior ThSNAs, fiollowed by extraction on a mixed-mode cation-
exchange cartridge¥The compounds were then subjected to
analysis by LC-ESI-MS/MSKThe authors use fiour difierent
isotope-labeled internal standards corresponding to the
fiour difierent analytes measuredXhe use ofi multiple inter
nal standards fior multiple analytes has been recommend by
Lagerwerfi etal{2000) because it is extremely important to
compensate fior any changes in ionization fior difierent ana-
lytes based on the analyte polarity and matrix efiectsX

NNAL and its glucuronide have been quantified using
LC-ESI-MS/MS in plasma samples ofi smoker&Carmella et alX
(2005) used a single-step mixed-mode cation-exchange SPE,
fiollowed by separation on a reverse-phase C18 HPLC column
and MS/MS detectioniConsidering the polar nature ofi NNAL,
Pan et al{(2004) developed a method based on a simple
liquid/liquid extraction and hydrophilic interaction liquid
chromatography with tandem mass spectrometry (HILIC/
MS/MS) analysisKAlthough reverse-phase chromatography
is most widely used fior analysis ofi polar analytes, it relies on
separation by their degree ofi hydrophobic interaction with
the stationary phasel In reverse-phase chromatography,
a nonpolar stationary phase and a polar mobile phase are
usedXHILIC, on the other hand, is usefiul fior separation ofi
polar compounds by eluting with a strong organic mobile
phase against a hydrophilic stationary phase where elution is
driven by increasing the aqueous content in the mobile phase
(Hsieh, 2008)®he highly volatile organic mobile phases such
as methanol and acetonitrile used in HILIC provide increased
ionization eficiencies fior MS/MS detectionXMoreover, the
lower viscosities ofi these solvents lead to lower column back
pressure and possibly improved column lifie (Dejaegher etalX
2008)®he throughput ofi the method developed by Pan et alX
(2004) was substantially improved with chromatographic
run times ofi just Imin and no adverse matrix efiects were
observed fior the assay®Both the reverse-phase chromatogra-
phy-based method and the HILIC method described above
used only 1 ml ofi plasma compared to 5-10ml required in
some previously published GC-ThEA-based methods (see
Thablel)XMore recently, mass spectrometry-based assays
have been developed by Stepanov and Hecht (2008) and
Stepanov et alX(2006a) fior analysis ofi NNAL and NNN in
human toenail¥Some ofi the advantages ofi biomarkers in
the toenail include the potential fior evaluation ofi long-term
cumulative exposure to tobacco carcinogens, steady accu-
mulation ofi biomarkers due to the slow growth rate ofi nails,
and enhanced sample stability®Sample preparation along




with relevant assay infiormation fior these methods has been
described in Thable

Challenges and fiuture directions

Other challenges still exist apart firom assay concerns fior the
analysis ofi ThSNAs in biological matricéSample collection
and storage is a major challenge, especially ifi the analyte and/
or its metabolite are instable in biological samples (Jemal and
Xia, 2006)ompound stability may be afiected by enzymes,
pH, anticoagulants, storage temperature, and fireeze-thaw,
which could potentially result in either under or overestima-
tion ofi the analyte concentration®ost ofi the early work pub-
lished pertaining to bioanalysis ofi ThISNA compounds lacks
stability investigationsi

Throughput ofi assays fior the analysis ofi ThSNAs remains

a challengeRlhe high volumes ofi urine samples required
fior analysis (approximately 5ml) have hindered the use

ofi sample preparation techniques in a 96-well fiormat fior

high-throughput analysisXA balance between the cost ofi
sample preparation and analysis speed is highly importantX
Online sample extraction techniques are gaining a lot ofi
interest because ofi their speed ofi analysis, high sensitiv
ity, the preconcentration fiactor, and low extraction cost
per sampleXIhese typically require the use ofi program-
controlled switching valves, howeverXBecause the entire
extraction can be automated online, such techniques might
find significant usefiulness in the fiutu¥Shah et alif2009a)
have recently developed a fiully automated method fior
direct injection ofi urine on a molecularly imprinted poly-
meric microcolumn coupled online with tandem MS fior
the analysis ofi NNAIXA column switching valve was used
to divert the matrix components to waste during the wash
stepWVith injection volumes as low as 200 pl, the authors
were able to achieve a LOQ ofi 20 pg/ml ofi NNAL in urine
without any sample extraction steps on the bench (Shah
et alk2009b )X

The introduction ofi ultra-perfiormance liquid chroma-
tography with sub-2-pum particle separation ofiers potential
advantages in resolution, speed, and sensitivity fior analytical
applications, particularly when coupled with MS as described
by Mazzeo et alff2005)Xhis approach might become com-
monplace in the field ofi ThSNA bioanalysis, especially in
cases where enhanced assay sensitivity is required when
studying subjects exposed to sidestream smokefMonolithic
chromatography and hydrophilic interaction chromatog-
raphy might also provide considerable advantages in the
fiuture as a means to analyze polar ThSNA compounds with
enhanced throughput (Xu et al¥2007)XIn any fiuture applica
tion, as described earlier, matrix efiects should be thoroughly
evaluatedX

Apart firom analytical challenges, an area that is ofiten over
looked is the choice and selection ofi units when describing
measured concentrations ofi ThSNAs in biological specimeixs
Some groups routinely express concentrations in pmols,
whereas other authors have used pure weight concentration
units such as pg/mlfAnterchanging the two fiorms is relatively
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trivial, but may be overlooked in some comparisonsdt may
be argued that a more appropriate way ofi representing the
concentrations ofi analytes in body fiuids is to report them in
molar terms so that these may be better understood in rela-
tion to concentrations ofi other analyte¥There have been
efiorts to standardize units in reporting clinical laboratory
data, as discussed by Young (1987)X

