
Journal of Chromatography A, 1083 (2005) 127–132

Determination of aflatoxin B1 in sidestream cigarette smoke by
immunoaffinity column extraction coupled with liquid

chromatography/mass spectrometry
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Abstract

Aflatoxins produced by food-borne molds are known carcinogenic toxins. Aflatoxin B1 (AFB1) is reported as the most toxic of this class
of mycotoxins. We have coupled immunoaffinity column extraction with LC/MS to produce a sensitive and selective approach for the study
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f AFB1. As AFB1 can be potentially found in tobacco it is of interest to establish whether AFB1 can be transferred from a cigarette fortifi
ith AFB1, to the sidestream smoke. Previous studies have found that AFB1 does not transfer to the mainstream smoke. Since sides
moke may contain higher concentrations of some smoke components, a method was developed to analyze the sidestream sm
rom machine-smoked cigarettes. Sidestream smoke condensates collected on Cambridge filter pads were extracted with isopr
urther purified using immunoaffinity extraction columns. The extracts were then analyzed by LC/MS and LC/MS/MS. An instrume
f detection (LOD) was established at 3.75 pg injected on column, with the limit of quantitation (LOQ) equal to 11.25 pg on co
oth LC/MS and LC/MS/MS. The instrument was found to be linear from 11.25 pg to 150 pg (r > 0.995.) Precision ranged from 4.2%
.4% at the LOQ, while accuracy ranged from 0.53% to 1.33%. The immunoaffinity extraction method LOD was determined to

ortified onto the Cambridge filter. The LOQ was 350 pg. The average recovery of the AFB1 from the Cambridge pad was 82.9% over
ange of 100–1000 pg fortified onto the pad. AFB1 was not detected in unfortified cigarettes. A transfer experiment, fortifying cigare
�g/cigarette determined that AFB1 was transferred only slightly from the burning cigarette to the sidestream smoke. The mean

ransfer was 0.087%.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Aflatoxins are produced by many species of microorgan-
sms including the food-borne moldAspergillus flavus[1].
f the reported aflatoxins, aflatoxin B1 (AFB1) is the most

oxic [2]. As aflatoxins have been found to be toxic, muta-
enic and carcinogenic, much interest has been devoted to

he analysis of AFB1. The use of immunoaffinity columns
or the extraction from biological and non-biological matri-
es has been reported[3–7]. Immunoaffinity columns utilize
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monoclonal antibodies covalently bonded to agarose bea
provide a selective extraction from interfering matrix co
ponents. Post immunoaffinity extraction detection has
reported for both chromatographic and non-chromatogra
methods[3–7]. HPLC is by far the most reported ch
matographic method using a variety of detection strate
Post-column reaction with iodide or bromide coupled w
fluorescence detection has yielded sensitive determina
of aflatoxins: these reactions and others have been exten
reviewed[8]. Liquid chromatography with mass spect
metric detection (LC/MS) has been reported as a sen
and specific alternative to spectrophotometry methods
out the need for post-column manipulations[6]. An LC/MS
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method using an electrospray ionization (ESI) interface that
was 10 times more sensitive than post-column derivatiza-
tion with bromide and fluorescence detection for the analysis
of AFB1 in urine has been reported[6]. This report used
immunoaffinity column extraction as well. Both single ion
recording (SIR) using single quadrupole and multiple reac-
tion monitoring (MRM) utilizing tandem quadrupoles have
been reported. Atmospheric pressure photoionization (APPI)
liquid chromatography/mass spectrometry has been reported
as an alternative to ESI due to lower chemical noise and signal
suppression caused by matrix effects[9].

Tobacco has been reported to contain aflatoxins if it is not
properly cured to prevent the growth of theAspergillusmold
[10,11]. Aflatoxin B1 concentrations of 43.53 ppb have been
reported for chewing tobacco products in India[11]. Previous
studies found that aflatoxins fortified into cigarette tobacco
did not transfer into the mainstream smoke[12,13]. The
high temperatures of the burning cigarette core are thought
to degrade the aflatoxins prior to collection. It should be
noted, however, that the limit of detection for the analyti-
cal methodologies used was 0.01�g. Current detection levels
for LC/MS/MS have been reported in the pg range (6.9). The
sidestream smoke, which comes from the burning end of the
cigarette, has not previously been tested. We therefore devel-
oped a method utilizing immunoaffinity column extraction of
collected sidestream smoke samples followed by LC/ESI-MS
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Smoker, V1.6.0 (KC Automation, Richmond, VA, USA).
Fishtail chimneys, filter holders and Cambridge filters were
supplied by Philip Morris (Richmond, VA, USA). Cigarettes
used throughout the study were Kentucky Reference cigarette
2R4F, University of Kentucky, supplied by Philip Morris. A
vacuum manifold, 24 position (Varian, Walnut Creek, CA,
USA). Evaporator, Turbo-Vap LV (Zymark, Hopkinton, MA,
USA).