Another confiounding issue that still needs through inves
tigation is the correct use ofi ratios in expressing urinary ThSNA
concentrationsXMost ofiten, results are expressed per mg ofi
creatinine (fior refierences, seélhablesl and 2) to adjust fior
possible concentration difierences among samples resulting
firom the variation in the hydration state ofi the subject®ther
studies have shown that similar results were obtained whether
NNAL and NNAL-Gluc concentrations were expressed per ml
ofi urine or per mg ofi creatinine (Hecht eal{1999 )XIn any
case, the reliability ofi either approach has notyet been firmly
established and is a common problem with urinary toxicant
and metabolite assaysX

Summary and conclusion

We have reviewed the issues and progress made in the area
ofi ThSNA bioanalygfey points discussed included sam-
ple preparation, separation, and detectionXlhe two most
commonly used approaches fior TWSNA analysis in biologi-
cal matrices are based on GC-ThEA and LC-ESI-MS/M®&he
advantages as well as the limitations fior both methods have
been discussedXAlthough sample throughput remains the
biggest challenge ofi GC-ThEA based assays, addressing ion
suppression matrix efiects remains an important issue fior
mass spectrometry-based methodsXBecause ofi the vari-
ability in biological matrices, the chromatographic peaks
obtained firom both GC-ThEA- and LC-MS-based methods
should be carefiully examined fior co-eluters, which may
potentially cause loss ofi symmetry, interfierence, or ion sup-
pression problemsiOn-going advancement and improving
technology in the areas ofi automation, detection, novel
sample extraction supports, and column switching will
certainly be beneficial fior high-throughput bioanalysis
ofi ThSNABioanalytical laboratories generally prefier to
employ the method validation protocol recommended by
the FDARIhis trend has also been observed in most ofi the
recent publications on ThSNA bioanalysidt is essential to
employ well-characterized and validated methods to yield
reliable results that can be interpreted with confidenceXThis
will also provide the bioanalyst better means when com-
paring and selecting one method over anotheiXoreover,

it will also allow more eficient means when comparing
and/or transfierring methods between laboratorie8lt is also
important to emphasize that difierent analytical techniques
have their own characteristics, which vary firom analyte to
analyteXMoreover, the ultimate objective ofi a study may
govern the appropriateness ofi a techniquémproved tools
and approaches in the bioanalysis ofi ThNSNAs will certainly
continue to provide understanding ofi the mechanisms by
which tobacco carcinogens cause cancer and may enable
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the prediction ofi cancer risRIhis ultimately would lead to
advances in chemoprevention strategiesX

Acknowledgements

The authors would like to thank the Bioanalytical Core
Laboratory Service Center and the School ofi Pharmacy,
Department ofi Pharmaceutics, at the Virginia Commonwealth
University Medical College ofi Virginia Campus fior providing
clerical support in the preparation ofi the manuscripk

Declaration ofi interest

The authors report no confiicts ofi intereslhe authors alone
are responsible fior the content and writing ofi the papét

Refierences

Adams JD, Brunnemann KD, Hofimann D (1983). Chemical studies on
tobacco smoke: LXXV. Rapid method fior the analysis ofi tobacco-specific
N-nitrosamines by gas-liquid chromatography with a thermal energy ana-
lyser. ] Chromatogr A 256:347-351.

American Cancer Society (2009). Cancer Facts and Figures. June 2009.

Anderson KE, Carmella SG, Ye M, Bliss RL, Le C, Murphy L, Hecht SS (2001).
Metabolites ofi a tobacco-specific lung carcinogen in nonsmoking
women exposed to environmental tobacco smoke. J Natl Cancer Inst.
93:378-381.

Anderson KE, Kliris J, Murphy L, Carmella SG, Han S, Link C, Bliss RL, Puumala
S, Murphy SE, Hecht SS (2003). Metabolites ofi a tobacco-specific lung
carcinogen in nonsmoking casino patrons. Cancer Epidemiol Biomarkers
Prev. 12:1544-1546.

Annesley ThM (2003). Ion suppression in mass spectrometry. Clin Chem.
49:1041-1044.

Avery MJ (2003). Quantitative characterization ofi difierential ion suppres
sion on liquid chromatography/atmospheric pressure ionization mass
spectrometric bioanalytical methods. Rapid Commun Mass Spectrom.
17:197-201.

Bartsch H (1996). DNA adducts in human carcinogenesis: Etiological relevance
and structure-activity relationship. Mutat Res. 340:67-79.

Beveridge A (1998). Forensic Investigation ofi Explosions. London: Thaylor &
Francis.

Blau K, Halket JM, eds. (1993). Handbook ofi Derivatives fior Chromatography.
2nd ed. New York: Wiley.

Bonfiglio R, King RC, Olah ThV, Merkle K (1999). The efiects ofi sample
preparation methods on the variability ofi the electrospray ionization
response fior model drug compounds. Rapid Commun Mass Spectrom.
13:1175-1185.

Brittebo E, Thjalve H (1980). Autoradiographic observations on the distribution
and metabolism ofi N’-/14C/nitrosonornicotine in mice. J Cancer Res Clin
Oncol. 98:233-242.

Brittebo EB, Thjalve H (1981). Formation ofi tissue-bound - nitrosonornicotine
metabolites by the target tissues ofi Sprague-Dawley and Fisher rats.
Carcinogenesis. 2:959-963.

Brunnemann KD, Hofimann D (1981). Assessment ofi the carcinogenic
N-nitrosodiethanolamine in tobacco products and tobacco smoke.
Carcinogenesis. 2:1123-1127.

Brunnemann KD, Genoble L, Hofimann D (1987). Identification and analysis
ofi a new tobacco-specific N-nitrosamine, 4-(methylnitrosamino)-4-(3-
pyridyl)-1-butanol. Carcinogenesis. 8:465-469.

Brunnemann KD, Hofimann D (1991). Analytical studies on tobacco-specific
N-nitrosamines in tobacco and tobacco smoke. Crit Rev Thoxicol.
21:235-240.

Brunnemann KD, Cox JE, Hofimann D (1992). Analysis ofi tobacco-specific
N-nitrosamines in indoor air. Carcinogenesis. 13:2415-2418.

Byrd GD, Ogden M. W (2003). Liquid chromatographic/tandem mass
spectrometric method fior the determination ofi the tobacco-specific
nitrosamine metabolite NNAL in smokers’ urine. ] Mass Spectrom.
38:98-107.

Campo VL, Bernardes LS, Carvalho I (2009). Stereoselectivity in drug metabo-
lism: molecular mechanisms and analytical methods. Curr Drug Metab.
10:188-205.

Carmella SG, Akerkar S, Hecht SS (1993a). Metabolites ofi the tobacco-specific
nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in smok-
ers’ urine. Cancer Res. 53:721-724.

Carmella SG, Akerkar SA, Richie JP Jr, Hecht SS (1995). Intraindividual and
interindividual difierences in metabolites ofi the tobacco-specific lung
carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) in
smokers’ urine. Cancer Epidemiol Biomarkers Prev. 4:635-642.

Carmella SG, Borukhova A, Akerkar SA, Hecht SS (1997). Analysis ofi human
urine fior pyridine-N-oxide metabolites ofi 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanone, a tobacco-specific lung carcinogen. Cancer
Epidemiol Biomarkers Prev. 6:113-120.

Carmella SG, Ye M, Upadhyaya P, Hecht SS (1999). Stereochemistry ofi metabo-
lites ofi a tobacco-specific lung carcinogen in smokers’ urine. Cancer Res.
59:3602-3605.

Carmella SG, Le Ka KA, Upadhyaya P, Hecht SS (2002). Analysis ofiN- and
O-glucuronides  ofi  4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol
(NNAL) in human urine. Chem Res Thoxicol. 15:545-550.

Carmella SG, Han S, Fristad A, Yang Y, Hecht SS (2003). Analysis ofi total
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL) in human urine.
Cancer Epidemiol Biomarkers Prev. 12(11 Pt 1):1257-1261.

Carmella SG, Han S, Villalta PW, Hecht SS (2005). Analysis ofi total
4-(methylnitrosamino)-1-(3-pyridyl)- 1-butanol in smokers’ blood. Cancer
Epidemiol Biomarkers Prev. 14(11 Pt 1):2669-2672.

Carmella SG, Yoder A, Hecht SS (2006). Combined analysis ofi r-1,t-2,3,c-4-tet
rahydroxy-1,2,3,4-tetrahydrophenanthrene and 4-(methylnitrosamino)-1-
-(3-pyridyl)-1-butanol in smokers’ plasma. Cancer Epidemiol Biomarkers
Prev. 15:1490-1494.

Carmella SG, Chen M, Han S, Briggs A, Jensen J, Hatsukami DK, Hecht SS
(2009). Efiects ofi smoking cessation on eight urinary tobacco carcinogen
and toxicant biomarkers. Chem Res Thoxicol. 22:734-741.

Castonguay A, Lin D, Stoner GD, Radok P, Furuya K, Hecht SS, Schut HA,
Klaunig JE (1983a). Comparative carcinogenicity in A/J mice and metab-
olism by cultured mouse peripheral lung ofi N’-nitrosonornicotine,
4-(methylnitrosamino)-1-(3-pyridyl)- 1-butanone, their analogues. Cancer
Res. 43:1223-1229.

Castonguay A, Thjalve H, Hecht SS (1983b). Thissue distribution ofi the tobacco-
specific carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone and
its metabolites in F344 rats. Cancer Res. 43:630-638.

Castonguay A, Thjalve H, Thrushin N, Hecht SS (1984). Perinatal metabo-
lism ofi the tobacco-specifiic carcinogen 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone in C57BL mice. ] Natl Cancer Inst.
72:1117-1126.

Castonguay A, Thjalve H, Thrushin N, d’Argy R, Sperber G (1985). Metabolism and
tissue distribution ofi tobacco-specificN-nitrosamines in the marmoset
monkey (Callithrix jacchus). Carcinogenesis. 6:1543-1550.

Chen Y, Guo Z, Wang X, Qiu C (2008). Sample preparation. ] Chromatogr A.
1184:191-219.

Church ThR, Anderson KE, Caporaso NE, Geisser MS, Le CTh, Zhang Y, Benoit AR,
Carmella SG, Hecht SS (2009). A prospectively measured serum biomar-
ker fior a tobacco-specific carcinogen and lung cancer in smokers. Cancer
Epidemiol Biomarkers Prev. 18:260-266.

Curfiman GD, Morrissey S, Drazen JM (2009). Thobacco, public health, and the
FDA. N Engl ] Med. 361:402-403.

De Bont R, van Larebeke N (2004). Endogenous DNA damage in humans: A
review ofi quantitative data. Mutagenesis. 19:169-185.

Dejaegher B, Mangelings D, Vander Heyden Y, (2008). Method development
fior HILIC assays. ] Sep Sci. 31:1438-1448.

Djordjevic MV, Brunnemann KD, Hofimann D (1989). Identification and analy-
sis ofi a nicotine-derivedN-nitrosamino acid and other nitrosamino acids
in tobacco. Carcinogenesis. 10:1725-1731.

Djordjevic MV, Sigountos CW, Brunnemann KD, Hofimann D (1991). Formation
ofi 4-(methylnitrosamino)-1-(3-pyridyl) butyric acid in vitro and in main-
stream cigarette smoke. ] Agric Food Chem. 39:209-213.