2.3. LC system (LC)

Two Shimadzu LC10ADvp high-pressure pumps con-
nected via a high-pressure, low-dead-volume mixing tee,
system controller: SCL10Avp, solvent degasser: DGU-14A
(Shimadzu, Columbia, MD, USA). Autosampler: LEAP CTC
PAL-HTS (LEAP Technologies, Carrboro, NC, USA). Ana-
lytical column: 150 mm× 3.9 mm Nova-Pak Phenyl, 4�m
(Waters, Milford, MA, USA). Guard column: Phenomenex
SecurityGuard ODS, 4.0 mm× 2.0 mm (Phenomenex, Tor-
rance, CA, USA). Mobile phase composition: solvent
A—67% and solvent B—33%. Solvent A: 0.05% formic acid
(v/v) with 10 mM ammonium formate in diH2O. Solvent B:
0.05% formic acid (v/v) in ACN. Flow rate was 0.75 mL/min
utilizing a 1:10 split post column.

2.4. MS system (MS)
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etection for the analysis of AFB1. The method was deve
ped to provide the lowest limit of detection possible us
oth SIR and MRM modes of LC/MS/MS.

The use of an isotopically labelled internal standard
esired for this evaluation although none were commerc
vailable. A procedure was developed to re-methylate
oxin P (AFP; the demethylated metabolite of AFB1), using
odomethane-13C-d3 to produce AFB1-13C-d3.

. Methods

.1. Chemicals

Aflatoxin B1—1�g/mL in methanol (Supelco, Bell
onte, PA, USA). Aflatoxin B1—1 mg, aflatoxin P—10.0�g,
ormic acid, ACS, 97.0% (Sigma, St. Louis, MO, US
odomethane-13C-d3;99% (Aldrich, Milwauke, WI, USA)
cetonitrile (HPLC grade; Burdick and Jackson, Muskeg
I, USA). Glacial acetic acid, isopropanol, acetone, die
ther, ammonium formate, sodium sulfate (anhydro
otassium carbonate (anhydrous), and benzene were a
rade or better. Deionized water (diH2O) was prepared by
arnstead NANOpure Diamond water purification syste

.2. Equipment

Aflatest P aflatoxin immunoaffinity columns (VICAM
atertown, MA, USA). The smoking machine consis

f a controller, syringe pump and software: KC Autom
A Micromass Quattro LC triple quadrupole mass sp
rometer with an ESI source was interfaced to the LC sys
assLynx 3.5 software was used to integrate the LC sys

ontrol data acquisition and data processing. The MS sy
as tuned using a 100 ng/mL AFB1 solution in mobile phas
irectly infused into the ESI source at 10�L/min. Condi-

ions were established for the LC/MS selected ion recor
SIR) mode at 312.80m/z for AFB1 and 317.00 for the inte
al standard. Multiple reaction monitoring (MRM, MS/M
onditions (LC/MS/MS) for AFB1 were optimized for th
ransition 312.80→ 240.90. As MRM was used for identi
ation of AFB1, no MRM conditions for the internal standa
ere developed.

.5. Preparation of AFB1-13C-d3 internal standard (IS)

One gram of sodium sulfate (anhydrous) was place
beaker and placed into a 150◦C vacuum oven for 24 h
pon removal, it was cooled in a vacuum dessicator.
odium sulfate was transferred to a funnel with filter pa
en milliliters of dry acetone (0.28% water) was pas
hrough the sodium sulfate, immediately capped and pl
n the dessicator. Fifty milligrams of potassium carbon
anhydrous) was weighed into a reaction vial and placed
he vacuum oven for 1 h prior to use. After removal, it w
laced in the dessicator. One milliliter of the dry acet
as placed into the vial containing the 10.0�g of aflatoxin
. The vial was swirled for 1 min and the contents tra

erred to the reaction vial. 200�L of iodomethane-13C-d3
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was immediately added, a Teflon stirring bar inserted and
the vial capped. The reaction vial was stirred for one minute
at room temperature, 5�L removed and directly injected on
the LC/MS (operating in scan mode) to check progress of
the reaction. This continued for 15 min until the productm/z
317.00 started to decrease. The reaction was immediately
stopped at this point with 400�L of acetic acid. The reac-
tion vial was placed under a stream of nitrogen in a 40◦C
water bath to remove the remaining acetone. One milliliter
of diethyl ether was added to extract the IS. Five microliters
of the ether extract was transferred to a glass tube, evaporated
and reconstituted in mobile phase for analysis of purity. No
contamination of the internal standard with 313m/z (native
AFB1) was noted. Based upon response of injected AFB1
standards, the internal standard was determined to have an
approximate concentration of 2.7�g/mL. As this compound
was to be used as an internal standard, no further purification
or quantitation was necessary. The remaining ether solution
was stored at−18◦C.