Evans G (2004). A Handbook ofi Bioanalysis and Drug Metabolism. Boca Raton,
FL, London: CRC Press.

Falter B, Kutzer C, Richter E (1994). Biomonitoring ofi hemoglobin adducts:
Aromatic amines and tobacco-specific nitrosamines. Clin Invest
72:364-371.

Fine DH, Rufieh F, Gunther B (1973). A group specific procedure fior the analy-
sis ofi both volatile and nonvolatile N-nitroso compounds in picogram
amounts. Anal Lett 6:731 - 733.

Fine DH, Rufieh E Lieb D (1974). Group analysis ofi volatile and non-volatile
N-nitroso compounds. Nature. 247:309-310.



Fine DH, Lieb D, Rufieh F (1975a). Principle ofi operation ofi the thermal energy
analyzer fior the trace analysis ofi volatile and non-volatiléV-nitroso com-
pounds. J Chromatogr. 107:351-357.

Fine DH, Rufieh F, Lieb D, Rounbehler DP (1975b). Description ofi the thermal
energy analyzer (ThEA) fior trace determination ofi volatile and nonvolatile
N-nitroso compounds. Anal Chem. 47:1188-1191.

Fischer S, Spiegelhalder B, Preussmann R (1989). Prefiormed tobacco-specific
nitrosamines in tobacco—role ofi nitrate and infiuence ofi tobacco type.
Carcinogenesis. 10:1511-1517.

Foiles PG, Akerkar SA, Carmella SG, Kagan M, Stoner GD, Resau JH, Hecht SS
(1991). Mass spectrometric analysis ofi tobacco-specific nitrosamine-
DNA adducts in smokers and nonsmokers. Chem Res Thoxicol.
4:364-368.

Fu I, Woolfi E], Matuszewski BK (1998). Efiect ofi the sample matrix on the
determination ofi indinavir in human urine by HPLC with turbo ion
spray tandem mass spectrometric detection. ] Pharm Biomed Anal.
18:347-357.

Hatsukami DK, Lemmonds C, Zhang Y, Murphy SE, Le C, Carmella SG, Hecht SS
(2004). Evaluation ofi carcinogen exposure in people who used “reduced
exposure” tobacco products. ] Natl Cancer Inst. 96:844-852.

Hecht SS (1998a). Biochemistry, biology, and carcinogenicity ofi tobacco-
specific N-nitrosamines. Chem Res Thoxicol. 11:559-603.

Hecht SS (1998b). In:Rom WN, ed. Environmental and Occupational Medicine.
N-Nitrosamines New York: Lippincott-Raven, 1479-1499.

Hecht S. S (1999). Thobacco smoke carcinogens and lung cancer. ] Natl Cancer
Inst. 91:1194-1210.

Hecht SS (2002). Human urinary carcinogen metabolites: Biomarkers fior inves
tigating tobacco and cancer. Carcinogenesis. 23:907-922.

Hecht SS (2003). Thobacco carcinogens, their biomarkers and tobacco-induced
cancer. Nat Rev Cancer. 3:733-744.

Hecht SS (2008). Progress and challenges in selected areas ofi tobacco carcino-
genesis. Chem Res Thoxicol. 21:160-171.

Hecht SS, Hofimann D (1988). Thobacco-specific nitrosamines, an important
group ofi carcinogens in tobacco and tobacco smoke. Carcinogenesis.
9:875-884.

Hecht SS, Rivenson A, Braley J, DiBello ], Adams JD, Hofimann D (1986).
Induction ofi oral cavity tumors in F344 rats by tobacco-specific nitro-
samines and snufi. Cancer Res. 46:4162-4166.

Hecht SS, Carmella SG, Murphy SE, Akerkar S, Brunnemann KD, Hofimann D
(1993a). A tobacco-specific lung carcinogen in the urine ofi men exposed
to cigarette smoke. N Engl ] Med. 329:1543-1546.

Hecht SS, Thrushin N, Reid-Quinn CA, Burak ES, Jones AB, Southers JL, Gombar
CTh, Carmella SG, Anderson LM, Rice JM (1993b). Metabolism ofi the tobac
co-specific nitrosamine 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone
in the patas monkey: Pharmacokinetics and characterization ofi glucuro-
nide metabolites. Carcinogenesis. 14:229-236.

Hecht SS, Chung FL, Richie JP Jr, Akerkar SA, Borukhova A, Skowronski L,
Carmella SG (1995). Efiects ofi watercress consumption on metabolism
ofi a tobacco-specific lung carcinogen in smokers. Cancer Epidemiol
Biomarkers Prev. 4:877-884.

Hecht SS, Carmella SG, Chen M, Dor Koch JF, Miller ATh, Murphy SE, Jensen JA,
Zimmerman CL, Hatsukami DK (1999). Quantitation ofi urinary metabo-
lites ofi a tobacco-specific lung carcinogen afiter smoking cessation. Cancer
Res. 59:590-596.

Hecht SS, Ye M, Carmella SG, Fredrickson A, Adgate JL, Greaves IA, Church ThR,
Ryan AD, Mongin SJ, Sexton K (2001). Metabolites ofi a tobacco-specific
lung carcinogen in the urine ofi elementary school-aged children. Cancer
Epidemiol Biomarkers Prev. 10:1109-1116.

Hecht SS, Carmella SG, Ye M, Le KA, Jensen JA, Zimmerman CL, Hatsukami DK
(2002). Quantitation ofi metabolites ofi 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanone afiter cessation ofi smokeless tobacco use. Cancer
Res. 62:129-134.

Hecht SS, Carmella SG, Kenney PM, Low SH, Arakawa K, Yu MC (2004a). Efiects
ofi crucifierous vegetable consumption on urinary metabolites ofi the
tobacco-specific lung carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-
1-butanone in singapore chinese. Cancer Epidemiol Biomarkers Prev.
13:997-1004.

Hecht SS, Murphy SE, Carmella SG, Zimmerman CL, Losey L, Kramarczuk I,
Roe MR, Puumala SS, Li YS, Le C, Jensen ], Hatsukami DK (2004b). Efiects
ofi reduced cigarette smoking on the uptake ofi a tobacco-specific lung
carcinogen. J Natl Cancer Inst. 96:107-115.

Hecht SS, Carmella SG, Le KA, Murphy SE, Boettcher AJ, Le C, Koopmeiners J,
An L, Hennrikus D] (2006). 4-(Methylnitrosamino)-1-(3-pyridyl)-
1-butanol and its glucuronides in the urine ofi infiants exposed to
environmental tobacco smoke. Cancer Epidemiol Biomarkers Prev.
15:988-992.

Bioanalysis ofi tobacco-specific nitrosamines 325

Hecht SS, Carmella SG, Murphy SE, Riley WTh, Le C, Luo X, Mooney M,
Hatsukami DK (2007). Similar exposure to a tobacco-specific carcinogen
in smokeless tobacco users and cigarette smokers. Cancer Epidemiol
Biomarkers Prev. 16:1567-1572.

Hecht SS, Carmella SG, Edmonds A, Murphy SE, Stepanov I, Luo X,
Hatsukami DK (2008). Exposure to nicotine and a tobacco-specific car-
cinogen increase with duration ofi use ofi smokeless tobacco. Thob Control.
17:128-131.

Henry MC, Yonker C. R (2006). Supercritical fiuid chromatography, pressu-
rized liquid extraction, and supercritical fiuid extraction. Anal Chem.
78:3909-3916.

Hofimann D, Adams JD (1981). Carcinogenic tobacco-specific N-nitrosamines
in snufi and in the saliva ofi snufi dippers. Cancer Res. 41(11
Pt 1):4305-4308.

Hofimann D, Adams JD, Brunnemann KD, Hecht SS (1979). Assessment ofi
tobacco-specific N-nitrosamines in tobacco products. Cancer Res. 39(7
Pt 1):2505-2509.

Hofimann D, Adams JD, Brunnemann KD, Rivenson A, Hecht SS (1982).
Thobacco specific N-nitrosamines: occurrence and bioassays. IARC Sci
Publ. 41:309-318.

Hofimann D, Adams JD, Lisk D, Fisenne I, Brunnemann KD (1987). Thoxic
and carcinogenic agents in dry and moist snufi. J] Natl Cancer Inst.
79:1281-1286.

Hofimann D, Brunnemann KD, Prokopczyk B, Djordjevic MV (1994). Thobacco-
specific N-nitrosamines and Areca-derived N-nitrosamines: Chemistry,
biochemistry, carcinogenicity, and relevance to humans. J Thoxicol Environ
Health. 41:1-52.

Hofimann D, Djordjevic MV, Fan ], Zang E, Glynn Th, Connolly GN (1995). Five
leading U.S. commercial brands ofi moist snufi in 1994: Assessment ofi car
cinogenic N-nitrosamines. ] Natl Cancer Inst. 87:1862-1869.

Hofimann D, Hofimann I, El-Bayoumy K (2001). The less harmfiul cigarette:
A controversial issue. A tribute to Ernst L. Wynder. Chem Res Thoxicol.
14:767-790.

Hsieh Y (2008). Potential ofi HILIC-MS in quantitative bioanalysis ofi drugs and
drug metabolites. J Sep Sci. 31:1481-1491.

Hurt RD, Croghan GA, Wolter ThD, Croghan ITh, Ofiord KP, Williams GM,
Djordjevic MV, Richie JP J, Jefirey AM (2000). Does smoking reduction
result in reduction ofi biomarkers associated with harm? A pilot study
using a nicotine inhaler. Nicotine Thob Res 2:327-336.

International Agency fior Research on Cancer (1985). Thobacco habits other
than smoking: betel quid and areca nut chewing and some related nitro-
samines. In: IARC Monographs on the Evaluation ofi the Carcinogenic Risk
ofi Chemicals to Humans. Lyon, France: IARC, 37:37-140.

International Agency fior Research on Cancer (1995). Occurence ofi and expo-
sure to N-nitroso compounds in tobacco. In: Relevance to Human Cancer
ofiN-nitroso Compounds, Thobacco Smoke and Mycotoxins. Lyon, France:
IARC, 493-495.

International Agency fior Research on Cancer (2002). Thobacco smoke and invol-
untary smoking. In: IARC Monographs on the Evaluation ofi Carcinogenic
Risks to Humans. Lyon, France: IARC, 83:1012-1065.

International Agency fior Research on Cancer (2007). Smokeless tobacco
and some tobacco-specific nitrosamines. In: IARC Monographs on
the Evaluation ofi Carcinogenic Risks to Humans. Lyon, France: IARC,
89:166-370.

Jacob P 3rd, Havel C, Lee DH, Yu L, Eisner MD, Benowitz NL (2008).
Subpicogram per milliliter determination ofi the tobacco-specific car
cinogen metabolite 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol in
human urine using liquid chromatography-tandem mass spectrometry.
Anal Chem. 80:8115-8121.

Jemal M (2000). High-throughput quantitative bioanalysis by LC/MS/MS.
Biomed Chromatogr. 14:422-429.

Jemal M, Xia YQ (2006). LC-MS Development strategies fior quantitative bio-
analysis. Curr Drug Metab. 7:491-502.