2.6. Preparation of working analytical solutions

2.6.1. Preparation of working internal standard
solution, 20 ng/mL

To a 12 mm× 75 mm glass tube 7.4�L of IS standard was
transfered and then evaporated to dryness with nitrogen, but
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collection of the sidestream smoke. The top outlet of the
fishtail chimney was connected, via two serially connected
Cambridge filter holders, to a vacuum pump. A mass flow
controller was used to maintain a constant 2.5 L/min flow
from the top of the chimney through the Cambridge filters.
Preweighed Cambridge filters were inserted into the holders
prior to each smoking session. Three cigarettes were smoked
in a single session and constituted a single smoke collec-
tion sample. The puff volume was set at 35.0± 0.3 cm3.
The puff duration and interval were set at 2.0 s and 60 s,
respectively. Each cigarette was smoked for nine puffs or
until the burning edge reached approximately 3 mm from the
filter.

After each session, the mainstream Cambridge filter was
removed and weighed. The weight increase was required
to be 12.0± 1 mg/cigarette. This ensured that the cigarettes
used maintained the proper conditioning prior to use and the
smoking conditions were consistent. Filters from sessions
that did not meet this criterion were discarded. No further
analysis was performed on the mainstream Cambridge fil-
ter and it was discarded. The sidestream Cambridge filters
were removed and weighed. The primary (closest to the
chimney) sidestream Cambridge filter was removed, weighed
and transferred to a 50.0 mL polypropylene centrifuge tube
and capped. The secondary sidestream Cambridge filter was
weighed and discarded. The smoking apparatus was disas-
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o heat. A 1.0 mL volume of 25:75 mobile phase A:ACN w
dded to the tube. The tube was capped, vortex mixed

hen stored at−18◦C. The working IS solution was prepar
resh weekly.

.6.2. Preparation of calibrators for LC/MS/MS
alibration

A seven point calibration curve was prepared
obile phase A. The calibrators were prepared as
n-column/injection (pg o/c). The range utilized w
.75–150.0 pg o/c.

.6.3. Preparation of AFB1 100µg/mL solution for
ransfer experiment

A solution of 97:3 benzene:acetonitrile was prepared.
olution was used to quantitatively transfer the contents o
olid AFB1 (1.0 mg) to a 10.0 volumetric flask. The flask w
hen brought to the mark with 97:3. The solution was st
t−18◦C.

.7. Collection of sidestream smoke

A computerized smoking machine was used to auto
cally smoke the cigarettes to ensure the reproducib
f the smoke pattern between cigarettes. A 2R4F ciga
as inserted 9 mm into a Cambridge filter holder, wh
as in turn connected to the syringe pump of the smo
achine. The smoke collected in this manner is know

he mainstream smoke. After ignition of the cigarette,
igarette was inserted into a fishtail chimney apparatu
embled and the fishtail chimney was rinsed with suc
ive aliquots of isopropanol (IPA). Each rinse aliquot
ransferred to the centrifuge tube containing the prim
idestream filter. A total rinse volume of 25 mL was u
or each chimney.

.8. AFB1 transfer experiment

Ten microliters of the 100�g/mL AFB1 solution (1�g
FB1) was brought up in a 10�L glass GC injection syring
he syringe was inserted into the center of the non-
nd of the cigarette. The insertion continued length-wise

he cigarette until the tip of the syringe was approxima
mm from the filter. As the syringe was withdrawn fr

he cigarette, the AFB1 solution was dispensed in a uni
anner the length of the cigarette. The cigarette was s
t room temperature for 24 h prior to smoking to ensure
esidual solvents had evaporated. The cigarettes were sm
s previously described.