Joseph AM, Hecht SS, Murphy SE, Carmella SG, Le CTh, Zhang Y, Han S,
Hatsukami DK (2005). Relationships between cigarette consumption and
biomarkers ofi tobacco toxin exposure. Cancer Epidemiol Biomarkers Prev.
14:2963-2968.

Kavvadias D, Scherer G, Urban M, Cheung F Errington G, Shepperd J,
McEwan M (2009). Simultaneous determination ofi fiour tobacco-specific
N-nitrosamines (ThSNA) in human urine. ] Chromatogr B Analyt Thechnol
Biomed Lifie Sci. 877:1185-1192.

King R, Bonfiglio R, Fernandez-Metzler C, Miller-Stein C, Olah Th (2000).
Mechanistic investigation ofi ionization suppression in electrospray ioni-
zation. ] Am Soc Mass Spectrom. 11:942-950.

Kresty LA, Carmella SG, Borukhova A, Akerkar SA, Gopalakrishnan R,
Harris RE, Stoner GD, Hecht SS (1996). Metabolites ofi a tobacco-specific



326 K. A. Shah and H. T. Karnes

nitrosamine, 4-(methylnitrosamino)- 1-(3-pyridyl)-1-butanone (NNK),
in the urine ofi smokeless tobacco users: Relationship between urinary
biomarkers and oral leukoplakia. Cancer Epidemiol Biomarkers Prev.
5:521-525.

Lackmann GM, Salzberger U, Thollner U, Chen M, Carmella SG, Hecht SS (1999).
Metabolites ofi a tobacco-specific carcinogen in urine firom newborns. J
Natl Cancer Inst. 91:459-465.

Lagerwerfi FM, van Dongen WD, Steenvoorden RJJM, Honing M, Jonkman JHG
(2000). Exploring the boundaries ofi bioanalytical quantitative LC-MS-MS.
Thrends Anal Chem 19:418-427.

Lasakova M, Jandera P (2009). Molecularly imprinted polymers and their appli-
cation in solid phase extraction. J Sep Sci. 32:799-812.

Matuszewski BK, Constanzer ML, Chavez-Eng CM (2003). Strategies fior the
assessment ofi matrix efiect in quantitative bioanalytical methods based
on HPLC-MS/MS. Anal Chem. 75:3019-3030.

Mazzeo JR, D.,?Neue U, Kele M, Plumb RS (2005). Advancing LC perfiormance
with smaller particles and higher pressure. Anal Chem 77:460A-467A.

Meger M, Richter E, Zwickenpfiug W, Oehlmann C, Hargaden MB, YI AR, Vesell
ES (1999). Metabolism and disposition ofi 4-(methylnitrosamino)-1-(3-
pyridyl)-1- butanone (NNK) in rhesus monkeys. Drug Metab Dispos.
27:471-478.

Meulemans A, Delsenne F (1994). Measurement ofi nitrite and nitrate levels in
biological samples by capillary electrophoresis. ] Chromatogr B Biomed
Appl. 660:401-404.

Milunsky A, Carmella SG, Ye M, Hecht SS (2000). A tobacco-specific carcinogen
in the fietus. Prenat Diagn. 20:307-310.

Morcos E, Wiklund N. P (2001). Nitrite and nitrate measurement in human
urine by capillary electrophoresis. Electrophoresis. 22:2763-2768.

Morse MA, Eklind K1, Thoussaint M, Amin SG, Chung FL (1990). Characterization
ofi a glucuronide metabolite ofi 4-(methyl-nitrosamino)-1-(3-pyridyl)-1-
butanone (NNK) and its dose-dependent excretion in the urine ofi mice
and rats. Carcinogenesis. 11:1819-1823.

Murphy SE, Carmella SG, Idris AM, Hofifimann D (1994). Uptake and
metabolism ofi carcinogenic levels ofi tobacco-specifiic nitrosamines
by Sudanese snufifi dippers. Cancer Epidemiol Biomarkers Prev.
3:423-428.

Murphy SE, Link CA, Jensen J, Le C, Puumala SS, Hecht SS, Carmella SG, Losey
L, Hatsukami DK (2004). A comparison ofi urinary biomarkers ofi tobacco
and carcinogen exposure in smokers. Cancer Epidemiol Biomarkers Prev.
13:1617-1623.

Muscat JE, Djordjevic MV, Colosimo S, Stellman SD, Richie JP Jr (2005). Racial
difierences in exposure and glucuronidation ofi the tobacco-specific car
cinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK). Cancer.
103:1420-1426.

Nair J, Ohshima H, Friesen M, Croisy A, Bhide SV, Bartsch H (1985). Thobacco-
specific and betel nut-specific N-nitroso compounds: Occurrence in saliva
and urine ofi betel quid chewers and fiormation in vitro by nitrosation ofi
betel quid. Carcinogenesis. 6:295-303.

Pan J, Song Q, Shi H, King M, Junga H, Zhou S, Naidong W (2004). Development,
validation and transfier ofi a hydrophilic interaction liquid chromatogra-
phy/tandem mass spectrometric method fior the analysis ofi the tobac
co-specific nitrosamine metabolite NNAL in human plasma at low
picogram per milliliter concentrations. Rapid Commun Mass Spectrom.
18:2549-2557.

Parsons WD, Carmella SG, Akerkar S, Bonilla LE, Hecht SS (1998). A metabo-
lite ofi the tobacco-specific lung carcinogen 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone in the urine ofi hospital workers exposed to
environmental tobacco smoke. Cancer Epidemiol Biomarkers Prev.
7:257-260.

Phillips DH (1996). DNA adducts in human tissues: Biomarkers ofi exposure
to carcinogens in tobacco smoke. Environ Health Perspect. 104(Suppl
3):453-458.

Pichon V (2007). Selective sample treatment using molecularly imprinted poly-
mers. ] Chromatogr A. 1152:41-53.

Poirier MC, Weston A (1996). Human DNA adduct measurements: state ofi the
art. Environ Health Perspect. 104(Suppl 5):883-893.

Poirier MC, Santella RM, Weston A (2000). Carcinogen macromolecular adducts
and their measurement. Carcinogenesis. 21:353-359.

Prokopczyk B, Wu M, Cox JE, Amin S, Desai D (1995). Improved methodol-
ogy fior the quantitative assessment ofi tobacco specifiéV-nitrosamines
in tobacco by supercritical fiuid extraction. J Agric Food Chem.
43:916-922.

Prokopczyk B, Cox JE, Hofimann D, Waggoner SE (1997). Identification ofi
tobacco-specific carcinogen in the cervical mucus ofi smokers and non-
smokers. ] Natl Cancer Inst. 89:868-873.

Prokopczyk B, Hofimann D, Bologna M, Cunningham A. J, Thrushin N, Akerkar
S, Boyiri Th, Amin S, Desai D, Colosimo S, Pittman B, Leder G, Ramadani
M, Henne-Bruns D, Beger HG, El-Bayoumy K (2002). Identification ofi
tobacco-derived compounds in human pancreatic juice. Chem Res
Thoxicol. 15:677-685.

Richie JP Jr, Carmella SG, Muscat JE, Scott DG, Akerkar SA, Hecht SS (1997).
Difierences in the urinary metabolites ofi the tobacco-specific lung car
cinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in black and
white smokers. Cancer Epidemiol Biomarkers Prev. 6:783-790.

Richter E, Engl J, Friesenegger S, Thricker AR (2009). Biotransfiormation ofi
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in lung tissue firom
mouse, rat, hamster, and man. Chem Res Thoxicol. 22:1008-1017.

Rodgman A, Perfietti ThA (2009) The Chemical Components ofi Thobacco and
Thobacco Smoke. Boca Raton, FL, London: CRC Press.

Schafier G, Betz C, Richter E (1993). Mass spectrometric analysis ofi tobacco-
specific hemoglobin adducts. Environ Health Perspect. 99:187-189.

Scherer G, Engl ], Urban M, Gilch G, Janket D, Riedel K (2007). Relationship
between machine-derived smoke yields and biomarkers in cigarette
smokers in Germany. Regul Thoxicol Pharmacol. 47:171-183.

Shah K, Peoples MC, Halquist MS, James JR, Karnes HTh (2009a). Online cou-
pling ofi molecularly imprinted polymeric micro-column with tandem MS
fior analysis ofi a urinary tobacco specific nitrosamine by direct injection.
Presented at the 2009 Joint Confierence ofi SRNT and SRNT-Europe, April
27-30, Dublin, Ireland.

Shah K, Peoples M. C, Halquist MS, Karnes HTh (2009b). On-line microfiuidic
extraction using molecularly imprinted polymers fior analysis ofi urinary
tobacco specific nitrosamines. Presented at the 2009 AAPS Annual Meeting
and Exposition, November 8-12, Los Angeles, CA, USA.

Shah KA, Halquist MS, Karnes HTh (2009c). A modified method fior the deter
mination ofi tobacco specific nitrosamine 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanol in human urine by solid phase extraction using
a molecularly imprinted polymer and liquid chromatography tandem
mass spectrometry. ] Chromatogr B Anal Thechnol Biomed Lifie Sci.
877:1575-1582.

Shargel L, Yu ABC (1999). Applied Biopharmaceutics and Pharmacokinetics.
4th ed. Stamfiord, CTh: Appleton & Lange.

Smith RM (1999). Supercritical fiuids in separation science—The dreams, the
reality and the fiuture. ] Chromatogr A. 856:83-115.

Spiegelhalder B, Bartsch H (1996). Thobacco-specific nitrosamines. Eur ] Cancer
Prev. 5(Suppl 1):33-38.

Srinivas NR (2009). Dodging matrix efiects in liquid chromatography tandem
mass spectrometric assays—Compilation ofi key learnings and perspee
tives. Biomed Chromatogr. 23:451-454.

Stepanov I, Hecht SS (2005). Thobacco-specific nitrosamines and their pyridine-
N-glucuronides in the urine ofi smokers and smokeless tobacco users.
Cancer Epidemiol Biomarkers Prev. 14:885-891.

Stepanov I, Hecht SS (2008). Detection and quantitation ofiN’-nitrosonornicotine
in human toenails by liquid chromatography-electrospray ioniza-
tion-tandem mass spectrometry. Cancer Epidemiol Biomarkers Prev.
17:945-948.

Stepanov I, Feuer R, Jensen J, Hatsukami D, Hecht SS (2006a). Mass spectro-
metric quantitation ofi nicotine, cotinine, and 4-(methylnitrosamino)-1-
(3-pyridyl)-1-butanol in human toenails. Cancer Epidemiol Biomarkers
Prev. 15:2378-2383.

Stepanov I, Hecht SS, Duca G, Mardari I (2006b). Uptake ofi the tobacco-specific
lung carcinogen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone by
Moldovan children. Cancer Epidemiol Biomarkers Prev. 15:7-11.

Stepanov I, Upadhyaya P, Carmella SG, Feuer R, Jensen J, Hatsukami DK, Hecht
SS (2008). Extensive metabolic activation ofi the tobacco-specific carcino-
gen 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone in smokers. Cancer
Epidemiol Biomarkers Prev. 17:1764-1773.

Sterner JL, Johnston MV, Nicol GR, Ridge DP (2000). Signal suppression in
electrospray ionization Fourier transfiorm mass spectrometry ofi multi-
component samples. ] Mass Spectrom. 35(3):385-391.