.9. Sidestream smoke extract analysis

The conical centrifuge tube containing the prim
idestream Cambridge filter pad with the 25 mL fishtail ch
ey wash was shaken for 1 h. The tube was then centrif
t 2000×g for 10 min. A 5.0 mL aliquot of the IPA was tran

erred to a second conical tube, 15.0 mL of deionized w
dded and the tube vortex mixed. An Alfatest immunoa

ty (IA) column was placed in the vacuum manifold a
he storage buffer drained by gravity. Fifty milliliters pla
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tic reservoirs columns were attached to the IA column. All
20.0 mL of the IPA:water mix was applied to the IA col-
umn and a flowrate of 1–2 drops/s established. After the
20.0 mL had passed through the IA, it was washed with
10.0 mL of diH20. The IA was then briefly dried to remove
as much water as possible without drying out the column.
The IA column was then eluted with 1.0 mL of ACN with
0.125 mL of mobile phase A added into a 12 mm× 75 mm
glass tubes. Twenty-five microliters of working IS solution
was then added to each collection tube, mixed and dried under
nitrogen at 40◦C to approximately 200�L. The 200�L was
then transferred to an autosampler vial and capped for LC/MS
analysis. Seventy-five microliters of the extract was injected
for LC/MS analysis.

2.10. Determination of the immunoaffinity extraction
method LOD and LOQ

After a smoke matrix sample has been collected as
described in Section2.7, the primary sidestream filter pad
would be fortified with AFB1 by transfer of the required
amount of AFB1 standard by pipet. The pad would then
be equilibrated for 30 min prior to the extraction procedure
described in Section2.9.
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Fig. 2. (a) AFB1 (37.5 ng) injected on column. (b) Chromatogram demon-
strating ion suppression after injecting blank smoke matrix into a 1.0�g/mL
AFB1 post-column infusion.

using a Harvard syringe pump. A blank sample was injected
to establish the location of any ion suppression due to the
matrix.Fig. 2shows a chromatogram from the ion suppres-
sion/matrix effect experiment that is representative of a blank
(non-fortified) smoke matrix. The chromatogram established
that no significant ion suppression occurred at the retention
time (RT) of AFB1 or the IS (RT = 7.4 min).

3.2. Instrument linearity

The calibration curves (n= 9) were evaluated over the
range of 3.75 pg AFB1 on column (o/c) to 150.00 pg o/c.
Both external and internal standard calibrations were exam-
ined. Correlation coefficients (r) were greater than 0.99 for
all calibration models examined (Table 1). The precision and
accuracy of the back-calculated calibrators were all within
acceptable limits of less than 20% (Table 1).

Table 1
LC/MS calibration parameters

SIR (IS) SIR
(external)

MRM
(external)

r 0.9948 0.9953 0.9976
LOD 3.75 3.75 3.75
Precision (%RSD) 36.1 60.5 51.0
Accuracy (%DFN) 0.13 10.64 22.72
L
P
A
U

P

A

. Results

.1. Specificity

Three blank samples were prepared and analyze
FB1 and IS (Fig. 1). None of the samples contained pe

hat would interfere with the analysis. An infusion of AF1
100 ng/mL stock solution) at 10�L/min was establishe

ig. 1. Chromatograms of blank smoke matrix and injected AFB1 standard
a) internal standard, (b) AFB1 (11.25 pg on column) and (c) blank smo
atrix.
OQ 11.25 11.25 11.25
recision (%RSD) 4.2 8.4 4.4
ccuracy (%DFN) 1.33 0.89 0.53
pper limit of linearity
(pg)

150 150 150

recision of calibrators
(%RSD)

3.8–4.2 3.4–10.3 1.7–5.5

ccuracy of calibrators
(%DFN)

−1.29–1.45 −3.95–0.99 −2.67–1.71
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3.3. Instrument limit of detection

An initial instrumental LOD was calculated based upon
integration of noise in the elution window of the AFB1 from
the specificity blanks. The calculation based on three stan-
dard deviations of the blank noise yielded a LOD of 0.3 pg
on o/c. The experimental injected concentration of AFB1 that
produced a peak that was approximately 3:1 was 3.75 pg o/c,
so this value was established as the experimental instrumen-
tal LOD. While the accuracy was less than 20% difference
from nominal (DFN), the precision was greater than 20% rel-
ative standard deviation (RSD), for both internal and external
standard calibrations (Table 1).

3.4. Instrument limit of quantification

The limit of quantification (LOQ) was estimated as three
times the LOD or 11.25 pg o/c AFB1. Precision at the LOQ
ranged between 4.2% and 8.4% RSD, respectively for the
internal and external calibration. Accuracy ranged between
0.53% and 1.33% DFN for the same calibration models.

3.5. Immunoaffinity extraction limit of detection

Preliminary experiments to determine the LOD with the
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o d
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in precision was likely due to less background noise with
the MRM resulting in better integration of peaks The ratio
of SIR/MRM was 1.024± 0.0835, RSD = 8.1%. This would
indicate that the SIR mode was measuring AFB1 without
significant interference from other compounds extracted from
the sidestream smoke matrix.