Stokvis E, Rosing H, Beijnen JH (2005). Stable isotopically labeled internal
standards in quantitative bioanalysis using liquid chromatography/
mass spectrometry: Necessity or not? Rapid Commun Mass Spectrom.
19:401-407.

Swauger JE, Steichen Th], Murphy PA, Kinsler S (2002). An analysis ofi the main-
stream smoke chemistry ofi samples ofi the U.S. cigarette market acquired
between 1995 and 2000. Regul Thoxicol Pharmacol. 35(2 Pt 1):142-156.

Thaioli E, Garbers S, Bradlow HL, Carmella SG, Akerkar S, Hecht SS (1997).
Efiects ofi indole-3-carbinol on the metabolism ofi 4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanone in smokers. Cancer Epidemiol Biomarkers Prev.
6:517-522.



Thaylor PJ (2005). Matrix efiects: The Achilles heel ofi quantitative high-perfiorm-
ance liquid chromatography-electrospray-tandem mass spectrometry.
Clin Biochem. 38:328-334.

Thricker AR, Ditrich C, Preussmann R (1991)N-nitroso compounds in ciga-
rette tobacco and their occurrence in mainstream tobacco smoke.
Carcinogenesis. 12:257-261.

Thricker AR, Scherer G, Conze C, Adlkofier F, Pachinger A, Klus H (1993).
Evaluation ofi 4-(N-methylnitrosamino)-4-(3-pyridyl)butyric acid as a
potential monitor ofi endogenous nitrosation ofi nicotine and its metabo-
lites. Carcinogenesis. 14:1409-1414.

Thulunay OE, Hecht SS, Carmella SG, Zhang Y, Lemmonds C, Murphy S,
Hatsukami DK (2005). Urinary metabolites ofi a tobacco-specific lung car
cinogen in nonsmoking hospitality workers. Cancer Epidemiol Biomarkers
Prev. 14:1283-1286.

Thyroller S, Zwickenpfiug W, Richter E (2002). New sources ofi dietary myes
mine uptake firom cereals, firuits, vegetables, and milk. ] Agric Food Chem
50:4909-4915.

Urban M, Scherer G, Kavvadias D, Hagedorn H-W, Feng S, Serafin R, Kapur
S, Muhammad R, Jin Y, Mendes P, Roethig H (2009). Quantitation ofiN’-
nitrosonornicotine (NNN) in smokers urine by liquid chromatography-
tandem mass spectrometry. J Anal Thoxicol 33:260-265.

US Department ofi Health and Human Services (2004). The Health Consequences
ofi Smoking—A Report ofi the Surgeon General.

US Food and Drug Administration (2001). Guidance fior Industry—
Bioanalytical Method Validation. http://www.fida.gov/downloads/Drugs/
GuidanceComplianceRegulatoryInfiormation/Guidances/UCMO070107.
pdfi

van Hout MW, Niederlander HA, de Zeeuw RA, de Jong GJ (2003). Ion suppres-
sion in the determination ofi clenbuterol in urine by solid-phase extraction
atmospheric pressure chemical ionisation ion-trap mass spectrometry.
Rapid Commun Mass Spectrom. 17:245-250.

Venn RF (2000) Principles and Practice ofi Bioanalysis. London: Thaylor &
Francis.

Bioanalysis ofi tobacco-specific nitrosamines 327

Wang S, Cyronak M, Yang E (2007). Does a stable isotopically labeled internal
standard always correct analyte response?: A matrix efiect study on a LC/
MS/MS method fior the determination ofi carvedilol enantiomers in human
plasma. J ofi Pharmaceut Biomed Anal 43:701-707.

Wild CP, Pisani P (1998). Carcinogen DNA and protein adducts as biomarkers
ofi human exposure in environmental cancer epidemiology. Cancer Detect
Prev. 22:273-283.

Wu J, Joza P, Sharifi M, Rickert WS, Lauterbach JH (2008). Quantitative
method fior the analysis ofi tobacco-specific nitrosamines in ciga-
rette tobacco and mainstream cigarette smoke by use ofi isotope dilu-
tion liquid chromatography tandem mass spectrometry. Anal Chem.
80:1341-1345.

Xia Y, McGufiey JE, Bhattacharyya S, Sellergren B, Yilmaz E, Wang L,
Bernert JTh (2005). Analysis ofi the tobacco-specific nitrosamine
4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol in urine by extraction on
a molecularly imprinted polymer column and liquid chromatography/
atmospheric pressure ionization tandem mass spectrometry. Anal Chem.
77:7639-7645.

Xu RN, Fan L, Rieser M]J, El-Shourbagy ThA (2007). Recent advances in high-
throughput quantitative bioanalysis by LC-MS/MS. ] Pharmceut Biomed
Anal. 44:342-355.

Young DS (1987). Implementation ofi SI units fior clinical laboratory data. Style
specifications and conversion tables. Ann Intern Med. 106:114-129.

Yuan JM, Koh WP, Murphy SE, Fan Y, Wang R, Carmella SG, Han S, Wickham K,
Gao YTh, Yu MC, Hecht SS (2009). Urinary levels ofi tobacco-specific
nitrosamine metabolites in relation to lung cancer development in two
prospective cohorts ofi cigarette smokers. Cancer Res. 69:2990-2995.

Zougagh M, Valcércel M, Rios A (2004). Supercritical fiuid extraction: A
critical review ofi its analytical usefiulness. Thrends Anal Chem 23:
399-405.

Zwickenpfiug W (2000). N-nitrosation ofi myosmine yields HPB (4-hydroxy-1-
(3-pyridyl)-1-butanone) and NNN (N-nitrosonornicotine). ] Agric Food
Chem 48:392-394.