3.6. Immunoaffinity extraction limit of quantitation in
matrix

The extraction method LOQ was evaluated at 3.5 times the
extraction method LOD, 350 pg AFB1 o/p. At this amount,
the signal-to-noise was found to be greater than 10:1. Preci-
sion at the extraction LOQ was evaluated by analyzing six
replicates of sidestream smoke samples in three separate ana-
lytical runs (n= 18). The intra-run precision ranged between
6.5% RSD and 11.3% RSD within each of the three analyti-
cal runs. The inter-run precision was 19.1% RSD. The ratio
SIR/MRM was 1.097± 0.0836, RSD = 7.6%.

3.7. Immunoaffinity extraction method recovery

Comparing the actual response from sidestream smoke
samples to unextracted standards provided a means to assess
recovery of the immunoaffinity extraction method. Recov-
e 00 pg
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xtraction procedure incorporated were started at an A1
mount that yielded an injected amount of AFB1 equivalen

o the experimental LOD of 3.75 pg o/c. The amount of AF1
as incrementally raised until the signal-to-noise was
reater than 3:1. The final extraction method experime
OD was therefore established to be 100 pg fortified o

he pad (o/p),Fig. 3. The precision (n= 3) at the extractio
OD was 7.6% for SIR and 1.6% for MRM. This is a practi

imit involving real matrix background and the improvem

ig. 3. Chromatogram of extracted smoke matrix with 100 pg AFB1 fortified
nto a Cambridge filter pad: (a) internal standard, (b) AFB1 and (c) extracte
lank smoke matrix.
ry was assessed at 100 pg o/p, 350 pg o/p and 10
/p. The average recovery was found to be 82.93± 3.569%
SD = 4.3% across all amounts (Table 2). The 1000 pg o/
emonstrated a significantly greater recovery than the 1
50 pg o/p samples.

.8. AFB1 transfer experiment

The transfer experiment was conducted in triplicate.
nitial results exceeded the upper limit of linearity, so the s
les were repeated using a dilution, of 1:10 versus 1:5

he initial extraction with IPA. The average percent tran
f AFB1 from the fortified cigarettes to the sidestream sm
as 0.087± 0.0107%, RSD = 12.3%.Fig. 4 is a representa

ive chromatogram for the transfer experiment. No AFB1 was
etected in the sidestream smoke of cigarettes that we

ortified with AFB1.

.9. Carryover

Injection of blank solvent following injection of a 5 ng
FB1 was used to assess carryover. No AFB1 was detected i

he solvent following injection indicating a lack of carryov

able 2
mmunoaffinity extraction recovery

/p (pg) Mean SD RSD (%

100 83.82 4.46 5.32
350 82.03 3.09 3.77

1000 96.27 2.24 2.33
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Fig. 4. Chromatogram from AFB1 transfer experiment: (a) internal standard,
(b) AFB1 and (c) blank extracted smoke matrix.

4. Conclusion

A bioanalytical method for the determination of AFB1 in
cigarette sidestream smoke was developed. Immunoaffinity
solid phase extraction has been effectively used in this work
to remove the numerous compounds present in sidestream
cigarette smoke that are known to cause matrix ion suppres-
sion in LC/MS analysis. While the method demonstrated
good selectivity with an apparent lack of ion suppression,
some loss of response was noted. This loss could not be
accounted for by adjusting for recovery. Previous reports had
shown AFB1 not to be transferred to mainstream smoke so
the method was developed with a focus on achieving the
lowest limit of detection possible in anticipation of poten-
tially low levels. The final method provided for detection
of 33 pg of AFB1 in an individual cigarette. This level of
detection would provide for the evaluation of AFB1 approx-
imately three orders of magnitude lower than the amount
of AFB1 reported to be present in one gram of contami-
nated chewing tobacco. We fortified control cigarettes at a
level of 1�g of AFB1 per cigarette to represent what might
be considered a “worst case” scenario ofAspergillusmold

contamination. The current method was therefore capable
of detecting five orders of magnitude less than this fortifi-
cation amount. Approximately 0.09% was transferred into
the sidestream smoke from these fortified cigarettes but no
AFB1 was detected in unfortified cigarettes. The transfer
precision was found to be 12.9%, indicating some stability
during the smoking and transfer process. Further investiga-
tion is needed to establish the amounts of AFB1 expected
in Aspergilluscontaminated cigarettes and normal cigarettes
maintained under commercial cigarette storage conditions.
The minimum amount of AFB1 per cigarette that would result
in detectable levels of AFB1 in side stream smoke (“break-
through”) also needs to be determined.
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